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estimation, and the applications of autonomous driving and radars.

Section 1, “Wireless Communications”, lays out the fundamental theory of MIMO 
communications, providing a detailed introduction to the key concepts and techniques 
involved in designing and analyzing MIMO systems.

Section 2, “Antenna Techniques”, discusses various types of antenna arrays, radiation pat-
terns, and design techniques, and covers critical aspects of MIMO communication systems 
such as antenna selection and beamforming.

Section 3, “Channel Modeling”, examines the various aspects of MIMO channels, includ-
ing channel models, multipath fading, spatial correlation, and more advanced topics  
such as channel estimation and feedback.

Section 4, “Autonomous Driving and Radars”, provides a comprehensive overview of the 
field of autonomous driving, including the history, challenges, and applications of this tech-
nology, and covers the basics of radar, including its principle, design, and implementation.

We want to take this opportunity to acknowledge the authors’ hard work and contribu-
tions and the support of the editorial team. We hope this volume will serve as a valuable 
resource for scholars, researchers, and industry professionals and that the insights and 
perspectives presented in this volume will help advance the MIMO communication 
fields.
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Chapter 1

Architectures for Hybrid Precoding
and Combining Techniques in
Massive MIMO Systems Operating
in the mmWave Band
Faisal Al-Kamali, Mohamed Alouzi, Claude D’Amours
and Francois Chan

Abstract

Hybrid precoding and combining techniques in millimeter-wave (mmWave)
multiple-input multiple-output (MIMO) systems with various array architectures
have attracted significant interest as a promising technology for the development of
6G wireless communication systems. This approach presents numerous advantages,
including reduced complexity, cost, and power consumption, when compared to
traditional analog precoding methods. In this chapter, we investigate hybrid
precoding and combining techniques for massive MIMO systems operating in the
millimeter-wave (mmWave) band, with a focus on different architectures, such as
full array (FA), subarray (SA), and hybrid array (HA) architectures. We discuss the
system model of each architecture. Additionally, we solve the hybrid precoding and
combining optimization problem to maximize the spectral efficiency of each archi-
tecture. We then propose iterative hybrid precoding and combining algorithms for all
architectures, as well as compare their performance to that of traditional hybrid
design methods to demonstrate that the proposed algorithms achieve superior perfor-
mance with lower complexity and hardware requirements.

Keywords: full array architecture, subarray architecture, overlapped architecture,
hybrid precoding and combining, massive MIMO systems

1. Introduction

The use of millimeter-wave (mmWave) communications has become increasingly
popular as a potential solution for current and upcoming cellular systems, mainly due
to the extensive yet underutilized mmWave frequency range [1]. To ensure an ade-
quate link margin and achieve array gain, massive multiple-input multiple-output
(MIMO) antenna arrays are required for mmWave systems [2]. The use of traditional
analog precoding and combining schemes in mmWave MIMO systems is not practical
due to the high hardware cost and power consumption of the radio frequency (RF)
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chains. In light of this, hybrid precoding and combining schemes are viewed as a
promising technology that can strike a balance between system performance and
hardware complexity. There are two primary hybrid precoding and combining archi-
tectures used in millimeter-wave systems: full array (FA) [2–15] and subarray (SA)
[16–23] architectures. The FA architecture is commonly employed in hybrid
precoding and combining systems. With this architecture, phase shifters (PSs) con-
nect each RF chain to each antenna, leading to a linear increase in the number of PSs
with the number of antennas. In contrast, the SA architecture connects each RF chain
to a subset of antennas, requiring fewer PSs than the FA architecture.

In the literature, FA hybrid architecture for mmWave systems has received signif-
icant attention. The authors of [2] proposed a hybrid precoding/combining algorithm
based on simultaneous orthogonal matching pursuit, achieving performance compa-
rable to that of optimal digital beamforming with high complexity. In [4], we intro-
duced an iterative low-complexity hybrid design algorithm based on gradient descent.
The work in [5] proposed hybrid designs for Mini-Mental State Examination
(MMSE)-based rate balancing in mmWave multiuser MIMO systems and the work in
[7] proposed joint hybrid precoding and combining for massive MIMO systems. In
[8], a greedy approach is introduced without assumptions about channel structure or
array geometry. The work in [9] presented the hybrid design by alternating minimi-
zation (HD-AM) algorithm, which achieves high spectral efficiency but is limited to
equal numbers of data streams and RF chains. Manifold optimization-based hybrid
precoding algorithm in [10] achieves high spectral efficiency but with high computa-
tion complexity. Sohrabi and Yu in [11] proposed a heuristic hybrid beamforming
algorithm, while the authors of [12, 13] developed gradient projection algorithms for
hybrid beamforming design. In multiuser scenarios [14, 15], digital beamforming
removes interuser interference, and the analog precoders and combiners maximize
user signal power.

Although FA hybrid architecture led to the lower complexity of hybrid precoding
and combining algorithms compared to the analog one, the high cost, power con-
sumption, and hardware complexity of this architecture persist due to the need for a
phase shifter (PS) to connect each RF chain to every antenna [16, 17]. To address these
challenges, the SA architecture has gained popularity as a practical solution for hybrid
precoding and combining designs that offer a balance between performance, com-
plexity, and cost. SA architectures for hybrid precoding can be classified as fixed SA
[16–18], adaptive SA [19], and dynamic SA [20, 21]. In fixed SA, each RF chain is
connected to a subarray of antennas, while switches are used in dynamic SA. Dynamic
SA achieves similar performance as FA with high complexity as compared to the fixed
SA. Overlapped SA architecture with hybrid precoding can improve the spectral
efficiency of the SA architecture and still lower the complexity compared to the FA
architecture [18]. A study in [16] presented an energy-efficient hybrid precoding
technique for the fixed SA architecture. The technique utilized successive interference
cancelation and assumed a diagonal digital precoder with real elements. Two low-
complexity hybrid precoding algorithms for mmWave MIMO systems with fixed SA
architecture were proposed and studied in [17]. In [18], we proposed and highlighted
the use of overlapped SA architecture for improved spectral efficiency. An adaptive
hybrid precoding approach for SA architecture was studied in [19]. Dynamic SA
architectures in [20, 21] provided higher spectral efficiency but with increased com-
plexity. In [20, 21], it is found that the dynamic SA architectures perform better than
fixed SA architectures, but with higher hardware complexity and power consumption
due to the linear increase in the switches with the number of transmit antennas. To
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reduce the complexity of the dynamic SA, the authors of [22, 23] proposed partially
SA structures. However, the partially dynamic precoders in [22, 23] still result in
greater computational and hardware complexities, as well as higher power
consumption, compared to fixed SA precoders. Recently, deep learning-based hybrid
designs have been explored in [24–26]. A new hybrid design approach for SA was
studied in [27]. In [27], an iterative algorithm that begins by designing a hybrid
precoding and combining matrix for the FA structure and then converts it into a SA
matrix by setting certain entries to zero while achieving better performance was
proposed and studied.

While the cost and hardware complexity of hybrid precoding and combining for
SA architecture are lower than those for the FA architecture, the spectral efficiency
achieved through SA architectures is still inferior to that of optimal digital precoding
and combining [17]. Therefore, proposing a new hybrid array architecture that bal-
ances spectral efficiency, cost, and power consumption is an essential topic. In this
chapter, we introduce a new HA architecture for mmWave MIMO systems that aims
to achieve a balance between spectral efficiency, cost, and power consumption. Ini-
tially, the antennas at the transmitter/receiver are partitioned into subarrays, each
containing the same number of antennas as the number of RF chains at the transmit-
ter/receiver, and then divided into nonoverlapping subsets called groups. Finally, the
antennas in each group are connected to a group of RF chains in a way similar to the
connections in the FA architecture.

The main contributions of this chapter are summarized as follows:

• The FA, SA, and HA architectures’ system models for mmWave MIMO
communication systems are derived and explained. The FA architecture employs
PSs to connect each RF chain to all antennas. The SA architecture links each RF
chain only to a subset of antennas in a subarray. In contrast, the HA architecture
divides the antennas at both the transmitter and receiver into a set of subarrays,
which is equivalent to the number of RF chains. The resulting subarrays are
divided into groups that do not overlap, and each group’s antennas are linked to a
group of RF chains in the same manner as in the FA architecture.

• The optimization problems for hybrid precoding in the FA, SA, and HA
architectures are formulated and solved. In the FA architecture, the hybrid
precoding optimization problem for the entire system is solved. For the SA
architecture, the hybrid precoding optimization problem for each subarray is
independently solved. In the HA architecture, each group’s optimization problem
is independently solved.

• New iterative algorithms for hybrid precoding and combining are proposed and
derived for the FA, SA, and HA architectures. The design derivation takes into
account the block structure of the analog precoding/combining matrices in each
architecture without relying on any other assumptions or the antenna array
geometry. The proposed iterative FA (IFA) algorithm for the FA architecture
iteratively determines the hybrid precoding and combining for the entire system.
However, for the SA architecture, the proposed iterative SA (ISA) algorithm
determines the hybrid precoding and combining for each subarray independently
and then for the entire system. In the HA architecture, the proposed iterative HA
(IHA) algorithm determines the hybrid precoding and combining for each group
independently and then for the entire system.
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• The complexities of the proposed algorithms are derived, discussed, and
compared to show the simplicity of the proposed algorithms as compared with
other existing algorithms.

• Simulations were used to evaluate the proposed algorithms for mmWave MIMO
systems with FA, SA, and HA architectures. The results indicate that these
algorithms can enhance the mmWave MIMO system’s performance and provide a
high level of spectral efficiency.

2. The mmWave channel model

In this section, the mmWave channel model is discussed. H can be written as
[2, 4, 17].

H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NtNr=NclNray

q
�
XNcl

i

XNray

l

αilΛr ϕr
il, θ

r
il

� �� Λt ϕt
il, θ

t
il

� �
ar ϕr

il, θ
r
il

� �
at ϕt

il, θ
t
il

� � ∗� �

(1)

where Nt is the number of antennas at the transmitter and Nr is the number of
antennas at the receiver. The numbers of clusters and paths are denoted by Ncl and
Nray, respectively. αil is the complex gain of the lth path in the ith cluster. ϕt

il ϕ
r
il

� �
and

θtil θril
� �

are the azimuth (elevation) angles of departure and arrival of the lth path in
the ith cluster, respectively. The transmitter and receiver antenna element gains at
their departure and arrival angles are denoted by Λt ϕt

il, θ
t
il

� �
and Λr ϕr

il, θ
r
il

� �
, respec-

tively. at ϕt
il, θ

t
il

� �
and ar ϕr

il, θ
r
il

� �
are the antenna array responses at the transmitter and

receiver, respectively. The array response vector in a uniform planar array can be
defined as [2, 4, 17].

aUPA ϕ,θð Þ ¼
1ffiffiffiffiffiffi
Nt

p 1, … , ejkd xsin ϕð Þ sin θð Þþycos θð Þð Þ, … , ejkd w�1ð Þ sin ϕð Þ sin θð Þþ h�1ð Þ cos θð Þð
h iT

(2)

where k ¼ 2π
λ , 1≤ x≤ w� 1ð Þ, and 1≤ y≤ h� 1ð Þ. d ¼ λ

2, w, and h are the
interantenna spacing, width, and height of the antenna array, respectively. The trans-
mitter’s array size is Nt ¼ wh. In this chapter, we assume perfect channel estimation at
the transmitter and receiver.

3. Full array architecture system model

3.1 FA architecture

This subsection presents a discussion on the system model of the FA architecture.
First, the baseband digital precoder PD is applied to the signal at the transmitter, after
which it is precoded by the FA analog precoder PAFA. At the receiver’s end, the FA
analog combiner WAFA and the digital combiner WD are both applied. The structure
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of the hybrid precoding for FA architecture is depicted in Figure 1(a). The received
signal in the FA architecture can be expressed as [4].

y ¼ ffiffiffi
ρ

p
WD

HWAFA
HHPAFAPDsþ n ¼ ffiffiffi

ρ
p

WFA
HHPFAsþ n (3)

The channel matrix is represented byH∈Nr�Nt , and ρ denotes the average power
of the received signal. PAFA and PD areNt �NtRF and the NtRF �Ns matrices of analog
and digital precoding matrices, respectively. Similarly, WAFA and WD are Nr �NrRF

and NrRF �Ns matrices, respectively, and represent the FA analog and digital com-
biner matrices. The transmitted signal is represented by the Ns � 1 vector s, with
 ss ∗½ � ¼ 1

Ns
INs . The additive white Gaussian noise n is represented by the Ns � 1

vector of independent and identical distribution. The matrices PFA ¼ PAFAPD and
WFA ¼ WAFAWD. All the elements in PAFA and WAFA have a constant amplitude,
which is equal to 1=

ffiffiffiffiffiffi
Nt

p
and 1=

ffiffiffiffiffiffi
Nr

p
, respectively [4]. The digital precoder and com-

biner satisfy the total power constraint and are normalized as PAFAPDk k2F ¼ Ns

and WAFAWDk k2F ¼ Ns. The spectral efficiency of the FA architecture can be
written as [4]

R ¼ log 2 INr þ
ρ

Ns
Q�1

k Wk
B
H
Wk

AFA
H
HFAFAFBPH

BP
H
AFAH

H
kW

k
AFAW

k
B

����
����

� �
(4)

whereQ k ¼ σ2nW
k
B
H
Wk

AFA
H
Wk

AFAW
k
B. To optimize the spectral efficiency in (4), it

is important to take into account both the total transmitted power constraint and the
constraints on FAFA and WAFA during the hybrid precoder/combiner design process.

Figure 1.
Hybrid precoding at the base station (BS). (a) Full array (FA) architecture. (b) Subarray (SA) architecture.
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max R

PAFA,PD,WAFA,WD

st:PAFA ∈FAFA and WAFA ∈IAFA

PAFAPDk k2F ¼ Ns

(5)

where FAFA and IAFA contain all possible precoding and combining matrices,
respectively, that fulfill the amplitude constraint. The maximization of the objective
function of the precoding in Eq. (5) can be expressed in a more concise manner as [4].

Popt
AFA,P

opt
D

� � ¼ arg

PAFA,

min

PD

Popt
FA � PAFAPD

�� ��2
F

st:PAFA ∈FAFA,

PAFAPDk k2F ¼ Ns

(6)

Clearly, the optimization problem in Eq. (6) is non-convex and finding its optimal
solution is challenging. Nonetheless, the optimal unconstrained hybrid precoding can be
determined by setting Popt

FA equal to V1, which represents the first Ns column of the
matrix V obtained through singular value decomposition (SVD) of H, i.e., H ¼ UΣVH.
Similarly, the optimal unconstrained hybrid combiner can be obtained by setting opti-
mal precoding equal to U1, which represents the first Ns column of the matrix U [2, 4].

3.2 Subarray architecture system model

This subsection presents a system model of the SA architecture. The structure of
the hybrid precoding for SA architecture is depicted in Figure 1(b). The received
signal of the SA is given by

y ¼ ffiffiffi
ρ

p
WD

HWASA
HHPASAPDsþ n ¼ ffiffiffi

ρ
p

WSA
HHPSAsþ n (7)

where PASA and PD are the analog and the digital precoding matrices of the SA
architecture, respectively, and WASA and WD are the analog and the digital combin-
ing matrices, respectively. PASA and WASA can be expressed as

PASA ¼

pA1 0NtSA�1 … 0NtSA�1

0NtSA�1 pA2 … ⋮

⋮

0NtSA�1

⋮

…

⋱

0NtSA�1

0NtSA�1

pANtSA

2
66664

3
77775

(8)

and

WASA ¼

wA1 0NrSA�1 … 0NrSA�1

0NrSA�1 wA2 … ⋮
⋮

0NrSA�1

⋮

…

⋱

0NrSA�1

0NrSA�1

wANrSA

2
66664

3
77775

(9)
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In Eq. (8), the NtSA � 1 analog precoding vector for the lth subarray
(l ¼ 1, 2, … ::,NtRF) is denoted as pAl. Its elements have equal amplitude of 1=

ffiffiffiffiffiffiffiffiffiffi
NtSA

p
,

but varying phases. In Eq. (9), the NrSA � 1 analog combining vector for the lth
subarray (l ¼ 1, 2, … ::,NrRF) is represented bywAl. Its elements have equal amplitude
of 1=

ffiffiffiffiffiffiffiffiffiffi
NrSA

p
, but varying phases. Here, NtSA ¼ Nt=NtRF and NrSA ¼ Nr=NrRF denote

the number of elements in each subarray at the transmitter and receiver, respectively.
The optimization problem of the lth subarray can be written as [17].

popt
Al ,p

opt
Dl

� � ¼ arg
pAl,

min
pDl

Popt
l � pAlpDl

�� ��2
F

st:pAl ∈FA,

PASAPDk k2F ¼ Ns

(10)

where Popt
l ¼ V1 ðl� 1ð ÞNtSA þ 1 : lNtSAð Þ, :Þ denotes the optimum unconstrained

hybrid precoding solution of the lth subarray. pDl, the lth row of the PD. FA, and
includes all possible NtSA � 1 vectors satisfying the amplitude constraint.

3.3 Hybrid architecture system model

In this subsection, we discuss the system model for hybrid precoding and combin-
ing in mmWave MIMO systems with HA architecture. The structure of the hybrid
precoding for HA is depicted in Figure 2. Antennas are divided into subarrays and
grouped with RF chains. Ntg and Nrg groups are assumed for transmitter and receiver,
respectively, with NtSAg ¼ NtSA=Ntg and NrSAg ¼ NrSA=Nrg being the number of

Figure 2.
The proposed hybrid array (HA) architecture at the base station (BS). (a) Block diagram of the hybrid precoding
in the HA architecture. (b) The structure of analog precoding in the ngth group.
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subarrays in each group. The chapter assumes the same number of RF chains and
subarrays in all groups and the number of groups must not exceed the number of RF
chains but acknowledges that future work may explore cases with different numbers.
In HA, the received signal can be expressed as

y ¼ ffiffiffi
ρ

p
WD

HWAHA
HHPAHAPDsþ n ¼ ffiffiffi

ρ
p

WHA
HHPHAsþ n (11)

where PAHA is the matrix of the HA analog precoding, with dimension Nt �NtRF.
WAHA is the matrix of the HA analog combining and has dimensions Nr �NrRF. The
amplitudes of all elements in PAHA and WAHA are 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nt=Ntg

p
and 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nr=Nrg

p
,

respectively. Note that PHA and WHA must satisfy PHAk k2F ¼ Ns and WHAk k2F ¼ Ns,
where PHA ¼ PAHAPD andWHA ¼ WAHAWD. The general structure of PAHA in the HA
architecture can be expressed as

PAHA ¼

PG1 0 … 0

0 PG2 … 0
⋮

0

⋮

0

⋮

…

⋮

PGNtg

2
66664

3
77775

(12)

where PGng is an Nt=Ntg
� �� NtRF=Ntg

� �
matrix representing the analog precoding

matrix of the ngth group, where 1≤ ng≤Ntg. Ntg ¼ 2n, where n ¼ 0, 1, … , log 2NtSA.
Note that, Ntg ¼ 1 when n ¼ 0, resulting in an FA structure [4], and Ntg ¼ NtSA when
n ¼ log 2NtSA, resulting in a conventional SA structure [17]. For the HA architecture,
1≤ n≤ log 2NtSA

� �� 1. Similarly, WAHA can be expressed as

WAHA ¼

WG1 0 … 0

0 WG2 … 0

⋮

0

⋮

0

⋮

…

⋮

WGNrg

2
666664

3
777775

(13)

where WGng is an Nr=Nrg
� �� NrRF=Nrg

� �
matrix representing the analog combin-

ing matrix of the ngth group, 1≤ ng≤Nrg. Nrg can be computed by the same method as
Ntg, by only replacing NtSA by NrSA. The hybrid precoding optimization problem of
the HA architecture can be written as

Popt
AHA,P

opt
D

� � ¼ arg

PAHA,

min

PD

Popt � PAHAPDk k2F

st:PAHA ∈FAHA,

PAHAPDk k2F ¼ Ns

(14)

where FAHA includes all possible precoding matrices that satisfy the amplitude
constraint of the HA structure. Popt ¼ V1 is the optimal solution of the unconstrained

10
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hybrid precoding. Similarly, the hybrid combining optimization problem of the HA
architecture can be expressed as that given in Eq. (14). However, the problem in
Eq. (14) is non-convex with a difficult optimal solution. Due to the block nature of the
hybrid precoding matrix in the HA architecture, PHA can be written as

PHA ¼ PAHAPD ¼

PAG1 0 … 0

0 PAG2 … 0

⋮

0

⋮

0

⋮

…

⋮

PAGNtg

2
6666664

3
7777775

PDG1

PDG2

⋮

PDGNtg

2
6666664

3
7777775

¼

PAG1PDG1

PAG2PDG2

⋮

PAGNtg
PDGNtg

2
6666664

3
7777775
¼

PHA1

PHA2

⋮

PHANtg

2
6666664

3
7777775

(15)

where PDGng is an NtRF=Ntg
� ��Ns matrix representing the digital precoder of the

ngth group and PHAng is an Nt=Ntg
� ��Ns matrix denoting the hybrid precoding of the

ngth group. Furthermore, the optimal hybrid precoding can be decomposed according
to the HA architecture as

Popt ¼

Popt
G1

Popt
G2

⋮

Popt
GNtg

2
666664

3
777775

(16)

where Popt
Gng

is the optimal digital precoding of the ngth group in the HA architec-
ture. Based on Eqs. (15) and (16), the problem in Eq. (8) can be decomposed into a
series of Ntg independent subproblems as

Popt � PAHAPDk k2F ¼
XNtg

ng¼1
Popt
Gng

� PAGngPDGng

���
���
2

F
(17)

Now, minimizing the objective function in Eq. (8) can be performed by optimizing
the Ntg subproblems as

Popt
AGng

,Popt
DGng

� �
¼ arg

PAGng ,
min

PDGng

Popt
Gng

� PAGngPDGng

���
���
2

F

st:PAGng ∈FAHA,

PAGngPDGng

�� ��2
F
¼ Ns=Ntg

(18)

The optimal combining matrices can be achieved by optimizing the Nrg

subproblems in a similar fashion.
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4. Proposed hybrid precoding and combining algorithms

In this section, the proposed IFA, ISA, and IHA hybrid precoding and combining
algorithms for mmWave MIMO system will be derived and discussed. We only derive
the equations that relate to the precoder since the derivation of the combiner is similar.

4.1 Iterative full array (IFA) algorithm

In this subsection, we propose the low-complexity IFA hybrid precoding algorithm
with equal power allocation per stream. In addition, we do not assume any constraint
on the optimization problem, which is related to Eq. (6). The derivation of the
combiner is similar. The optimization problem in Eq. (6) is not convex and its solution
is NP-hard. Therefore, we propose an iterative solution to solve the problem in
Eq. (6). Specifically, we solve the following optimization problem iteratively, which is
related to Eq. (6):

Popt
D

� � ¼ arg min
PD

Popt
FA � PAIFAPD

�� ��2
F (19)

where PAIFA is the proposed IFA analog precoder. The objective function can be
expanded as

Popt
FA � PAIFAPD

�� ��2
F ¼ tr Popt

FA
H
Popt
FA

� �
� 2tr Popt

FA
H
PAIFAPD

� �

þ tr PH
DP

H
AIFAPAIFAPD

� �

¼ NS � 2tr Popt
FA

H
PAIFAPD

� �
þ tr PH

DP
H
AIFAPAIFAPD

� �
(20)

To minimize over PD, we set the derivative of Eq. (20) with respect to PD equal to
zero, which yields the following minimized proposed baseband precoder PD (least-
squares solution)

PD ¼ PH
AIFAPAIFA

� ��1
PH
AIFAP

opt
FA (21)

Then, we keep PD fixed and solve the same optimization problem but now mini-
mizing over PAIFA

Popt
AIFA

� � ¼ argmin
PAIFA

Popt
FA � PAIFAPD

�� ��2
F (22)

Similar to Eq. (20), expanding the objective function yields:

Popt
FA � PAIFAPD

�� ��2
F ¼ NS � 2tr Popt

FA
H
PAIFAPD

� �
þ tr PH

DP
H
AIFAPAIFAPD

� �
(23)

We again set the derivative of (23) with respect to PAIFA as equal to zero, which
yields the following equation:

∇f PAIFAð Þ ¼ �Popt
FA P

H
D þ PAIFAPDPH

D ¼ 0 (24)

Since PDPH
D cannot be inverted when NS <NtRF, we used the gradient descent

method to obtain:
12
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PAIFA
kþ1 ¼ PAIFA

k � α∇f PAIFA
k� �

PAIFA
kþ1 ¼ PAIFA

k þ α Popt
FA

�
- PAIFA

kPDÞPH
D

PAIFA
kþ1 ¼ PAIFA

k þ αPresPH
D (25)

where the residual precoding matrix, denoted as Pres, is obtained by subtracting
the product of PAIFA and PD from the optimized Popt

FA , and α is the step size. This
approach is valid even when NS equals NtRF. However, if NS is less than NtRF, the
PAIFA matrix with dimensions of Nt x NtRF needs to be completed after initialization.
In each iteration, the column that results in the largest reduction of the residual is
added to PAIFA. This column is chosen from the basis of the range of the residual,
which is obtained by normalizing the first singular vector of the residual element-
wise. Algorithm 1 provides the pseudo-code for the proposed IFA hybrid precoder,
denoted as PIFA. In a mmWave system that employs hybrid precoding, the base
station (BS) or mobile station (MS) can support up to min NtRFð , NrRFÞ [2]. The inputs
to the algorithm 1 are Popt

FA ∈CNtx NS and the maximum number of iterations K. When
NS <NtRF, K should be greater than or equal to NtRF - NS to compute the
Nt x NtRFPAIFA matrix. When NtRF = NS, K should be greater than or equal to 1.

In the general case where NS ≥ 1 and NS ≤NtRF, the algorithm initializes PAIFA by
normalizing the first Ns columns of Popt

FA element-wise, i.e.,
PAIFA ¼ Popt

FA⊘ Popt
FA

�� �� ffiffiffiffiffiffiNt
p� �

. Next, step 2 calculates PD using least squares. Steps 3 and
4 compute the residual precoding matrix Pres and the proposed IFA analog precoder
PAIFA, respectively. Step 5 ensures that the constant-magnitude entries in PAIFA can be
applied at radio frequency (RF) using analog phase shifters.

In steps 7 and 8, when NS <NtRF, the Nt x NtRFPAIFA needs to be completed by
adding the element-wise normalization of the first singular vector of Pres to PAIFA.
After K iterations, the algorithm finds the Ntx NtRF proposed IFA analog precoding
matrix PAIFA and the NtRF x NS baseband precoder PD, such that Popt

FA � PAIFAPD
�� ��

F
is minimized. In steps 12 and 13, the algorithm ensures that the transmit power
constraint is satisfied and returns the proposed IFA hybrid precoder PIFA ¼ PAIFAPD.
The proposed hybrid combiner WIFA can be calculated in the same manner.

Remark 1 - Convergence of the proposed IFA hybrid precoder to local minimum
points: Note that when NS ¼ NtRF or NS <NtRF, PD is a square matrix that is approx-
imately unitary PH

DPD≈PDPH
D≈INS or a non-square matrix that is approximately semi-

unitary PH
DPD≈INs , respectively [2].

Algorithm 1. Proposed IFA Hybrid Precoding.

Input: The optimum unconstrained solution Popt
FA ∈CNtx NS : and the maximum

number of iterations K
Output: Analog PAIFA ∈CNtx NtRF : with the element-wise normalization and
baseband PD ∈CNtRFx NS such that Popt

FA � PIFA
�� ��

F is reduced and PIFAk k2F ¼ NS,
where PIFA ¼ PAIFAPD

Initialization: analog precoder PAIFA
1 ¼ Popt

FA⊘ Popt
FA

�� �� ffiffiffiffiffiffiNt
p� �

:

1: for k ¼ 1 : K do

2: Update: PD ¼ PH
AIFA

k
PAIFA

k
� ��1

PH
AIFA

k
Popt:
FA

3: Update the residual: Pres ¼ Popt
FA - PAIFA

kPD

13

Architectures for Hybrid Precoding and Combining Techniques in Massive MIMO Systems…
DOI: http://dx.doi.org/10.5772/intechopen.112113



4: Update: PAIFA
kþ1 ¼ PAIFA

k þ αPresPH
D

5: Element-Wise Normalization:

PAIFA
kþ1 ¼ PAIFA

kþ1⊘ PAIFA
kþ1

�� �� ffiffiffiffiffiffi
Nt

p� �

6: If i≤NtRF - NS

7: Fres ¼ UΣVH

8: Append the element-wise normalization of the first vector of U as a new column
to PAIFA:

PAIFA
kþ1 ¼ PAIFA

kþ1 Uð Þ1⊘ Uð Þ1
�� �� ffiffiffiffiffiffi

Nt

p� �h i

9: end if
10: end for

11: PD ¼ PH
AIFAPAIFA

� ��1PH
AIFAP

opt
FA

12: PD ¼ ffiffiffiffiffiffi
NS

p PD
PAIFAPDk kF

13: return PIFA ¼ PAIFAPD

Thus, each iteration in Algorithm 1 minimizes the objective function
Popt
FA � PAIFAPD

�� ��
F and the error term decreases monotonically with each iteration.

Since the objective function has a lower bound, the proposed method must converge
to local optimum points.

4.2 Iterative subarray (ISA) algorithm

In this subsection, the proposed ISA hybrid precoding is derived and discussed.
The optimization problem of the lth subarray in Eq. (10) can be solved for each
subarray in a similar way as in Eq. (22), and the following iterative solution can be
obtained:

pAl
kþ1 ¼ pAl

k þ PrespH
Dl (26)

The residual precoding matrix for the lth subarray, Pres, is calculated as
Pres ¼ Popt

l � pAlpDl. Eq. (26) shows that the updated value of pAl
kþ1 for the lth

subarray can be obtained by adding PrespH
Dl to the value of pAl

k from the previous
iteration. Once initial values of pAl and pDl have been obtained, these can be used to
iteratively solve the optimization problem given in Eq. (26). After convergence, the
resulting pAl of the lth subarray must be normalized to satisfy the constraint in
Eq. (10).

Algorithm 2. Proposed ISA Hybrid Precoding scheme

1.Input V1,K

2.Decompose V1 as V1 ¼ ~V1 ~V2 … ~VLt

� �T

14
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3.For 1≤ l≤Lt

4.Find pinitial
Al ¼ 1ffiffiffiffiffiffiffi

NtSA
p ejangle ~Vlð Þ

5.Find pinitial
Dl ¼ pAl

� �H ∗ ~Vl

6.Initial pAl
k ¼ pinitial

Al

7.Initial pDl ¼ pinitial
Dl

8.For 1≤ k≤K

9.Compute the residual Pres ¼ ~Vl � pAl
kpDl

10.Update pAl
kþ1 ¼ pAl

k þ PrespH
Dl

11.Normalize pAl
kþ1 ¼ pAl

kþ1= pAl
kþ1

�� �� ∗ ffiffiffiffiffiffiffiffiffiffi
NtSA

p� �

12.pDl ¼ pAl
kþ1

� �H ∗ ~Vl

13.end for

14.end for

15.Construct PD and PAISA

16.Normalize PD as PD ¼
ffiffiffiffi
Ns

p
PAISAPDk kF PD

17.Return PISA=PAISAPD

The normalized pAl
kþ1can be expressed as

pAl
kþ1 ¼ pAl

kþ1= pAl
kþ1

�� �� ∗
ffiffiffiffiffiffiffiffiffiffi
NtSA

p� �
(27)

In summary, the pseudo-code of the proposed ISA hybrid precoding can be
summarized in Algorithm 2, which can be explained as follows. First, the initial
values of pAl and pDl of the lthsubarray must be obtained. Then, the iterative
solution for the lth subarray is applied to obtain the optimal pAl and pDl and
this operation will be repeated for all subarrays. Finally, PD and PA are constructed.
Note that the initial solution of pAl and pDl for each subarray can be obtained as
follows:

pinitial
Al ¼ 1ffiffiffiffiffiffiffiffiffiffi

NtSA
p ejangle

~Vlð Þ (28)
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and

pinitial
Dl ¼ pinitial

Al

� �H
∗ ~V1 (29)

where ~V1 is an NtSA �Ns matrix that represents the optimal precoder of the lth
subarray.

The algorithm can be summarized as follows:

1.Obtain the initial values pinitial
Al and pinitial

Dl for the lth subarray.

2.Apply an iterative solution for the lth subarray to acquire the optimal pAl and pDl.

3.Repeat the above operation for all subarrays.

4.Construct the proposed ISA analog precoder, PAISA, and digital precoder, PD.

5.Construct the hybrid precoder of the proposed ISA as PISA ¼ PAISAPD.

Eq. (26) satisfies the property of the gradient descent method as it minimizes the

objective function Popt
l � pAlpDl

�� ��2
F in each iteration from step 8 to 13 of Algorithm 2.

This guarantees the convergence of pAl
kþ1 to a local optimal point.

Note that the proposed ISA algorithm in this subsection differs from the proposed
IFA algorithm in the previous subsection in its approach. The proposed ISA algorithm
independently obtains hybrid precoding for each subarray and then combines them to
find the hybrid precoding for the entire system. This makes the proposed ISA algo-
rithm simpler than the IFA algorithm, which computes the hybrid precoding directly
for the entire system.

4.3 Iterative hybrid array (IHA) algorithm

In this subsection, we introduce a low-complexity IHA hybrid precoding algorithm.
The combiner derivation follows a similar approach. We know that the structure of
optimal precoder of the ngth groupVGng is non-square semi-unitary, meaningVH

GngVGng ¼
INs when Ntg ¼ 1 andVH

GngVGng≈INs whenNtg > 1. Therefore, the HA precoder design

must also be non-square semi-unitary, i.e., PH
DGngP

H
AGngPAGngPDGng ¼ INs . This structure

will be used to solve the optimization problem and make the HA precoder PAGngPDGng

approach the optimal precoderVGng as closely as possible. Thus, by assuming the struc-
ture of the HA hybrid precoder PAGngPDGng as a semi-unitary matrix, we need to solve the
following optimization problem:

Popt
AGng

,Popt
DGng

� �
¼ arg

PAGng ,

min

PDGng

Popt
Gng

� PAGngPDGng

���
���
2

F

st:PAGng ∈FAHA,

PH
AGng

PAGng ¼ INtRF and PH
DGng

PDGng ¼ INs

PAGngPDGng

���
���
2

F
¼ Ns=Ntg

(30)
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The problem in Eq. (30) is a non-convex optimization problem whose solution is
mathematically intractable. However, in this subsection, we will use iterative
algorithms to solve (30):

Popt
AGng

,Popt
DGng

� �
¼ arg

PAGng ,

min

PDGng

Popt
Gng

� PAGngPDGng

���
���
2

F
(31)

We first need to find the baseband precoder PDGng of the ngth group in the HA
architecture that minimizes the Euclidean distance using the initialization of the
proposed HA precoder PAGng of the ngth group in the HA architecture, which is

calculated by taking the first NtRF=Ntg columns from Popt
Gng

and then normalizing them
such that each entry has constant magnitude, i.e.,

PAGng ¼ Popt
Gng

⊘ Popt
Gng

���
���
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nt=Ntg
� �q� ��

. We then find the RF precoder PAGng such that

the IHA hybrid precoder PAGngPDGng of the ngth group is sufficiently “close” to the

optimal unconstrained digital precoder Popt
Gng

of the ngth group in the HA architecture.
Specifically, we would like to solve the following optimization problem first, which is
related to (31):

Popt
DGng

� �
¼ arg min

PDGng
Popt
Gng

� PAGngPDGng

���
���
2

F
(32)

The objective function can be expanded as

Popt
Gng

� PAGngPDGng

���
���
2

F

¼ tr Popt
Gng

H
Popt
Gng

� �
� 2tr Popt

Gng
H
PAGngPDGng

� �
þ PAGngPDGng

���
���
2

F

¼ 2NS � 2tr Popt
Gng

H
PAGngPDGng

� �
(33)

The solution of this problem, which is to find the maximization of

Popt
Gng

H
PAGngPDGng , is solved by what is called the orthonormal Procrustes problem [28]

as follows:

PDGng ¼ VUH (34)

where Popt
Gng

H
PAGng ¼ UΣVH. Then, we keep PDGng fixed and solve the same opti-

mization problem but now minimizing over PAGng as follows:

Popt
AGng

� �
¼ argmin

PAGng
Popt
Gng

� PAGngPDGng

���
���
2

F
(35)

Similar to (33), expanding the objective function yields:

Popt
Gng

� PAGngPDGng

���
���
2

F
¼ 2NS � 2tr Popt

Gng
H
PAGngPDGng

� �
(36)
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Assuming that the IHA analog precoder PAGng semi-unitary matrix, the solution

that maximizes Popt
Gng

H
PAGngPDGng in (35), is also solved by the orthonormal Procrustes

problem as follows:

PAGng ¼ VUH (37)

where PDGngP
opt
Gng

H ¼ UΣVH. Also, there is another way to maximize

Popt
Gng

H
PAGngPDGng in (35) as follows:

PAGng ¼ Popt
GngP

H
DGng (38)

Both solutions in (37) and (38) are almost the same because we assume that PDGng

is a non-square semi-unitary or square unitary matrix in (36) and the singular values

of PDGngP
opt
Gng

H
are almost unity when Ntg ¼ 1 and close to unity when Ntg > 1.

The main difference between the hybrid design in this chapter and that in [29] is
that our design assumes that PAGng is non-square semi-unitary matrix, and PDGng is non-
square semi-unitary or square unitary matrix. Our design is more versatile and applica-
ble in various scenarios, including when the number of data streams is equal to or less
than the number of RF chains. In contrast, the HD-AM (hybrid design by alternating
minimization) technique can only be used when the number of data streams is equal to
the number of RF chains [29]. Additionally, our derivation is based on the HA archi-
tecture, while HD-AM is only applicable to the FA architecture. Our proposed algorithm
is straightforward since it calculates the hybrid precoding for each group in the HA
architecture independently before using it to determine that of the entire system.
Conversely, the method presented in [29] computes the hybrid precoding directly for
the entire system, resulting in higher computational complexity.

Algorithm 3: Proposed IHA Hybrid Precoding

Input: The optimum unconstrained solution Popt
Gng

∈C Nt=Ntgð Þ x NS , initialized analog

procoder PAGng ∈C Nt=Ntgð Þ x NtRF=Ntgð Þ with the element-wise normalization, and the
maximum number of iterations K.

Output: Analog PHAng ∈CNtx NtRF such that Popt
Gng

� PHAng

���
���
F
is reduced and

PHAng

���
���
2

F
¼ NS=Ntg, where PHAng ¼ PAGngPDGng :

1: for i ¼ 1 : K do

2: Update: PDGng ¼ VUH, where Popt
Gng

H
PAGng ¼ UΣVH

3: Update: PAGng ¼ Popt
GngP

H
DGng

4: Element-Wise Normalization: PAGng ¼ PAGng⊘ PAGng

���
���
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nt=Ntg
� �q� �

5: end for
7: PDGng ¼ PH

AGng
Popt
Gng

8: PD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS=Ntg

p PDGng

PAGngPDGngk kF

9: Return PHAng ¼ PAGngPDGng .
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Algorithm 3 provides the pseudo-code for the proposed IHA precoder. The inputs

of the algorithm are Popt
Gng

∈C Nt=Ntgð Þ x NS , initialized analog procoder

PAGng ∈C Nt=Ntgð Þ x NtRF=Ntgð Þ, i.e., PAGng ¼ Popt
Gng

⊘ Popt
Gng

���
���
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nt=Ntg
� �q� �� �

, and the maxi-

mum number of iterations K, where K ≥ 1 for NS < NtRF=Ntg
� �

or NtRF=Ntg
� �

≤NS. In
the general case of NS ≥ 1, the algorithm starts by computing the ngth group PDGng

using the orthonormal Procrustes solution in step 2. After that, the algorithm
proceeds to update the ngth group RF precoder PAGng in step 3. Step 4 ensures that
the proposed RF precoder PAGng is satisfied exactly with constant-magnitude
entries, which can be applied at RF using analog phase shifters. After the last
iteration of the algorithm, PDGng is updated via the maximal ratio combining (MRC),
instead of the least solution, which has an impact on the Frobenius norm objective

function Popt
Gng

� PAGngPDGng

���
���
2

F
; the least solution becomes MRC after implementing

the semi-unitary analog precoder, i.e., PH
AGng

PAGng ¼ I NtRF=Ntgð Þ. After K iterations, the

process is completed and the algorithm finds the Nt=Ntg
� �

x NtRF=Ntg
� �

proposed RF
precoding matrix PAGng and the NtRF=Ntg

� �
x NS baseband precoder PDGng such that

Popt
Gng

� PAGngPDGng

���
���
2

F
is minimized. In steps 8 and 9, we ensure that the transmit

power constraint is satisfied for each ngth group and return the proposed ngth group
IHA precoder PHAng ¼ PAGngPDGng . The proposed ngth group hybrid combiner WHAng

can be calculated in the same way.

5. Complexity analysis

This section aims to examine the implementation complexities of the proposed
hybrid precoding and combining algorithms for various architectures. To simplify the
analysis,

we use the following notations: N ¼ max Nt,Nrf g represents the maximum
number of antennas, NRF ¼ max NtRF,NrRFf g represents the maximum number
of RF chains, Ng ¼ max Ntg,Nrg

� �
represents the maximum number of RF

groups, and K denotes the maximum number of iterations for the proposed IFA
hybrid design, ISA hybrid design, and IHA hybrid design algorithms. Moreover,
we denote the number of antennas for each subarray in the SA design as NSA.
Our analysis is based on the total number of floating-point operations (flops) for
each hybrid precoding and combining method. Table 1 shows that the
computational complexities of the proposed IFA hybrid design, ISA hybrid design,
and IHA hybrid design algorithms are much lower compared to that of the FA
sparse hybrid precoding method, which has a complexity of O(N2NRFNS).
Furthermore, the computational complexities of the proposed IHA hybrid design and
ISA hybrid design algorithms are lower than that of the IFA Hybrid design, particu-
larly for larger numbers of groups, Ng. When Ng > 1, the proposed IHA hybrid design
and ISA hybrid design algorithms have lower hardware costs than the sparse hybrid
design and the proposed IFA hybrid design. To summarize, the proposed IHA hybrid
design has lower computational and hardware complexities than the proposed IFA
hybrid design and is comparable to that of the proposed ISA hybrid design when
NRF ¼ Ng.
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6. Simulation results

This section presents the numerical results to show the performance advantages of
the proposed IFA, ISA, and IHA hybrid precoding/combining algorithms. We con-
sider the case where there are only one BS and one MS at a distance of 100 m. The
spacing between antenna elements is equal to λ=2. The system is assumed to operate at
a 28 GHz carrier frequency in an outdoor scenario, and with a path loss exponent
n ¼ 3:4. The channel model is described in (1), with Pα,i ¼ 1 for all clusters. The
azimuth and elevation angles of arrival and departure (AoAs/AoDs) of the rays within
a cluster are assumed to be randomly Laplacian distributed. The AoAs/AoDs azimuths
and elevations of the cluster means are assumed to be uniformly distributed. We use
the AoD/AoA beamforming codebooks (the exact array response of the mmWave
channel) at the BSs and MSs, respectively, for the sparse hybrid design [2]. The signal-
to-noise ratio (SNR) in all the plots is defined as SNR ¼ ρ=σ2. We assume perfect
channel estimation at the BS and MS. For fairness, the same total power constraint is
enforced on all precoding/combining solutions. The maximum number of iterations K
for the proposed IHA hybrid precoder/combiner, the IFA hybrid precoder/combiner,
and the ISA hybrid precoder/combiner is equal to 10 for all data cases.

In this section, we show the spectral efficiencies achieved by the proposed IFA,
ISA, and IHA hybrid precoding/combining algorithms, FA sparse hybrid design [2],
and the optimal unconstrained digital method at both the BS and the MS.

Figure 3 shows the spectral efficiencies achieved by the proposed IHA hybrid
precoding/combining, the FA sparse hybrid precoding/combining [2], the optimal
unconstrained digital design, the proposed IFA hybrid precoding/combining,
and the proposed ISA hybrid precoding/combining in a 256 x 64 uniform planar
arrays (UPAs) mmWave system for different SNR values with
NS∊ 2, 8f g,NtRF ¼ NrRF∊ 4, 16f g, and Ng∊ 1, 2, 4, 8, 16f g. The spectral efficiency perfor-
mance of the proposed IFA hybrid precoder/combiner is close to that of the
unconstrained digital one and better than those of other methods for all cases. The
proposed IHA hybrid precoding/combining method outperforms the ISA hybrid
precoder, regardless of the number of data streams NS and the number of groups Ng.
Also, the proposed IHA hybrid precoding/combining design outperforms the FA
sparse hybrid design when Ng∊ 1, 2f g for NS ¼ 2 and 8. The performance of the
proposed IHA hybrid precoding/combining is degraded with the increase ofNg, which
is equivalent to the decrease of phase shifters, leading to an increase of the interfer-
ence between data streams. However, when Ng∊ 4, 16f g, the proposed IHA hybrid

Method Constraints Phase Shifters
Number

Complexity

Sparse hybrid design [2] RF precoding/combining
codebooks

NNRF O(N2NRFNS)

Proposed IFA hybrid design None NNRF O(NN2
RFK)

Proposed ISA hybrid design None N O(NSANRFNSK)

Proposed IHA hybrid design None NRF=Ng
� �

N O(NN2
RFK=N

2
g)

Table 1.
Complexity of the proposed algorithms.
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precoding/combining becomes similar to the SA architecture with better performance
compared to the proposed ISA hybrid precoding/combining. Also, when Ng ¼ 1, the
performance of IHA hybrid precoding/combining is close to that of the proposed IFA
hybrid precoding/combining.

In Figure 4, we use the same methods as they were used in Figure 3 in a 64 x 16
UPAs mmWave system for different SNR values, with NS∊ 2, 4f g,NtRF ¼ NrRF∊ 4, 8f g,
and Ng∊ 1, 2, 4, 8f g. We obtain the same results as in Figure 3. However, the
proposed IHA hybrid precoding/combining method overlaps with the proposed
ISA hybrid precoding/combining when Ng ¼ 8 and 4 for NS ¼ 4 and 2,
respectively, where the numbers of BS and MS antennas are reduced compared
to Figure 3.

Figure 5 shows the performance when the number of RF chains NtRF ¼ NrRF is
greater than the number of data streams, where NS∊ 2, 4f g, Ng∊ 1, 2, 4, 8f g, and the
SNR is fixed to 0 dB over the whole range of RF chains in a 256 x 64 UPAs mmWave
system. The spectral efficiency of the proposed IFA hybrid precoding/combining is
close to that of the unconstrained digital one with the increase of the RF chains. The
performance of the IHA hybrid precoding/combining becomes worse with the
increase of Ng, where the interference of data streams increases. The performance of
the IHA hybrid precoding/combining is much better than that of the proposed ISA
hybrid precoding/combining, regardless of the number of Ng. Also, the proposed IHA
hybrid precoding/combining outperforms the FA sparse hybrid design when
Ng∊ 1, 2f g for any data stream NS; however, the FA sparse hybrid design outperforms
the proposed IHA hybrid precoding/combining when Ng∊ 4, 8f g, but the performance

Figure 3.
Average spectral efficiency achieved by the proposed iterative hybrid array (IHA) precoding/combining with
K = 10, compared to the full array (FA) sparse hybrid precoding/combining design [2], the optimal unconstrained
digital precoding/combining, iterative full array (IFA) hybrid precoding/combining design, and the iterative
subarray (ISA) hybrid precoding/combining, for a 256 x 64 uniform planar arrays (UPAs) mmWave system for
different signal-to-noise ratio (SNR) values with NS∊ 2, 8f g, and NtRF ¼ NrRF∊ 4, 16f g.
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gap between them reduces with the increase of the RF chains. Also, when Ng ¼ 1, the
performance of IHA hybrid precoding/combining is close to that of the proposed IFA
hybrid precoding/combining.

Figure 6 shows the spectral efficiency achieved by the same methods when the
number of RF chains equals the number of data streams, varying from 2 to 16, in a
256 x 64 UPAs mmWave system with Ng∊ 1, 2, 4, 8f g. The SNR is fixed to 0 dB for any
number of RF chains. When Ng ¼ 1, the performance of IHA hybrid precoder over-
laps with that of the proposed IFA hybrid precoding/combining, and both are close to
the unconstrained digital one. The performance of the proposed IHA hybrid
precoding/combining becomes worse with the increase of Ng, where the interference
of data streams becomes higher. As seen in Figure 6, the proposed IHA hybrid
precoding/combining outperforms the FA sparse hybrid precoding/combining and
the proposed ISA hybrid precoding/combining, especially for a large number of Ng,
and NS ¼ NtRF ¼ NrRF.

In conclusion, although we use the proposed IHA hybrid design in both transmitter
and receiver, its performance is acceptable, especially for 2≤Ng <NtRF and
2≤Ng <NrRF, when compared to the higher hardware complexity of FA hybrid
designs, such as the FA sparse hybrid design and the proposed IFA hybrid design. All
FA hybrid designs require a higher hardware complexity in the BS and MS, with a
higher number of phase shifters in the BS and MS, which is equal to NtNtRF þNrNrRF,
whereas the number of phase shifters for the IHA hybrid precoder/combiner is equal

to NtNtRF
Ng

� �
þ NrNrRF

Ng

� �
. The constraint of the analog and baseband precoding/

Figure 4.
Average spectral efficiency achieved by the proposed iterative hybrid array (IHA) precoding/combining with
K = 10, compared to the full array (FA) sparse hybrid precoding/combining design [2], the optimal unconstrained
digital precoding/combining, the iterative full array (IFA) hybrid precoding/combining design, and the iterative
subarray (ISA) hybrid precoding/combining, for a 64 x 16 UPAs mmWave system for different signal-to-noise
ratio (SNR) values with NS∊ 2, 4f g, and NtRF ¼ NrRF∊ 4, 8f g.
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Figure 5.
Average spectral efficiency achieved by the proposed iterative hybrid array (IHA) precoding/combining with K ¼
10 compared to the full array (FA) sparse hybrid precoding/combining [2], the optimal unconstrained digital
precoding/combining, the iterative full array (IFA) hybrid precoding/combining with K =10, and the iterative
subarray (ISA) hybrid precoding/combining with K ¼ 10 for 256 x 64 uniform planar arrays (UPA) mmWave
systems for signal-to-noise ratio (SNR) = 0 dB with NS∊ 2, 4f g and different radio frequency (RF) chains.

Figure 6.
Average spectral efficiency achieved by the proposed hybrid array (HA) precoding/combining using Algorithm 2
with K ¼ 10 compared to the full array (FA) sparse hybrid precoding/combining [2], the optimal unconstrained
digital precoding/combining, iterative full array (IFA) hybrid precoding/combining with K ¼ 10, and the
iterative subarray (ISA) hybrid precoding/combining with K ¼ 10 for 256 x 64 uniform planar arrays (UPAs)
mmWave systems for signal-to-noise ratio (SNR) = 0 dB with NS ¼ NtRF ¼ NtRF.
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combining matrices helps to build the structure of block diagonal matrices in the
proposed IHA hybrid precoder/combiner, yielding higher gains compared to the other
methods. When Ng ¼ NtRF, the proposed HA structure becomes similar to the SA one;
the performance of the proposed IHA hybrid precoding/combining design gives
higher gains compared to the proposed ISA hybrid precoding/combining design,
especially for a large number of BS antennas.

Also, when Ng ¼ 1, the proposed HA structure becomes similar to the FA one, and
the performance of the proposed IHA hybrid precoding/combining design is compa-
rable to that of the proposed IFA hybrid precoding/combining design. The number of
iterations should be 10 or less because the gain after that will be very small, which is
confirmed by our results that we did not include in this chapter.

7. Conclusion

In this chapter, we have studied and discussed the issue of hybrid precoding and
combining techniques in mmWave MIMO systems for different array architectures.
We presented the system models of FA, SA, and HA and solved the optimization
problem of hybrid precoding and combining to maximize the spectral efficiency of
each architecture. Additionally, we proposed iterative hybrid precoding and combin-
ing algorithms for all architectures. The simulation results showed that the proposed
algorithms can enhance the spectral efficiency performance of mmWave MIMO sys-
tems with lower complexity and hardware requirements than traditional hybrid
design methods. The findings of this chapter are expected to be of significant interest
to researchers, engineers, and students working in the field of mmWave communica-
tions and MIMO systems, as they provide insights into improving the spectral effi-
ciency and performance of wireless communication systems. Overall, this work
contributes to the development of efficient and cost-effective solutions for next-
generation wireless communication systems.
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Chapter 2

Technological Evolution from RIS
to Holographic MIMO
Jiguang He, Chongwen Huang, Li Wei, Yuan Xu,
Ahmed Al Hammadi and Merouane Debbah

Abstract

Multiple-input multiple-output (MIMO) techniques have been widely applied in
current cellular networks. To meet the ever-increasing demands on spectral efficiency
and network throughput, more and more antennas are equipped at the base station,
forming the well-known concept of massive MIMO. However, traditional design with
fully digital precoding architecture brings high power consumption and capital
expenditure. Cost- and power-efficient solutions are being intensively investigated to
address these issues. Among them, both reconfigurable intelligent surface (RIS) and
holographic MIMO (HMIMO) stand out. In this chapter, we will focus on the ongoing
paradigm shift from RIS to HMIMO, covering both topics in detail. A wide range of
closely related topics, e.g., use cases, hardware architectures, channel modeling and
estimation, RIS beamforming, HMIMO beamforming, performance analyses of spec-
tral- and energy-efficiency, and challenges and outlook, will be covered to show their
potential to be applied in the next-generation wireless networks as well as the ratio-
nales for the technological evolution from RIS to holographic MIMO.

Keywords: reconfigurable intelligent surface, holographic MIMO, energy efficiency,
channel estimation, hybrid precoding

1. Introduction

In order to fully achieve 5G/6G enhanced mobile broadband communications, it is
an inevitable trend to move from microwave frequency band, e.g., sub-6 GHz to
millimeter wave (mmWave) or even terahertz (THz) frequency bands [1]. However,
various challenges are introduced accordingly, such as severe path loss, high power
consumption, serious hardware impairment, and frequent blockage. At the early
stage, researchers devoted to addressing these aforementioned challenges through
hybrid analog-digital precoding along with large-sized antenna arrays at both trans-
mitter and receiver sides, which was verified to offer nearly the same performance in
terms of achievable rate compared to its pure digital precoding counterpart under full
channel state information (CSI) assumption [2]. However, the energy efficiency (EE)
of mmWave or THz system needs to be further enhanced, since the power consump-
tion from digital-to-analog/analog-to-digital converter and up/down converter in the
radio frequency (RF) chains is still high. Various novel massive MIMO architectures
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are analyzed and compared in [3], where reflect/transmit array-based architectures
are verified to obtain the best trade-off.

There are two promising candidate technologies, aiming for not only enhancing EE
but also spectrum efficiency (SE). One is the reconfigurable intelligent surface (RIS),
and the other is holographic multiple-input multiple-output (HMIMO). At the early
stage, much more effort were made on RIS-assisted networks compared to HMIMO.
Recently, the emphasis of the research community has been shifted toward HMIMO.
RIS and HMIMO share some similarities, e.g., made of a large number of cost-efficient
low power consumption elements. However, they differ in various aspects. The RIS is
usually a passive, tunable, and intelligent metasurface. Unlike the traditional active
relays, which can perform either amplify-and-forward (AF), decode-and-forward
(DF), or compute-and-forward (CF), RIS does not possess any baseband processing
capability. Thus, it can not receive and post-process any incident signals from other
network nodes, e.g., base station (BS) or mobile station (MS). Because of this, RIS
brings difficulty in efficient yet effective channel estimation for the system. For
instance, the BS has to estimate two large dimensional channel coefficient matrices
(i.e., MS-RIS and RIS-BS channels) simultaneously via uplink pilot signal transmis-
sion. In addition, during the sounding process, coordination and strict synchroniza-
tion among the MS, RIS, and BS are required. Nevertheless, by deploying an RIS
between the BS and the MS, it enables virtual line-of-sight (LoS) transmission espe-
cially when the direct LoS between the BS and the MS is temporally blocked. The RIS
can also enhance radio localization thanks to the following reasons: (i) The RIS is a
natural anchor upon its deployment; (ii) The RIS offers high-resolution angle of
departure (AoD) and/or angle of arrival (AoA) estimation; (iii) The RIS can further
extend the localization range. Studies show that RIS can also benefit integrated sens-
ing and communication (ISAC) [4].

The full potential of RIS can not be realized unless the CSI acquisition is performed
efficiently and effectively. However, there is still a large room for improvement.
Meanwhile, an obvious trend has been seen for a paradigm shift from RIS to HMIMO.
Under the framework of HMIMO, the tunable metasurface acts as an active trans-
ceiver, which is a greener way to implement the massive (mmWave/THz) MIMO
systems without the need of a massive number of RF chains. The HMIMO transceiver
is made of densely packed meta-atoms, usually with sub-wavelength inter-element
spacing (unlike half-wavelength inter-element spacing for RIS), enabling super direc-
tivity. However, HMIMO has more severe mutual coupling effect compared to RIS.
The large-sized HMIMO aperture pushes the far field further away. Therefore, most
studies focus on radiative near-field propagation when modeling the HMIMO chan-
nels. An interesting finding that extra degrees of freedom (DoFs) exist even when the
MS is located at the LoS path of the BS has been discovered recently [5]. HMIMO
surfaces are powerful in transferring the orbital angular momentum (OAM) property,
yielding enhance system capacity within a few Rayleigh distances. A comprehensive
comparison between RIS and HMIMO can be found in Table 1. The foreseeable key
performance indicator (KPI) enhancement by the introduction of RIS and/or HMIMO
generally includes: (i) Gbps or even Terabit/s level average or peak data rate, (ii)
seven 9’s reliability, (iii) sub-ms air interface latency, and (iv) cm-level localization
accuracy.

From the industrial perspective, ETSI lauched an Industry Specification group on
RIS, covering various research aspects. RIS Tech Alliance (RISTA) focuses on bringing
together industrial and academic partners, pushing the RIS techniques from theory
into practice. The RIS technology white paper was released by RISTA on March 2023.
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Also, 3GPP listed RIS as one of the additional RAN1/2/3 candidate topics. In this sense,
it will probably receive a high chance to be studied and included in Release 19.
HMIMO techniques have not been studied and included in any global or regional
standard development organization (SDO) bodies yet. However, it is highly probable
that it will gain tremendous attraction and momentum in the near future as a tech-
nique beyond massive MIMO.

2. RIS vs. HMIMO hardware architectures

Both RIS and HMIMO are metasurfaces equipped with integrated electronic cir-
cuits that can intelligently control the incoming waves, resulting in a programmable
electromagnetic field. They are both composed of feeding, substrate, and unit cells.
Precisely, the feed can excite the RIS or HMIMO to generate the desired electromag-
netic waves, and the substrate support the structure. In addition to the feeding line
and substrate, the radiation elements play an important role, which is mounted on the
substrate and form uniform/non-uniform radiation patterns, transforming the refer-
ence waves into radiated waves. There are some differences in the fabrications or
configurations between the RIS and HMIMO.

Specifically, in RIS systems, the feeds are set outside the meta-surface while the
feeds are attached to the HMIMO surface in a more flexible behavior [6]. In such way,
the electromagnetic waves propagate along the HMIMO surface, and the elements are
excited one by one, enabling HMIMO to serve as a transceiver. However, RIS requires
additional configuration of external feeding lines to excite unit cells, as shown in
Figure 1. In addition, since the long feeding line is adopted in RIS, the layout in the
implementation is much more complex than the series feeding in HMIMO systems.
Thus, HMIMO is more suitable to be implemented in various scenarios compared with
RIS. Then we will discuss the details in fabrication from the perspective of feed,
substrate, and unit cells for RIS and HMIMO.

In RIS, the spatial feeding techniques are adopted, such as a horn antenna or
microstrip antenna array are placed very close to RIS to feed such structures. The
feed is adopted to generate a reference wave to excite unit cells in RIS. A single- or a

Category RIS HMIMO

Passive vs. Active Passive Active

Role Passive Reflector/Relay Transceiver

Operation Mode Full Duplex Full or Half Duplex

Cost Low Medium

Inter Element Spacing Half Wavelength Less than Half Wavelength

Mutual Coupling Mild Medium

Energy Efficiency High Medium

CSI Acquisition Very Difficult Difficult

Propagation Environments Near and Far Fields Near and Far Fields

Degree of Freedom Low High

Table 1.
Comprehensive comparison between RIS and HMIMO.
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multi-layer stack of planar structure are fabricated using lithography and nano-
printing methods [6]. Each RIS element situated on a ground plane adopts varactor
diodes or other electrical materials to reflect incoming waves electronically by pro-
viding phase modulation. Since no amplifier is employed, RIS consumes less energy
and is easily deployed into building facades, room, up to being integrated into human
devices. The input voltage to varactor diodes can be controlled to provide variable
capacitance, which is an important characteristic of the materials that constitute RIS
units. The unit cell in RIS can be fabricated using various varactor types, including
metal plate with vias, D-shaped patch, split-ring, and conductive patch separated by
the annular slot [7]. In addition to varactor diodes, positive intrinsic-negative (PIN)
diodes can also be utilized to tune the impedance in RIS unit cells, i.e., the on�/off-
state of PIN diodes exhibits the magnitude and phase difference of the reflection.

Compared with RIS, the fabrication in HMIMO is much more diverse due to
development in metamaterials, as shown in Figure 2. In HMIMO systems, the feed is
integrated into the HMIMO or located externally. The reference wave generated by
the feed propagates along the HMIMO surface, then the designed wave is excited from
the interference wave of the reference wave and the reflected wave from the object.
Clearly, the location of the feed generates a specific propagation mode, for example, a
transverse electric propagation mode of the reference wave is supported if the feed is
located on the HMIMO surface, while a transverse magnetic propagation mode is
supported if the feed is placed on the bottom of HMIMO surface [9]. In addition to the
location of feed, the feed material also affects the propagation mode. For example,

Figure 1.
A schematic view of RIS hardware structures.

Figure 2.
The two operation modes of HMIMOS systems along with their implementation and hardware structures [8].
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dipoles, planar Vivaldi feed, antipodal Vivaldi feed, and dipole-based Yagi-Uda-feed
are capable of exciting transverse electric propagation mode [9].

The substrate enables the reference wave to propagate along the HMIMO surface.
The substrate can be in a plate shape that supports the surface wave mode or in a
microstrip line shape that supports the waveguide mode [9]. Surface wave mode refers
to the propagation of electromagnetic waves along the surface of the HMIMO trans-
ceiver. By controlling the states and properties of elements on the surface, HMIMO can
guide and manipulate surface waves to achieve specific functions such as wavefront
shaping or beamforming. Waveguide mode refers to the guided propagation of electro-
magnetic waves within internal or integrated waveguides, which can be within the
system or attached to it. These waveguides may serve as feeds or interconnections
within the HMIMO system. In addition, the substrate materials are also different, i.e.,
the dielectric substrate and semiconductor substrate [9]. For example, the dielectric
substrate is commonly adopted in HMIMO systems, such as printed circuit board,
laminates substrate, silicon dioxide substrates, and anisotropic artificial substrates. The
silicon dioxide substrate also possesses a low dielectric loss, such as the graphene
patches transferred silicon dioxide substrate adopted in tunable THz HMIMO systems.
In addition to the above dielectric substrate, the semiconductor substrate is also
employed in HMIMO systems for the low cost and excellent conductivity [9].

The radiation elements can be manufactured by metal, dielectric, and graphene
materials [9]. Specifically, metal radiation elements exhibit high conductivity
and are applicable to low frequencies with insignificant losses. The dielectric
radiation elements are more suitable for a wider range of bandwidth. The graphene
radiation elements are also the perfect choice for THz HMIMO systems or optical
communications.

The HMIMO surface can be divided into contiguous and discrete modes [8]. In
contiguous HMIMO systems, a virtually uncountably infinite number of radiation
elements are incorporated in a limited area, generating spatially continuous aperture.
Such a scheme provides a theoretically infinite number of elements that can approach
the inherent capacity and spatial resolution limit. However, the contiguous mode is
impractical, thus a discrete HMIMO mode is proposed, which is composed of count-
able radiation elements. This mode has higher feasibility and lower power consump-
tion while achieving lower spatial resolution and undesired side lobes. Some studies
have compared the contiguous mode and discrete mode to investigate the optimal
discretization bits. Hu et al. [10] showed that 2 bits quantization is able to approxi-
mate the sum rate with contiguous HMIMO systems for multi-user scenario, while 1
bit quantization is enough in the single-user scenario.

In order to achieve both contiguous and discrete apertures, fabrication methods
are important. Typically, programmable metamaterials are adopted to approximate
the contiguous HMIMO surfaces, where the varactor loading technique is adopted in
continuous monolayer metallic structures incorporating a large number of meta-
particles [8]. Each meta-particle consists of two metallic trapezoid patches, varactor
diodes, and a continuous strip. Specifically, whether the element radiates the energy
of the reference wave into free space depends on the state of the diodes [11]. The bias
voltage is input to varactor diodes to manipulate the phase and amplitude of each
radiation element, resulting in a controlled electromagnetic environment. Different
from the contiguous HMIMO systems, the discrete HMIMO systems involve a number
of meta-particles, which are composed of a metamaterial layer (graphene material),
sensing and actuation layers, shielding layer, computing layer, and interface and
communication layer [8].
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3. RIS vs. HMIMO channel modeling and estimation

Channel modeling plays an essential role in understanding the fundamentals of the
channel characteristics, developing cutting-edge signal processing algorithms, and
optimizing network resources. The authors in ref. [12] focused on the free-space path
loss models for RIS-assisted wireless communications and established a rigorous rela-
tionship between them and system parameter setups, e.g., the distances between the
transmitter/receiver and the RIS, the RIS aperture, the radiation patterns of antennas,
etc. The power scaling laws were studied in ref. [13] for asymptotically large RISs. The
work in ref. [14] divided the RIS into multiple RIS tiles and derived the corresponding
tile response functions with arbitrary transmission mode, and incident and reflection
directions. Based on these, a physics-based end-to-end channel model was developed
for the RIS-assisted wireless systems, taking into account the effect of transmission
mode, incident angle, and reflection angle of all RIS tiles.

RIS channel estimation can be classified into three major categories, including
model-based, data-driven, and the mixture of the former two. For the model-based RIS
CE, various approaches are considered to estimate the individual channels, cascaded
channel, or channel parameters. Under the assumption of passive RIS, the pilot signals
received at the BS (over uplink transmissions) or MS (over downlink transmissions)
include the information of channel coefficient matrices for both hops, i.e., BS-RIS and
RIS-MS links, which in turn brings more difficulties on CSI acquisition. In the literature,
such kind of RIS CE can be done by leveraging the bilinear generalized approximate
message passing (BiG-AMP) for sparse matrix factorization and the Riemannian man-
ifold gradient-based algorithm for matrix completion [15]. The framework of two-stage
RIS-aided channel estimation (TRICE) was proposed in ref. [16] to estimate the cas-
caded channel matrix, followed by parallel factor (PARAFAC) tensor decomposition
[17] to obtain the two individual channels. Compressive sensing (CS) techniques, e.g.,
orthogonal matching pursuit (OMP) and generalized approximate message passing
(GAMP), were also applied in the RIS-assisted networks [18] to estimate the cascaded
channel. Different from the previous works, the authors in ref. [19] focus on estimating
the channel parameters in two stages, by adopting off-grid CS technique, i.e., atomic
norm minimization (AMN). The availability of channel sparsity is essential in the
aforementioned approaches. Extension from single-user scenario to multi-user scenario,
the different properties of the channels, i.e., BS-RIS and RIS-MS channels, are leveraged
in the design of the CE algorithm [20]. The properties include the changing rate and
channel sparsity. The former determines the frequency of CE, and the latter determines
the training overhead of channel estimation. Note that all the MSs share the same BS-
RIS channel, which can be considered to reduce the training overhead. In terms of data-
driven approaches, the authors in ref. [21] designed a twin convolutional neural net-
work (CNN) architecture to estimate both direct and cascaded channels from received
pilot signals. By leveraging the advantages of both model-based and data-driven
approaches, deep unfolding-based RIS channel estimation exhibits excellent perfor-
mance [22]. Figure 3 depicts the RIS channel estimation results from different
approaches, where three training overhead values, i.e., K ¼ 24,28,32, are considered.
The numbers of transmit antennas and RIS elements are 16 and 32, respectively, while
the MS is assumed to have a single antenna. Deep unfolding outperforms the ANM
thanks to its mixture nature of data-driven and model-based approaches [22].

The HMIMO channel modeling focuses on the radiative near-field propagation due
to the electromagnetically large antenna arrays employed at the transmitter and/or the
receiver. The model incorporating arbitrary scattering propagation conditions was
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proposed by adopting the first principles of wave propagation and Fourier plane-wave
series expansion of the channel response [23]. The equivalent wavenumber domain
channel from the spatial domain was obtained via transformation. Meanwhile, the
Fourier plane-wave series expansion of the channel response was studied in ref. [23].
The equivalent wavenumber domain channel from the spatial domain was obtained
via transformation. Meanwhile, the physically-meaningful stochastic channel model
of non-isotropic radio waves propagation was also obtained for the far-field case [24].
The mathematically tractable HMIMO channel model is essential for algorithm devel-
opment, such as holographic beamforming, detailed in the next section.

The holographic MIMO channel estimation was investigated in ref. [25], where the
authors proposed a subspace-based channel estimation approach for the far-field
propagation condition. Such an approach only requires the information of the sub-
space of the spatial correlation matrix while attaining the performance of minimum
mean square error (MMSE) estimator in the high SNR regime. It is well known that
the MMSE estimator requires complicated matrix inverse operation and full knowl-
edge of the spatial correlation matrix. An extension to near-field channel estimation
can be found in ref. [26], where the polar domain sparsity other than angular domain
sparsity along with off-grid CS technique, i.e., polar-domain simultaneous iterative
gridless weighted (P-SIGW) scheme, were considered.

4. RIS beamforming vs. HMIMO beamforming

The RIS can perform beam focusing and offer beamforming gain in order to
compensate for the severe path loss. For the SISO system, the optimal RIS
beamforming vector can be found based on the CSI of the BS-RIS and RIS-MS chan-
nels. For more complicated scenarios, e.g., MIMO systems, finding the optimal RIS

Figure 3.
Comparison of RIS CE with different schemes.
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design is not straightforward because of the strict RIS hardware constraints. In the
literature, researchers focused on the design of RIS beamforming and TX
beamforming/precoding simultaneously, termed as joint active and passive
beamforming. References [6, 27] are among the first ones dealing with such a chal-
lenging problem. In these works, perfect or imperfect CSI information was assumed.
In other words, the joint design is considered after the CE phase, detailed in Section 3.
Another alternative way to do this is to create a beam codebook and conduct beam
scanning to find the optimal beam pair, one used at the BS and the other used at the
RIS. There are several challenges raised in the codebook design. The large-sized RIS
requires huge computation for the beam codebook design, aiming at the collection of
beams having full coverage of the space. Second, the beam may have many sidelobes,
resulting from the RIS hardware constraints. Third, the beam scanning process is
supposed to be time inefficient when both nodes adopt large-sized codebooks.

Unlike RIS beamforming, HMIMO beamforming is much more tricky due to the
closely packed patch antennas. Even the simple linear precoding schemes, such as
zero-forcing (ZF), with continuous-aperture surfaces are impractical due to a large
number of patch antennas, not to mention MMSE beamforming, which can be
accounted for expensive matrix inversion operation. To solve this, ref. [28] leveraged
a novel low-hardware complexity ZF precoding scheme that is based on a Neumann
series (NS) expansion, which replaces the expensive matrix inversion operation while
being similar in terms of achievable sum rate with conventional ZF, as shown in
Figure 4. For the holographic beamforming, the authors in refs. [10, 29] also studied
discrete amplitude-controlled holographic beamforming and analyzed the effect of
radiation amplitude discretization on the sum rate for the downlink multi-user com-
munication system. In order to realize holographic beamforming, the holographic
interference principle that the holographic transceivers record the interference
between the reference wave and arbitrary desired object waves, known as an inter-
ference pattern, is considered. By coupling the reference wave with the interference

Figure 4.
Comparison of ZF precoding schemes and NS-based ZF precoding for HMIMO systems with 729 transmit patch
antennas and 144 receive patch antennas (spacing is λ=3) [28].
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pattern, the holographic transceivers are capable of performing beamforming toward
the desired direction by radiation amplitude control of the reference wave propagat-
ing along the metasurface. Di [30] studied joint hybrid digital beamforming and
holographic beamforming for wideband OFDM transmissions while compensating for
the beam squint loss via linear additivity of holographic interference patterns.

The above work mainly dealt with beamforming in the spatial domain, however,
the polarization domain should not be ignored in RIS and HMIMO systems as well.
The adoption of the dual-polarization (DP) or tri-polarization (TP) feature is expected
to further improve the performance without enlarging antenna array size, enabling
multiple independent information to be sent in two or three polarization directions,
thus offering polarization diversity in addition to spatial diversity to improve spectral
efficiency. However, the cross-polarization in polarization systems also brings new
interference and degrades system performance, thus, the beamforming in polarization
domain is required. To exploit polarization diversity, a few recent works discussed the
deployment of DP RIS systems [31–33]. The work in ref. [33] proposed a RIS-based
wireless communication structure to control the reflected beam and polarization state
to maximize the received signal power. de Sena et al. [31] also designed a transmission
scheme in RIS-assisted systems. Although HMIMO can also integrate polarization
techniques, there is still a little difference between RIS and HMIMO. Specifically, due
to the large size of HMIMO and higher frequencies, the communication range shifts
from the traditional far-field region to the near-field zone [13], and the achievable
polarization diversity also increases from two to three, i.e., TP HMIMO is available.
The difficulty of polarization interference increases in TP HMIMO since the number
of cross-polarization components is one in DP RIS and two in TP HMIMO. To fully
exploit polarization diversity and remove both spatial and polarization interference, a
two-layer precoding design was investigated for multi-user TP HMIMO systems,
which is compared with the user-cluster-based scheme, i.e., different users are
assigned to different polarizations [34], as shown in Figure 5. A complete list of works
on holographic beamforming can be found in ref. [9].

Figure 5.
Spectral efficiency of the user-cluster-based and two-layer beamforming schemes.
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To be specific, the beamforming in the spatial domain mainly removes interfer-
ence resulting from the mutual coupling or inter-users, while the beamforming in the
polarization domain is designed to remove polarization interference caused by cross-
polarization components.

5. Performance analyses

The phase shift and power allocation schemes are designed in RIS-assisted systems
for higher energy efficiency and lower transmit power. Huang et al. [6] developed
energy-efficient designs based on alternating maximization, gradient descent search,
and sequential fractional programming methods, and these RIS-based resource allo-
cation methods could provide up to 300% higher EE in comparison with the use of
regular multi-antenna amplify-and-forward relaying, as shown in Figure 6. In addi-
tion, Yang et al. [35] adopted a dual method to solve the problem of resource alloca-
tion for multiuser communication networks with a RIS-assisted wireless transmitter.
In this network, the sum transmit power of the network is minimized by controlling
the phase beamforming of the RIS and transmit power of the base station, which could
reduce up to 94% and 27% sum transmit power compared to the maximum ratio
transmission (MRT) beamforming and ZF beamforming techniques, respectively.

Beamforming design is important in enlarging coverage, enhancing capacity, and
removing inter-user interference. For example, Huang et al. [36] proposed a joint
design of digital beamforming matrix at the BS and analog beamforming matrices at
the RISs for the multi-hop RIS-assisted communication network to improve the cov-
erage range at THz-band frequencies, leveraging deep reinforcement learning (DRL)

Figure 6.
Average EE using either RIS or AF relay versus the maximum transmit power constraint Pmax a) M ¼ 32
BS antennas, K ¼ 16 users, N ¼ 16 RIS elements; and b) M ¼ 16 BS antennas, K ¼ 8 users, N ¼ 8 RIS
elements [6].
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to combat the propagation loss. Simulation results showed that the two-hop scheme is
able to improve 50%more coverage range of THz communications compared with the
zero-forcing beamforming without RIS and 14% more transmission distances than
that of the single-hop scheme. The authors in ref. [37] jointly optimized the active
beamforming of the power station and the passive beamforming of the RIS in an
iterative behavior using Lagrange dual theory to improve system EE, simulation
results showed that a higher EE is achieved compared to the throughput-based maxi-
mization algorithm. The study in ref. [38] investigated the approximations of the
average rate of user equipment and a RIS configuration algorithm to improve the
average sum rate with low complexity in RIS-assisted multiple-input single-output
(MISO) systems. The study in ref. [39] leveraged DRL to jointly design of transmit
beamforming matrix at the base station and the phase shift matrix at the RIS, and the
result showed its comparable sum-rate performance with the classic weighted mini-
mum mean square error algorithm.

The above methods require the full knowledge of instantaneous CSI, which
requires burdensome overhead. Therefore, some works designed beamforming
schemes with imperfect CSI. For example, Gao et al. [40] studied the robust
beamforming design for RIS-assisted communication systems from a multi-antenna
access point to a single-antenna user under imperfect CSI. By decoupling the non-
convex optimization problem into two subproblems, the transmit beamforming at the
access point is optimized and discrete phase shifts of RIS is designed to minimize the
transmission power of access point (AP), subject to a signal-to-noise ratio constraint
at the user. Simulation results showed that the proposed scheme can approach the
performance of the perfect CSI counterpart and substantially outperform traditional
non-robust methods. Gan et al. [41] investigated the ergodic capacity using the alter-
nating direction method of multipliers, fractional programming, and alternating opti-
mization methods, in RIS-assisted multi-user MISO wireless systems, considering
statistical CSI instead of instantaneous CSI. Simulation results showed that such sta-
tistical CSI design achieved decent performance compared with the instantaneous
CSI-based design, especially in the low and moderate SNR regimes. Gan et al. [42]
proposed a low-complexity algorithm via the two-timescale transmission protocol in
cell-free systems through statistical CSI at RISs and instantaneous CSI at BSs, where
the joint beamforming at BSs and RISs is facilitated via alternating optimization
framework to maximize the average weighted sum-rate. A power gain on the order of
O Mð Þ is achieved without LoS components, with M being the BS antenna’s number.

The DoF is also an important performance indicator. In addition to the inherent
DoF limit of the RIS, rotating the RIS rather than moving it over a wide area can also
obtain a considerable improvement. For example, Cheng et al. [43] considered the
extra DoF offered by the rotation of the RIS plane and investigated its potential in
improving the performance of RIS-assisted wireless communication systems by con-
sidering the radiation pattern. The results showed that the maximum capacities are
obtained by rotating RIS, as shown in Figure 7. Compared with RIS systems, the
strong mutual coupling generated from the sub-wavelength spacing between adjacent
antennas is inevitable in HMIMO communications, resulting in distorted radiation
patterns and low radiation efficiencies. However, ignoring the mutual coupling would
not seriously affect the DoF of the HMIMO, i.e., the DoF reaches its limit when the
antenna number is larger than 2Lx=λ0 þ 1, where Lx is the array size, and λ0 is the
wavelength [44]. For an antenna number larger than 2Lx=λ0 þ 1, the DoF ceases to
increase while the radiation efficiencies keep decreasing, resulting in a reduced
capacity.
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6. Challenges and outlook

In this chapter, we cover various aspects of RIS and HMIMO, such as channel
modeling, estimation, beamforming control, etc. Both of the techniques share some
common challenges before their implementations and applications to future wireless
systems. For instance, the difficulty of channel estimation increases as the number of
meta-atoms increases. It might be even more difficult to estimate RIS channels due to
the inherent passive nature of the RIS. The HMIMO channel estimation requires a
larger training overhead compared to the current massive MIMO CE due to a further
increase in the number of elements. The fundamental study of the performance limits
needs a full understanding of the electromagnetic (EM) theory and physics, which
also applies to channel modeling.

6.1 CE for multi-hop RIS-empowered systems

RIS plays an important role in transmitting signals for unfavorable scenarios,
especially when the direct links are blocked due to walls or obstacles. Most of the
current works mainly focus on single-hop RIS-assisted systems, however, in practical
scenarios where the receiver is quite far away from the transmitter, employing multi-
hop RIS for signal relaying becomes imperative. In such a case, the desired signal will
pass through more than one RIS, thus a high-order cascaded channel is generated.
Unfortunately, the current channel acquisition methods, including model-free based
schemes and model-based approaches, are only applicable to single-hop RIS-assisted
wireless communications, and CE in multi-hop RIS is complex due to the involvement
of higher-order channels. Plus the incapability of signal processing at the RIS part, the
CE for multi-hop channels at the receiver/transmitter is much more challenging. Some
existing works may enlighten the possible solutions to this challenge, for instance, the
involved channels can be represented as variables in a factor graph, the relationship
among these channels is denoted as factors, then the effective message-passing algo-
rithms in multi-layers can be derived for the posterior probability of unknown

Figure 7.
Impact of RIS rotation angle θ0 on the ergodic capacity [43].

40

MIMO Communications – Fundamental Theory, Propagation Channels, and Antenna Systems



channels. Nevertheless, the inherent ambiguities in such a factor graph should be
carefully addressed.

In addition, most of the current works design beamforming for RIS-assisted wire-
less communications with perfect CSI, however, CE techniques may not perfectly
estimate all involved channels, and imperfect CSI has negative impacts on
beamforming design. Specifically, the estimation error in cascaded channels in RIS-
aided communications may be larger due to error propagation. Consequently, taking
estimation errors in beamforming design is necessary, i.e., a more robust
beamforming scheme should be designed.

6.2 CE-implicit schemes for RIS-assisted communications

The training overhead in the CE process is normally large, therefore, designing
RIS-assisted systems in the absence of explicit channel information could save tem-
poral and spatial resources greatly. Fortunately, it is feasible to design such
beamforming schemes without explicit CE for various RIS-empowered wireless com-
munications. This approach optimizes system parameters without relying on the
traditional explicit CE paradigm, saving training overhead and avoiding power allo-
cation to the training part as well. For example, the explicit CE can be bypassed using
machine learning methods to achieve a superior transmission rate or facilitate the
phase matrix design using statistical parameters instead of instantaneous CSI.

6.3 Low-complexity beamforming for HMIMO systems

The large number of closely packed patch antennas increases the complexity of the
beamforming design for HMIMO systems. For instance, the traditional ZF and MMSE
beamforming schemes are impractical to be directly applied in hardware design.
Therefore, low-complexity beamforming is imperative in practical applications. One
beamforming approach is to replace matrix inversion with polynomial functions, as
introduced in this chapter. However, such methods rely on the specific channel
structure and may diverge under some parameter settings. Consequently, an effective
and robust beamforming technique is expected for HMIMO systems, in order to
eliminate both spatial and polarization interference or enhance signal strength in the
desired direction.

6.4 Optimal design for HMIMO

Although the continuous HMIMO can achieve the spatially continuous aperture, it
is infeasible to construct such a continuous structure in practical applications. There-
fore, the discrete HMIMO that incorporates a large number of patch antennas is the
most viable approach. Although increasing the number of patch antennas would bring
performance benefits, this improvement reaches the plateau for the specific number
of patch antennas, i.e., the optimal number of patch antennas, which can be accounted
for by mutual coupling effects. For instance, the more patch antennas placed in a fixed
area, the stronger mutual coupling generated, resulting deformed radiation pattern
and reduced antenna efficiency. Consequently, the performance gain brought by the
larger number of antennas ceases eventually. Based upon this observation, the optimal
configuration to achieve the best performance of HMIMO systems is required to be
investigated.
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Albeit the aforementioned challenges for both RIS and HMIMO techniques,
HMIMO other than RIS will be widely recognized as a beyond massive MIMO tech-
nique. We will witness the growing trend of paradigm shift from RIS to HMIMO in
the near future.

Abbreviations

MIMO multiple-input multiple-output
HMIMO holographic MIMO
RIS reconfigurable intelligent surface
mmWave millimeter wave
THz terahertz
CSI channel state information
EE energy efficiency
RF radio frequency
SE spectrum efficiency
AF amplify-and-forward
DF decode-and-forward
CF compute-and-forward
BS base station
MS mobile station
LoS line-of-sight
AoD angle of departure
AoA angle of arrival
ISAC integrated sensing and communication
DoFs degrees of freedom
OAM orbital angular momentum
KPI key performance indicator
PIN positive intrinsic-negative
BiG-AMP bilinear generalized approximate message passing
PARAFAC parallel factor
OMP orthogonal matching pursuit
GAMP generalized approximate message passing
ANM atomic norm minimization
MMSE minimum mean square error
P-SIGW polar-domain simultaneous iterative gridless weighted
CNN convolutional neural network
CS compressive sensing
DP dual-polarization
TP tri-polarization
DRL deep reinforcement learning
MRT maximum ratio transmission
AP access point
MISO multiple-input single-output
EM electromagnetic
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Chapter 3

New Results on Single User
Massive MIMO
Kasturi Vasudevan, Surendra Kota, Lov Kumar and
Himanshu Bhusan Mishra

Abstract

Achieving high bit rates is the main goal of wireless technologies like 5G and
beyond. This translates to obtaining high spectral efficiencies using large number of
antennas at the transmitter and receiver (single user massive multiple input multiple
output or SU-MMIMO). It is possible to have a large number of antennas in the mobile
handset at mm-wave frequencies in the range 30–300 GHz due to the small antenna
size. In this work, we investigate the bit-error-rate (BER) performance of SU-
MMIMO in two scenarios (a) using serially concatenated turbo code (SCTC) in
uncorrelated channel and (b) parallel concatenated turbo code (PCTC) in correlated
channel. Computer simulation results indicate that the BER is quite insensitive to re-
transmissions and wide variations in the number of transmit and receive antennas.
Moreover, we have obtained a BER of 10�5 at an average signal-to-interference plus
noise ratio (SINR) per bit of just 1.25 dB with 512 transmit and receive antennas
(512 � 512 SU-MMIMO system) with a spectral efficiency of 256 bits/transmission or
256 bits/sec/Hz in an uncorrelated channel. Similar BER results have been obtained for
SU-MMIMO using PCTC in correlated channel. A semi-analytic approach to estimat-
ing the BER of a turbo code has been derived.

Keywords: single user massive multiple input multiple output (SU-MMIMO),
Rayleigh fading, serially concatenated turbo code (SCTC), parallel concatenated turbo
code (PCTC), spectral efficiency (SE), signal-to-interference plus noise ratio (SINR)
per bit, spatial multiplexing, bit-error-rate (BER)

1. Introduction

As wireless technologies evolve beyond 5G [1–3], there is a growing need to attain
peak data rates of about gigabits per second per user, which is required for high
definition video, remote surgery, autonomous vehicles, gaming and so on, while at the
same time consuming minimum transmit power. This can only be achieved by using
multiple antennas at the transmitter and receiver [4–8], small constellations like
quadrature shift keying (QPSK) and powerful error correcting codes like turbo or low
density parity check (LDPC) codes. Having a large number of antennas in the mobile
handset is feasible in mm-wave frequencies [9–12] (30–300 GHz) due to the small
antenna size. The main concern about mm wave communications has been its rather
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high attenuation in outdoor environments with rain and snow [13]. Therefore, at least
in the initial stages, mm wave could be deployed indoors. The second issue relates to
the poor penetration characteristics of mm wave through walls, doors, windows and
other materials. This points towards to usage of mm wave [9] in a single room, say a
big auditorium or underground parking and so on. Reconfigurable intelligent surface
(RIS) [11–17] could be used to boost the propagation of mm waves, both indoors and
outdoors. Most of the massive MIMO systems discussed in the literature are multi-
user (MU) [18–26], that is, the base station has a large number of antennas and the
mobile handset has only a single antenna (Nt ¼ 1). A large number of users are served
simultaneously by the base station. A comparison between MU-MMIMO and
SU-MMIMO is given in Table 1 [27, 28].

The base station in MU-MMIMO uses beamforming to improve the signal-to-noise
ratio at the mobile handset. On the other hand, SU-MMIMO uses spatial multiplexing
to improve the spectral efficiency in the downlink and uplink. The comparison
between beamforming and spatial multiplexing is given in Table 2 [27, 28]. The total
transmit power of SU-MMIMO using uncoded QPSK versus MU-MMIMO using M-
ary QAM is shown in Table 3. The minimum Euclidean distance between symbols of
all constellations is taken to be 2. The peak-to-average power ratio (PAPR) for SU-
MMIMO using QPSK is compared with MU-MMIMO using M-ary QAM in Table 4
[27]. Of course in the case of frequency selective fading channels, OFDM needs to be
used, which would result in PAPR greater than 0 dB even for QPSK signaling. It is
clear from Tables 1–4 that technologies that use SU-MMIMO have a lot to gain.

Moreover, since all transmit antennas use the same carrier frequency, there is no
increase in bandwidth. SU-MMIMO with equal number of transmit and receive

MU-MIMO SU-MMIMO

Beamforming possible in downlink Beamforming possible in uplink & downlink

Spatial multiplexing not possible Spatial multiplexing possible in uplink & downlink

Low spectral efficiency per user High spectral efficiency per user

High directivity in downlink in beamforming
mode

High directivity in uplink & downlink in beamforming
mode

Table 1.
Comparison of MU-MMIMO and SU-MMIMO.

Beamforming Spatial multiplexing

High directivity Little or no directivity

Line-of-sight communication required Rich scattering channel required

Low spectral efficiency per user since the same
signal is transmitted from each antenna element

High spectral efficiency per user since different
signals are transmitted from each antenna element

Spectral efficiency can be improved by increasing
the constellation size resulting in high PAPR

QPSK constellations with PAPR 0 dB can be used

Difficult to turbo/LDPC code large constellations Easy to turbo/LDPC code QPSK

Large BER at average SINR per bit close to 0 dB Small BER at average SINR per bit close to 0 dB

Table 2.
Comparison of beamforming and spatial multiplexing.
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antennas is given in [29, 30]. The probability of erasure in MIMO-OFDM is presented
in [31]. A practical SU-MMIMO receiver with estimated channel, carrier frequency
offset and timing is described in [32, 33]. SU-MMIMO with unequal number of
transmit and receive antennas and precoding is discussed in [34, 35] and the case
without precoding in [36, 37]. All the earlier research on SU-MMIMO involved the use
of a parallel concatenated turbo code (PCTC) and uncorrelated channel. In this work,
we investigate the performance of SU-MMIMO using (a) serial concatenated turbo
code (SCTC) in uncorrelated channel and (b) PCTC in correlated channel. Through-
out this article we assume that the channel is known perfectly at the receiver. Perfect
carrier and timing synchronization is also assumed.

This work is organized as follows. Section II discusses SU-MMIMO with SCTC in
uncorrelated channel, the procedure for bit-error-rate (BER) estimation and com-
puter simulation results. Section III deals with SU-MMIMO using PCTC in correlated
channel with and without precoding along with computer simulation results. Section
IV presents the conclusions and scope for future work.

2. SU-MMIMO with SCTC

2.1 System model

Consider the block diagram in Figure 1 [36, 38]. The input bits ai, 1≤ i≤Ld1 is
passed through an outer rate-1=2 recursive systematic convolutional (RSC) encoder to
obtain the coded bit stream bi, 1≤ i≤Ld, where

Spectral efficiency
(bits/sec/Hz)

QPSK M-ary QAM

Transmit
antennas Nt

Total average
transmit power

M-ary
QAM

Nt = 1 average
transmit power

4 2 4 16-QAM 10

6 3 6 64-QAM 42

8 4 8 256-
QAM

170

10 5 10 1024-
QAM

682

Table 3.
SU-MMIMO using QPSK vs. MU-MMIMO using M-ary.

Spectral efficiency (bits/sec/Hz) QPSK M-ary Nt = 1

Transmit antennas Nt PAPR (dB) M PAPR (dB)

4 2 0 16-QAM 2.5

6 3 0 64-QAM 3.7

8 4 0 256-QAM 4.23

10 5 0 1024-QAM 4.5

Table 4.
PAPR of SU-MMIMO using QPSK vs. MU-MMIMO using M-ary.
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Ld ¼ 2Ld1: (1)

Now bi is input to an interleaver to generate ci, 1≤ i≤Ld. Next ci is passed through
an inner rate-1=2 RSC encoder and mapped to symbols Si, 1≤ i≤Ld, in a quadrature
phase shift keyed (QPSK) constellation having symbol coordinates �1� j, where
j ¼ ffiffiffiffiffiffi�1

p
. Throughout this article we assume that bit “0” maps to þ1 and bit “1” maps

to �1. The set of Ld QPSK symbols constitute a “frame” and are transmitted using Nt
antennas. We assume that

Ld

Nt
¼ an integer (2)

so that all symbols in the frame are transmitted using Nt antennas. The set of
QPSK symbols transmitted simultaneously using Nt antennas constitute a “block”.
The generator matrix for both the inner and outer rate-1=2 RSC encoder is given by

G Dð Þ ¼ 1
1þD2

1þDþD2

� �
: (3)

Hence, both encoders have SE ¼ 4 states in the trellis. Assuming uncorrelated
Rayleigh flat fading, the received signal for the kth re-transmission (0≤ k≤Nrt � 1, k
is an integer) is given by (2) of [36], which is repeated here for convenience

~Rk ¼ ~HkSþ ~Wk (4)

where S∈Nt�1 whose elements are drawn from the QPSK constellation,
~Hk ∈Nr�Nt whose elements are mutually independent and CN 0, 2σ2H

� �
and

Figure 1.
SU-MMIMO with serially concatenated turbo code.
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~Wk ∈Nr�1 is the additive white Gaussian noise (AWGN) vector whose elements are
mutually independent and CN 0, 2σ2W

� �
. Note that σ2H, σ

2
W denote the variance per

dimension (real part or imaginary part) and Nr is the number of receive antennas. We
assume that ~Hk and ~Wk are independent across blocks and re-transmissions, hence (4)
in [29] is valid with N replaced by Nt. Recall that (see also (16) of [36])

Ntot ¼ Nt þNr: (5)

Following the procedure given in Section 4 of [36] we get (see (36) of [36])

~Yi ¼ FiSi þ ~Ui for 1≤ i≤Nt: (6)

After concatenation over blocks, ~Yi in (6) for 1≤ i≤Ld is sent to the turbo decoder
(see also the sentence after (25) in [29]). For the sake of consistency with earlier work
[38], we re-index i as 0≤ i≤Ld � 1 and use the same index i for ai, bi, ci and Yi
without any ambiguity. In the next subsection, we discuss the turbo decoding (BCJR)
algorithm [39, 40] for the inner code.

2.2 BCJR for the inner code

Let Dn denote the set of states that diverge from state n in the trellis [38, 40].
Similarly, let Cn denote the set of states that converge to state n. Let αi,n denote the
forward sum-of-products (SOP) at time i, 0≤ i≤Ld � 2, at state n, 0≤ n≤ SE � 1.
Then the forward SOP can be recursively computed as follows (see also (30) of [38]):

α0iþ1,n ¼
X
m∈ Cn

αi,mγi,m,nP ci,m,nð Þ; α0,n ¼ 1; αiþ1,n ¼ α0iþ1,n=
PSE�1

n¼0

α
0

iþ1, n

� �
(7)

where P ci,m,nð Þ denotes the a priori probability of the systematic bit corresponding
to the transition from encoder state m to n, at time i (this is set to 0.5 at the beginning
of the first iteration). The last equation in (7) is required to prevent numerical
instabilities [40]. We have

γi,m,n ¼ exp �
~Yi � Sm,n
� �2

2σ2U

 !
(8)

where ~Yi is given by (6), Sm,n is the QPSK symbol corresponding to the transition
from encoder state m to n and σ2U is given by (38) of [36] which is repeated here for
convenience:

E ~Ui
�� ��2h i

¼ 8σ4HNr Nt � 1ð Þ þ 4σ2Wσ2HNr

Nrt
¼Δ σ2U : (9)

Robust turbo decoding (see Section 4.2 of [41]) can be employed to compute γi,m,n
in (8). Similarly, let βi,m denote the backward SOP at time i, 1≤ i≤Ld � 1, at state m,
0≤m≤ SE � 1. Then the backward SOP can be recursively computed as (see also (33)
of [38]):

53

New Results on Single User Massive MIMO
DOI: http://dx.doi.org/10.5772/intechopen.112469



β0i,m ¼
X
n∈Dm

βiþ1,nγi,m,nP ci,m,nð Þ; βLd,m
¼ 1; βi,m ¼ β0i,m=

PSE�1

m¼0
β
0

i,m

� �
: (10)

Let ρþ nð Þ denote the state that is reached from encoder state n when the input
symbol is þ1. Similarly let ρ� nð Þ denote the state that can be reached from encoder
state n when the input symbol is �1. Then for 0≤ i≤Ld � 1 we compute

Ciþ ¼
XSE�1

n¼0

αi,nγi,n,ρþ nð Þβiþ1,ρþ nð Þ; Ci� ¼
XSE�1

n¼0

αi,nγi,n,ρ� nð Þβiþ1,ρ� nð Þ: (11)

Finally, the extrinsic information that is fed to the BCJR algorithm for the outer
code is computed as, for 0≤ i≤Ld � 1, (see (36) of [38]):

E ci ¼ þ1ð Þ ¼ Ciþ= CiþþCi�ð Þ;E ci ¼ �1ð Þ ¼ Ci�= Ciþ þ Ci�ð Þ: (12)

Next, we describe the BCJR for the outer code.

2.3 BCJR for the outer code

Let αi,n denote the forward SOP at time i, 0≤ i≤Ld1 � 2, at state n, 0≤ n≤ SE � 1.
Then the forward SOP is recursively computed as follows:

α0iþ1,n ¼
X
m∈ Cn

αi,mγsys,i,m,nγpar,i,m,nP αi,m,nð Þ; α0,n ¼ 1; αiþ1,n ¼ α0iþ1,n=
PSE�1

n¼0

α0iþ1,n

� �
(13)

where P ai,m,nð Þ denotes the a priori probability of the systematic bit corresponding
to the transition from state m to state n, at time i. In the absence of any other
information, we assume ai,m,nð Þ ¼ 0:5 [42]. We also have for 0≤ i≤Ld1 � 1 (similar to
(38) of [38])

γsys,i,m,n ¼
E cπ 2ið Þ ¼ þ1
� �

if H1

E cπ 2ið Þ ¼ �1
� �

if H2

(
; γpar,i,m,n ¼

E cπ 2iþ1ð Þ ¼ þ1
� �

if H3

E cπ 2iþ1ð Þ ¼ �1
� �

if H4

(
(14)

where π �ð Þ denotes the interleaver map and
H1 : systematic bit from state m to n isþ 1; H2 :

systematic bit from state m to n is� 1

H3 : parity bit from state m to n isþ 1;H4 : parity bit from state m to n is� 1:

(15)

Observe that in (14) and (15) it is assumed that after the parallel-to-serial conver-
sion in Figure 1, b2i corresponds to the systematic (data) bits and b2iþ1 corresponds to
the parity bits for 0≤ i≤Ld1 � 1. Similarly, let βi,m denote the backward SOP at time i,
1≤ i≤Ld1 � 1, at state m, 0≤m≤ SE � 1. Then the backward SOP can be recursively
computed as:

β0i,m ¼
X
n∈Dm

βiþ1,nγsys,i,m,nγpar,i,m,nP ai,m,nð Þ; βLd1,m
¼ 1; βi,m ¼ β0i,m=

PSE�1

m¼0

β0i,m

� �
: (16)
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Next, for 0≤ i≤Ld1 � 1 we compute

B2iþ ¼
XSE�1

n¼0

αi,nγpar,i,n,ρþ nð Þβiþ1,ρþ nð Þ;B2i� ¼
XSE�1

n¼0

αi,nγpar,i,n,ρ� nð Þβiþ1,ρ� nð Þ: (17)

Let μþ nð Þ, and μ� nð Þ denote the states that are reached from state n when the
parity bit is þ1 and �1respectively. Similarly for 0≤ i≤Ld1 � 1 compute

B2iþ1þ ¼
XSE�1

n¼0

αi,nγsys,i,n,μþ nð Þβiþ1,μþ nð Þ;B2iþ1� ¼
XSE�1

n¼0

αi,nγsys,i,n,μ� nð Þβiþ1,μ� nð Þ: (18)

The extrinsic information that is sent to the inner decoder for 0≤ i≤Ld � 1 is
computed as

E bi ¼ þ1ð Þ ¼ Biþ= BiþþBi�ð Þ;E bi ¼ �1ð Þ ¼ Bi�= Biþ þ Bi�ð Þ (19)

where Biþ,Bi� are given by (17)or (18) depending on whether i is even or odd
respectively. Note that P ci,m,nð Þ for 0≤ i≤Ld � 1 in (7) and (10) is equal to

P ci,m,nð Þ ¼ E bπ�1 ið Þ ¼ þ1
� �

if H1

E bπ�1 ið Þ ¼ �1
� �

if H2

(
(20)

where π�1 �ð Þ denotes the inverse interleaver map. Note that ci,m,n are the systematic
(data) bits for the inner encoder.

After the convergence of the BCJR algorithm in the last iteration, the final a
posteriori probabilities of ai for 0≤ i≤Ld1 � 1 is given by

P ai ¼ þ1ð Þ ¼ E b2i ¼ þ1ð ÞE cπ 2ið Þ ¼ þ1
� �

;P ai ¼ �1ð Þ ¼ E b2i ¼ �1ð ÞE cπ 2ið Þ ¼ �1
� �

(21)

where E ci ¼ �1ð Þ and E bi ¼ �1ð Þ are given by (12) and (19) respectively. Finally
note that for 0≤ i≤Ld1 � 1

ai ¼ b2i ¼ cπ 2ið Þ: (22)

In the next section we present the estimation of the bit-error-rate (BER) of the
SCTC.

2.4 Estimation of BER

The estimation of BER of SCTC is based on the following propositions:
Proposition1. The extrinsic information as computed in (12) and (19) lies in the range

0, 1½ � (0 and 1 included). The extrinsic information in the range 0, 1ð Þ, 0 and 1 excluded, is
Gaussian distributed [43] for each frame.

This is illustrated in Figure 2 for different values of the frame length Ld1, over
many frames (F). We find that for large values of Ld1, the histogram better approxi-
mates the Gaussian characteristic. It may be noted that the extrinsic information at the
output of one decoder is equal to the a priori probabilities for the other decoder.
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Proposition 2. After convergence of the BCJR algorithm in the final iteration, the
extrinsic information at a decoder output has the same mean and variance as that of the a
priori probability at its input.

Proposition 3. The mean and variance of the Gaussian distribution may vary from
frame to frame.

This is illustrated in Figure 3 over two frames, that is, F ¼ 2.

P eð Þ ¼ 1
2
erfc

ffiffiffiffiffiffi
A2

σ2

s0
@

1
A: (23)

Based on Propositions 1 & 2 and (22), after convergence of the BCJR algorithm, we
can write for 0≤ i≤Ld1 � 1

E b2i ¼ þ1ð Þ ¼ 1
σ
ffiffiffiffiffi
2π

p e� r1,i�Að Þ2= 2σ2ð Þ;E cπ 2ið Þ ¼ þ1
� � ¼ 1

σ
ffiffiffiffiffi
2π

p e
� r2,i�Að Þ2= 2σ2ð Þ (24)

where it is assumed that bit “0” maps to A and bit “1” maps to �A and

Figure 2.
Normalized histogram for Ntot = 1024, Nt = 512, Nrt = 2 (a) Ld1 = 1024, SNRav, b = 1.25 dB, F = 105 frames (b)
Ld1 = 50,176, SNRav, b = 0.3 dB, F = 2000 frames (c) expanded view of (around) r3,i = 0 and (d) Ld1 = 50,176,
SNRav, b = 0.5 dB, F = 2000 frames.
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r1,i ¼ �Aþw1,i; r2,i ¼ �Aþw2,i (25)

where w1,i,w2,i denote real-valued samples of zero-mean additive white Gaussian
noise (AWGN) with variance σ2. Similarly we have

E b2i ¼ �1ð Þ ¼ 1
σ
ffiffiffiffiffi
2π

p e� r1,iþAð Þ2= 2σ2ð Þ;E cπ 2ið Þ ¼ �1
� � ¼ 1

σ
ffiffiffiffiffi
2π

p e
� r2,iþAð Þ2= 2σ2ð Þ: (26)

Clearly

ln
E b2i ¼ þ1ð Þ
E b2i ¼ �1ð Þ
� �

¼ 2A
σ2

r1,i; ln
E cπ 2ið Þ ¼ þ1
� �

E cπ 2ið Þ ¼ �1
� �

 !
¼ 2A

σ2
r2,i: (27)

From (21) and (26) we have for 0≤ i≤Ld1 � 1

ln
P ai ¼ þ1ð Þ
P ai ¼ �1ð Þ
� �

¼ 2A
σ2

r1,i þ r2,ið Þ ¼Δ 2A
σ2

r3,i: (28)

Consider the average

Y ¼ 2A
σ2Ld2

XLd2�1

i¼0

air3,i ¼ 4A2

σ2
þ Z (29)

where

Z ¼ 2A
σ2Ld2

XLd2�1

i¼0

ai w1,i þw2,ið Þ; : Ld2 <Ld1 (30)

Note that the average in (28) is done over less than Ld1 terms to avoid
situations like

P ai ¼ �1ð Þ ¼ 1 or 0: (31)

Figure 3.
Normalized histogram over two frames (F = 2) for Ntot = 1024, Nt = 512, Nrt = 2 (a) Ld1 = 1024, SNRav,

b = 1.25 dB and (d) Ld1 = 50,176, SNRav, b = 0.5 dB.
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In fact, only those time instants i have been considered in the summation of (28)
for which

P ai ¼ �1ð Þ> e�500: (32)

Now

E Z½ � ¼ 0;E Z2� � ¼ 4A2

σ4L2
d2

XLd2�1

i¼0

2σ2 ¼ 8A2

σ2Ld2
(33)

where we have used the fact that w1,i,w2,i are independent. Now, we know that the
probability of error for the BPSK signal in (27), that is equal to [40].

r3,i ¼ r1,i þ r2,i ¼ �2Aþ w1,i þw2,i (34)

Therefore from (28), (32) and (34) we have

Pf eð Þ≈ 1
2
erfc

ffiffiffiffiffiffiffi
Yj j
4

r !
(35)

where Pf eð Þ denotes the probability of bit error for frame “f” and

E Z2� �! 0 for Ld2 ≫ 1: (36)

Observe that it is necessary to take the absolute value of Y in (35) since there is a
possibility that it can be negative. The average probability of bit error over F frames is
given by

P eð Þ ¼ 1
F

XF�1

f¼0

Pf eð Þ: (37)

In the next section we present computer simulation results for SU-MMIMO using
SCTC in uncorrelated channel.

2.5 Simulation results

The simulation parameters are given in Table 5. We can make the following
observations from Figures 4–6 [36]:

The theoretical prediction of BER closely matches with simulations.

• For Ntot = 32, 1024, the BER is quite insensitive to wide variations in the total
number of antennas Ntot, transmit antennas Nt and retransmissions Nrt.

• For Ntot = 2, the BER improves significantly with increasing retransmissions.

In Figure 4(c) we observe that there is more than 1 dB improvement in SINR
compared to Figures 4–6(a, b). However, large values of Ld1 may introduce more
latency which is contrary to the requirements of 5G and beyond. In the next section
we present SU-MMIMO using PCTC in correlated channel.
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3. SU-MMIMO using PCTC in correlated channel

3.1 System model

The block diagram of the system is identical to Figure 2 in [36] and the received
signal is given by (4). Note that in (4), the channel autocorrelation matrix is given by

R ~H~H ¼ 1
2
E ~H

H
k
~Hk

h i
¼ NrINt (38)

Parameter Value(s)

Modulation QPSK

Total Antennas (Ntot = Nt + Nr) 1024 32 2

Transmit antennas (Nt) 400 512 7 12 16 1

Frame length (Ld1) 1200 50,400 1024 50,176 1001 1008 1024 1001

Frames simulated (F) 104. 105 for Ld1 range 1001 to 1200, 200, 2000 for Ld1 = 50,176,
50,400

Spectral eff. For Nrt = 1 (bits/sec/Hz) 200 256 3.5 6 8 0.5

Table 5.
Simulation parameters for results in Figures 4–6.

Figure 4.
Simulation results for Ntot = 1024.
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where the superscript “H” denotes Hermitian and INt denotes the Nt �Nt identity
matrix. In this section, we investigate the situation where R ~H~H is not an identity
matrix, but is a valid autocorrelation matrix [40]. As mentioned in [36], the elements
of ~Hk – given by ~Hk,i,j for the k

th re-transmission, ith row, jth column of ~Hk – are

Figure 5.
Simulation results for Ntot = 32.

Figure 6.
Simulation results for Ntot = 2, Nt = 1.
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zero-mean, complex Gaussian random variables with variance per dimension equal to
σ2H. The in-phase and quadrature components of ~Hk,i,j – denoted by Hk,i,j,I and Hk,i,j,Q

respectively – are statistically independent. Moreover, we assume that the rows of ~Hk
are statistically independent. Following the procedure in [36] for the case without
precoding, we now find the expression for the average SINR per bit before and after
averaging over re-transmissions (k). All symbols and notations have the usual mean-
ing, as given in [36].

3.2 SINR analysis

The ith element of ~H
H
k
~Rk is given by (25) of [36] which is repeated here for

convenience

~Yk,i ¼ ~Fk,i,iSi þ ~Ik,i þ ~Vk,i for 1≤ i≤Nt (39)

where

~Vk,i ¼
XNr

j¼1

~H
∗
k,j,i

~Wk,j;~Ik,i ¼
XNt

j¼1

j 6¼i

~Fk,i,jSj; ~Fk,i,j ¼
XNr

l¼1

~H
∗
k,l,i

~Hk,l,j: (40)

We have

E ~F
2
k,i,i

h i
¼ E

XNr

l¼1

~Hk,l,i
�� ��2XNr

m¼1

~Hk,m,i
�� ��2

" #

¼ E
XNr

l¼1

H2
k,l,i,I þH2

k,l,i,Q

� �XNr

m¼1

H2
k,m,i,I þH2

k,m,i,Q

� �" #
¼ 4σ4HNr Nr þ 1ð Þ

(41)

which is identical to (27) in [36] and we have used the following properties

1.The in-phase and quadrature components of ~Hk,i,j are independent.

2.The rows of ~Hk are independent.

3.For zero-mean, real-valued Gaussian random variable X, : with variance equal to
σ2X, E X4� � ¼ 3σ4X .

The interference power is

E ~Ik,i
�� ��2h i

¼ E
XNt

j¼1

j6¼i

~Fk,i,jSj
XNt

l¼1

l 6¼i

~F
∗
k,i,lS

∗
l

2
66664

3
77775
¼
XNt

j¼1

j6¼i

XNt

l¼1

l 6¼i

E ~Fk,i,j~F
∗
k,i,l

h i
E SjS ∗

l

� � ¼ Pav

XNt

j¼1

j6¼i

E ~Fk,i,j
�� ��2h i

:

(42)
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where we have used (9) in. Similarly the noise power is

E ~Vk,i
�� ��2h i

¼ E
XNr

j¼1

~H
∗
k,j,i

~Wk,j

XNr

m¼1

~Hk,m,i ~W
∗
k,m

" #

¼
XNr

j¼1

XNr

m¼1

E ~H
∗
k,j,i

~Hk,m,i

h i
E ~W

∗
k,m

~Wk,j

h i

¼
XNr

j¼1

XNr

m¼1

2σ2HδK j�mð Þ2σ2W j�mð Þ ¼ 4Nrσ
2
Hσ

2
W

(43)

which is identical to (29) in [36] and we have used the following properties:

1.Rows of ~Hk are independent.

2.Sifting property of the Kronecker delta function.

3.Noise and channel coefficients are independent.

Now in (42)

E ~Fk,i,j
�� ��2h i

¼ E
XNr

l¼1

~H
∗
k,l,i

~Hk,l,j

XNr

m¼1

~Hk,m,i ~H
∗
k,m,j

" #

¼
XNr

l¼1

E ~H
∗
k,l,i

~Hk,l,j ~Hk,l,i ~H
∗
k,l,j þ

XNr

m¼1

m 6¼l

~Hk,m,i ~H
∗
k,m,j

0
BBBBB@

1
CCCCCA

2
666664

3
777775

¼
XNr

l¼1

E ~Hk,l,i
�� ��2 ~Hk,l,j

�� ��2 þ
XNr

m¼1

m 6¼l

~H
∗
k,l,i

~Hk,l,j ~Hk,m,i ~H
∗
k,m,j

0
BBBB@

1
CCCCA

2
66664

3
77775
: (44)

Now the first summation in (44) is equal to

E1 ¼ E ~Hk,l,i
�� ��2 ~Hk,l,j

�� ��2h i
¼ E H2

k,l,i,I þH2
k,l,i,Q

� �
H2

k,l,j,I þH2
k,l,j,Q

� �h i
¼ 4σ4H þ 4R2

~H ~H,j�i

(45)

where we have used the property that for real-valued, zero-mean Gaussian ran-
dom variables Xi, 1≤ i≤4 [44, 45]

E X1X2X3X4½ � ¼ C12C34 þ C13C24 þ C14C23 (46)

where
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Cij ¼ E XiXj
� �

for 1≤ i, j≤4 (47)

and

R~H ~H,j�i ¼ E Hk,l,i,IHk,l,j,I
� � ¼ E Hk,l,i,QHk,l,j,Q

� � ¼ 1
2
E ~H

∗
k,l,i

~Hk,l,j

h i
¼ R~H ~H,i�j (48)

is the real-valued autocorrelation of ~Hk,m,n and we have made the assumption that
the in-phase and quadrature components of ~Hk,m,n are independent. The second sum-
mation in (44) can be written as

E2 ¼
XNr

m¼1

m 6¼l

E ~H
∗
k,l,i

~Hk,l,j ~Hk,m,i ~H
∗
k,m,j

h i

¼
XNr

m¼1

m 6¼l

E ~H
∗
k,l,i

~Hk,l,j

h i
E ~Hk,m,i ~H

∗
k,m,j

h i
¼
XNr

m¼1

m 6¼l

4R2
~H ~H,j�i ¼ 4 Nr � 1ð ÞR2

~H ~H,j�i

(49)

where we have used the property that the rows of ~Hk are independent. Therefore
(44) becomes

E ~Fk,i,j
�� ��2h i

¼ Nr E1 þ E2ð Þ ¼ 4Nr σ4H þ R2
~H ~H,j�i þ Nr � 1ð ÞR2

~H ~H,j�i

h i
¼ 4Nr σ4H þNrR2

~H ~H,j�i

h i
:

(50)

The total power of interference plus noise is

E ~Ik,i þ ~Vk,i
�� ��2h i

¼ E ~Ik,i
�� ��2h i

þ E ~Vk,i
�� ��2h i

¼ 4PavNr

XNt

j¼1

j6¼i

σ4H þNrR2
~H ~H,j�i

h i
þ 4Nrσ

2
Hσ

2
W

(51)

where we have made the assumption that noise and symbols are independent. The
average SINR per bit for the ith transmit antenna is similar to (31) of [36] which is
repeated here for convenience

SINRav,b,i ¼
E ~Fk,i,iSi
�� ��2h i

� 2Nrt

E ~Ik,i þ ~Vk,i
�� ��2h i for 1≤ i≤Nt (52)

into which (41) and (51) have to be substituted. The upper bound on the average
SINR per bit for the ith transmit antenna is obtained by setting σ2W ¼ 0 in (51), (52)
and is given by, for 1≤ i≤Nt

SINRav,b,UB,i ¼ σ4H 1þNrð Þ � 2NrtPNt

j¼1
j6¼i

σ4H þNrR2
~H ~H,j�i

h i : (53)
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Observe that in contrast to (31) and (32) in [36], the average SINR per bit and its
upper bound depend on the transmit antenna. Let us now compute the average SINR
per bit after averaging over retransmissions. The received signal after averaging over
retransmissions is given by (6) with (see also (20) of [36])

Fi ¼ 1
Nrt

XNrt�1

k¼0

~Fk,i,i

~U ¼ 1
Nrt

XNrt�1

k¼0

~Ik,i þ ~Vk,i
� � ¼ 1

Nrt

XNrt�1

k¼0

~Uk,i
0

say
� �

(54)

where ~Fk,i,i, ~Ik,i and ~Vk,i are given in (39). The power of the signal component
of (6) is

E Sij j2F2
i

h i
¼ PavE F2

i

� � ¼ Pav

N2
rt
E
XNrt�1

k¼0

~Fk,i,i

XNrt�1

l¼0

~Fl,i,i

" #

¼ Pav

N2
rt

XNrt�1

k¼0

XNrt�1

l¼0

l6¼k

E ~Fk,i,i
� �

E ~Fl,i,i
� �þ E ~Fk,i,i

�� ��2h i

2
666664

3
777775

(55)

where we have used the fact that the channel is independent across
retransmissions, therefore

E ~Fk,i,i~Fl,i,i
� � ¼ E ~Fk,i,i

� �
E ~Fl,i,i
� �

for k 6¼ l: (56)

Now

E ~Fk,i,i
� � ¼ E

XNr

l¼1

~Hk,l,i
�� ��2

" #
¼ 2Nrσ

2
H: (57)

Substituting (41) and (57) in (55) we get

E Sij j2F2
i

h i
¼ 4NrPavσ4H

Nrt
1þNrNrtð Þ: (58)

The power of the interference component in (6) and (54) is

E ~Ui
�� ��2h i

¼ 1
N2

rt
E
XNrt�1

k¼0

~Ik,i þ ~Vk,i
� � XNrt�1

l¼0

~I
∗
l,i þ ~V

∗
l,i

� �" #
¼ 1

N2
rt

XNrt�1

k¼0

XNrt�1

l¼0

E ~Ik,i~I
∗
l,i

h i
þ E ~Vk,i ~V

∗
l,i

h i

(59)

where we have used the following properties from (40)

E ~Ik,i
� � ¼ E ~Vk,i

� � ¼ 0;E ~Ik,i ~V
∗
l,i

h i
¼ E ~Vk,i~I

∗
l,i

h i
¼ 0 for all k, l (60)

64

MIMO Communications – Fundamental Theory, Propagation Channels, and Antenna Systems



since Sj and ~Wk,j are mutually independent with zero-mean. Now

E ~Ik,i~I
∗
l,i

h i
¼ E

XNt

j¼1

j6¼i

~Fk,i,jSj
XNt

n¼1

n6¼i

~F
∗
l,i,nS

∗
n

2
666664

3
777775
¼
XNt

j¼1

j6¼i

XNt

n¼1

n 6¼i

E ~Fk,i,j~F
∗
l,i,n

h i
E SjS ∗

n

� �

¼
XNt

j¼1

j6¼i

XNt

n¼1

n6¼i

E ~Fk,i,j~F
∗
l,i,n

h i
PavδK j� nð Þ

¼ Pav

XNt

j¼1

j6¼i

E ~Fk,i,j~F
∗
l,i,j

h i

(61)

where we have used the property that the symbols are uncorrelated and δK �ð Þ is the
Kronecker delta function [40]. When k ¼ l, (61) is given by (42) and (50). When
k 6¼ l, (61) is given by

E ~Ik,i~I
∗
l,i

h i
¼ Pav

XNt

j¼1

j6¼i

E ~Fk,i,j
� �

E ~F
∗
l,i,j

h i
¼ Pav

XNt

j¼1

j6¼i

4N2
rR

2
~H ~H,j�i (62)

where we have used (40) and (48). Similarly, we have

E ~Vk,i ~V
∗
l,i

h i
¼ 4Nrσ

2
Hσ

2
WδK k� lð Þ (63)

where we have used (43). Substituting (42), (50), (62) and (63) in (59) we get

E ~Ui
�� ��2h i

¼ 1
N2

rt
4PavNrNrt

XNt

j¼1

j6¼i

σ4H þNrR2
~H ~H,j�i

� �

2
666664

þ 4PavN2
rNrt Nrt � 1ð Þ

XNt

j¼1

j6¼i

R2
~H ~H,j�i

3
777775

þ 4Nr

Nrt
σ2Hσ

2
W

¼ 1
Nrt

4PavNr

XNt

j¼1

j6¼i

σ4H þNrR2
~H ~H,j�i

� �

2
666664

þ 4PavN2
r Nrt � 1ð Þ

XNt

j¼1

j6¼i

R2
~H ~H,j�i�

þ 4Nr

Nrt
σ2Hσ

2
W :

(64)

65

New Results on Single User Massive MIMO
DOI: http://dx.doi.org/10.5772/intechopen.112469



The average SINR per bit for the ith transmit antenna, after averaging over
retransmissions (also referred to as “combining” [36]) is given by

SINRav,b,C,i ¼
2PavE F2

i

� �

E ~Ui
�� ��2h i (65)

into which (58) and (64) have to be substituted. The upper bound on the average
SINR per bit after “combining” for the ith transmit antenna is given by

SINRav,b,C,UB,i ¼ SINRav,b,C,ijσ2W¼0: (66)

The plots of the average SINR per bit for the ith transmit antenna before and after
“combining” are shown in Figures 7 and 8 respectively for Ntot ¼ 1024 and Nrt ¼ 2.
The channel correlation is given by

R~H ~H,j�i ¼ 0:9 j�ij jσ2H (67)

in (48), which is obtained by passing samples of white Gaussian noise through a
unit-energy, first-order infinite impulse response (IIR) lowpass filter with a ¼ �0:9
(see (30) of [46]).

We observe in Figures 7 and 8 that

Figure 7.
Plot of SINRav,b,UB,i for Ntot = 1024, Nrt = 2. (a) Back view. (b) Sideview. (c) Front view.
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The upper bound on the average SINR per bit decreases rapidly with increasing
transmit antennas Nt and falls below 0 dB for Nt > 5 (see Figures 7(b) and 8(b)).
Since the spectral efficiency of the system is Nt= 2Nrtð Þ bits/sec/Hz (see (33) of [36]),
the system would be of no practical use, since the BER would be close to 0.5 for Nt > 5.

The upper bound on the average SINR per bit after “combining” is less than that
before “combining”. Therefore retransmissions are ineffective.

In view of the above observation, it becomes necessary to design a better receiver
using precoding. This is presented in the next section.

3.3 Precoding

Similar to (4) consider the modified received signal given by

~Rk ¼ ~Hk~BSþ ~Wk (68)

where

~B ¼

1 0 ⋯ 0
~a1,1 1 ⋯ 0

⋮ ⋯ ⋯ ⋮
~aNt�1,Nt�1 ⋯ ~aNt�1,1 1

2
6664

3
7775

T

¼Δ ~A
T

(69)

where �ð ÞT denotes transpose. In (69), ~A is an Nt �Nt lower triangular matrix with
diagonal elements equal to unity and ~ai,j denotes the jth coefficient of the optimum ith-
order forward prediction filter [40] and ~B is the precoding matrix. Let

Figure 8.
Plot of SINRav,b,C,UB,i for Ntot = 1024, Nrt = 2. (a) Back view. (b) Side view. (c) Front view.
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~Yk ¼ ~B
H ~H

H
k
~Rk ¼ ~B

H ~H
H
k
~Hk~BSþ ~B

H ~H
H
k
~Wk: (70)

Define

~Zk ¼ ~Hk~B ¼
~Zk,1,1 ⋯ ~Zk,1,Nt

⋮ ⋯ ⋮
~Zk,Nr,1 ⋯ ~Zk,Nr,Nt

2
64

3
75: (71)

Now [40]

1
2
E ~Z

H
k
~Zk

h i
¼ Nr

σ2Z,1 0 ⋯ 0

0 σ2Z,2 ⋯ 0

⋮ ⋯ ⋯ ⋮
0 ⋯ 0 σ2Z,Nt

2
66664

3
77775
¼Δ ~R~Z~Z (72)

is an Nt �Nt diagonal matrix and σ2Z,i denotes the variance per dimension of the

optimum i� 1ð Þth-order forward prediction filter. Note that [40]

σ2Z,1 ¼ σ2H; σ
2
Z,i ≥ σ2Z,j for i< j: (73)

Let

~Vk ¼ ~Z
H
k
~Wk ¼ ~Vk,1 ⋯ ~Vk,Nt½ �T (74)

which is an Nt � 1 vector. Now

E ~Vk,i ~V
∗
k,m

h i
¼ E

XNr

j¼1

~Z
∗
k,j,i

~Wk,j

XNr

l¼1

~Zk,l,m ~W
∗
k,l

" #
¼
XNr

j¼1

XNr

l¼1

E ~Zk,l,m~Z
∗
k,j,i

h i
E ~Wk,j ~W

∗
k,l

h i

¼
XNr

j¼1

XNr

l¼1

2σ2Z,iδK i�mð ÞδK j� lð Þ � 2σ2WδK j� lð Þ ¼ 4Nrσ
2
Z,iσ

2
WδK i�mð Þ (75)

where we have used (72). Let

~Fk ¼ ~Z
H
k
~Zk (76)

which is an Nt �Nt matrix. Substituting (76) in (70) we get

~Yk ¼ ~FkSþ ~Vk: (77)

Similar to (39), the ith element of ~Yk in (77) is given by

~yk,i ¼ ~Fk,i,iSi þ ~Ik,i þ ~Vk,ifor 1≤ i≤Nt (78)

where
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~Vk,i ¼
XNr

j¼1

~Z
∗
k,j,i

~Wk,j;~Ik,i ¼
XNt

j¼1

j6¼i

~Fk,i,jSj; ~Fk,i,j

XNr

l¼1

~Z
∗
k,l,i

~Zk,l,j: (79)

Note that from (72) and (76) we have

E ~Fk,i,i
� � ¼ 2Nrσ

2
Z,i (80)

Now

E ~F
2
k,i,i

h i
¼ E

XNr

l¼1

~Zk,l,i
�� ��2X

Nr

m¼1

~Zk,m,i
�� ��2

" #
¼
XNr

l¼1

~Zk,l,i
�� ��4þ

þ
XNr

m¼1

m6¼l

E ~Zk,l,i
�� ��2h i

E ~Zk,m,i
�� ��2h i

¼ 4Nr Nr þ 1ð Þσ2Z,i:
(81)

Similarly

E ~Ik,i
�� ��2h i

¼ E
XNt

j¼1

j6¼i

~Fk,i,jSj
XNt

l¼1

l 6¼i

~F
∗
k,i,lS

∗
l

2
66664

3
77775
¼ Pav

XNt

j¼1

j6¼i

E ~Fk,i,j
�� ��2h i

: (82)

Now

E ~Fk,i,j
�� ��2h i

¼ E
XNr

l¼1

~Z
∗
k,l,i

~Zk,l,j

XNr

m¼1

~Zk,m,i~Z
∗
k,m,j

" #
¼
XNr

l¼1

XNr

m¼1

4σ2Z,iσ
2
Z,jδK l�mð Þ ¼ 4Nrσ

2
Z,iσ

2
Z,j

(83)

where we have used (72). Substituting (83) in (82) we get

E ~Ik,i
�� ��2h i

¼ 4PavNrσ
2
Z,i

XNt

j¼1

j6¼i

σ2Z,j: (84)

Note that

E ~Ik,i þ ~Vk,i
�� ��2h i

¼ E ~Ik,i
�� ��2h i

þ E ~Vk,i
�� ��2h i

: (85)

The average SINR per bit for the ith transmit antenna is given by (52) and is equal to

SINRav,b,i ¼
E ~Fk,i,iSi
�� ��2 � 2Nrt

h i

E ~Ik,i þ ~Vk,i
�� ��2h i ¼ Pav Nr þ 1ð Þ σ2Z,i � 2Nrt

Pav
PNt

j¼1

j6¼i

σ2Z,j þ σ2W

(86)
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where we have used (75), (81) and (84). The upper bound on the average SINR
per bit for the ith transmit antenna is obtained by setting σ2W ¼ 0 in (86) and is
equal to

SINRav,b,UB,i ¼
Nr þ 1ð Þσ2Z,i � 2Nrt

PNt

j¼1

j6¼i

σ2Z,j

(87)

which is illustrated in Figure 9 for Ntot ¼ 1024 and Nrt ¼ 2. The value of the upper
bound on the average SINR per bit for Nt ¼ i ¼ 50 is 18.6 dB. The channel correlation
is given by (67). Note that a first-order prediction filter completely decorrelates the
channel with [40]

~ai,1 ¼ �0:9 for 1≤ i≤Nt � 1; ~ai,j ¼ 0 for 2≤ i≤Nt � 1, 2≤ j≤ i: (88)

We also have [40]

σ2Z,i ¼ σ2Z,2 ¼ 1� �0:9j j2
� �

σ2Z,1 ¼ 0:19σ2Z,1for i> 2: (89)

Therefore we see in Figure 9 that the first transmit antenna i ¼ 1 has a high
SINRav,b,UB,i due to low interference power from remaining transmit antennas,

Figure 9.
Plot of SINRav,b,UB,i for Ntot = 1024, Nrt = 2 after precoding. (a) Back view. (b) Sideview. (c) Front view.
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whereas for i 6¼ 1 the SINRav,b,UB,i is low due to high interference power from the first
transmit antenna (i ¼ 1). The received signal after “combining” is given by (6) and
(54). Note that from (54) and (79)

E ~F
2
i

h i
¼ 1

N2
rt
E
XNrt�1

k¼0

~Fk,i,i

XNrt�1

l¼0

~Fl,i,i

" #
¼ 1

N2
rt

XNrt�1

k¼0

E ~Fk,i,i
�� ��2h i

þ

þ
XNrt�1

l¼0

l6¼k

E ~Fk,i,i~Fl,i,i
� � ¼ 4Nrσ2Z,i

N2
rt

XNrt�1

k¼0

Nr þ 1ð Þ þ Nrt � 1ð ÞNr

¼ 4Nrσ2Z,i
N2

rt
1þNrNrtð Þ

(90)

where we have used (56), (80) and (81). Similarly from (54), (75), (84) and (85)
we have

E ~U
2
i

h i
¼ 1

N2
rt
E
XNrt�1

k¼0

~U
0
k,i

XNrt�1

l¼0

~U
0
l,i

� � ∗
" #

¼ 1
N2

rt

XNrt�1

k¼0

XNrt�1

l¼0

E ~U
0
k,i

~U
0
l,i

� � ∗h i

¼ 1
N2

rt

XNrt�1

k¼0

XNrt�1

l¼0

E ~U
0
k,i

���
���
2

� �
δK k� lð Þ

¼ 1
Nrt

E ~U
0
k,i

���
���
2

� �
¼ 1

Nrt
E ~Ik,i
�� ��2h i

þ E ~Vk,i
�� ��2h ih i

¼ 4Nrσ2Z,i
Nrt

Pav

XNt

j¼1

j 6¼i

σ2Z,j þ σ2W

2
66664

3
77775
:

(91)

Substituting (90) and (91) in (65) we have, after simplification, for 1≤ i≤Nt

SINRav,b,C,i ¼
2PavE F2

i

� �

E ~Ui
�� ��2h i ¼ NrNrt þ 1ð Þσ2Z,i � 2Pav

Pav
PNt

j¼1

j6¼i

σ2Z,j þ σ2W

: (92)

The upper bound on the average SINR per bit for the ith transmit antenna is
obtained by substituting (92) in (66) and is equal to

SINRav,b,C,UB,i ¼
NrNrt þ 1ð Þσ2Z,i � 2PNt

j¼1
j6¼i

σ2Z,j
≈ SINRav,b,UB,i (93)
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Figure 10.
Plot of SINRav,b,C,UB,i for Ntot = 1024, Nrt = 2 after precoding. (a) Back view. (b) Side view. (c) Front view.

Figure 11.
Simulation results with precoding for Ntot = 1024.
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for 1≤ i≤Nt, Nr ≫ 1. This is illustrated in Figure 10 for Ntot ¼ 1024 and
Nrt ¼ 2. We again observe that the first transmit antenna (i ¼ 1) has a high upper
bound on the average SINR per bit, after “combining”, compared to the remaining
transmit antennas. The value of the upper bound on the average SINR per bit after
“combining” for Nt ¼ i ¼ 50, Ntot ¼ 1024 is 18.6 dB. After concatenation, ~Yi for
0≤ i≤Ld � 1, in (6) and (54) is given to the turbo decoder [29, 40]. Let (see (26)
of [29]):

γ1,i,m,n ¼ exp �
~Yi � FiSm,n
�� ��2

2σ2U,i

" #
; γ2,i,m,n ¼ exp �

~Yi1 � Fi1Sm,n
�� ��2

2σ2U,i

" #
(94)

~Y1 ¼ ~Y1⋯⋯~YLd1�1
� �

; ~Y2 ¼ ~YLd1⋯⋯~YLd�1
� �

: (95)

Thenwhere

i1 ¼ iþ Ld1 for 0≤ i≤Ld1 � 1: (96)

The rest of the turbo decoding algorithm is similar to that discussed in [29, 40] will
not be repeated here. In the next subsection we present the computer simulation
results for correlated channel with precoding and PCTC.

Figure 12.
Simulation results with precoding for Ntot = 32.
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3.4 Simulation results

The channel correlation is given by (67). The BER results for Ntot ¼ 1024 with
precoding are depicted in Figure 11. Incidentally, the value of the upper bound on the
average SINR per bit before and after “combining” for Nt ¼ i ¼ 512, Ntot ¼ 1024 is
6 dB. The BER results for Ntot ¼ 32 with precoding are depicted in Figure 12. Note
that since the average SINR per bit depends on the transmit antenna, the minimum
average SINR per bit is indicated along the x-axis of Figures 11 and 12. We also
observe from Figures 11(a,b) and 12 that there is a large difference between theory
and simulations. This is probably because, the average SINR per bit is not identical for
all transmit antennas. In particular, we observe from Figures 9 and 10 that the first
transmit antenna has a large average SINR per bit compared to the remaining anten-
nas. However, in Figure 11(c,d) there is a close match between theory and simula-
tions. This could be attributed to having a large number of blocks in a frame, as given
by (2), resulting in better statistical properties. Even though the number of blocks is
large in 12, the number of transmit antennas is small, resulting in inferior statistical
properties. In order to improve the accuracy of the BER estimate for Ntot ¼ 32, we
propose to transmit “dummy data” from the first transmit antenna and “actual data”
from the remaining antennas. The BER results shown in Figure 13 indicates a good
match between theory and practice. However, comparison of Figures 11 and 14
demonstrates that “dummy data” is ineffective for large number of transmit antennas.

Figure 13.
Simulation results with precoding and dummy data for Ntot = 32.
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4. Conclusions and future work

This article presents the advantages of single-user massive multiple input multiple
output (SU-MMIMO) over multi-user (MU) MMIMO systems. The bit-error-rate
(BER) performance of SU-MMIMO using serially concatenated turbo codes (SCTC)
over uncorrelated channel is presented. A semi-analytic approach to estimating the
BER of a turbo code is derived. A detailed signal-to-interference-plus-noise ratio
analysis for SU-MMIMO over correlated channel is presented. The BER performance
of SU-MMIMO with parallel concatenated turbo code (PCTC) over correlated channel
is studied. Future work could involve estimating the MMIMO channel, since the
present work assumes perfect knowledge of the channel.

Figure 14.
Simulation results with precoding and dummy data for Ntot = 1024.
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Chapter 4

RS-Based MIMO-NOMA Systems
in Multicast Framework
Sareh Majidi Ivari, Mohammad Reza Soleymani and
Yousef R. Shayan

Abstract

This chapter presents a novel scheme that integrates the rate-splitting (RS)
technique in Multiple Input Multiple Output (MIMO) systems with non-orthogonal
multiple access (NOMA) to improve performance and capacity in wireless
communication systems under imperfect channel state information at the transmitter
(CSIT) and in overloaded regimes. The proposed approach addresses a general and
realistic scenario, incorporating both unicast and multicast users, aiming to increase
system throughput through the optimization of precoding vectors and power alloca-
tion. A generic power allocation optimization technique is introduced, which can be
employed for maximizing both the minimum-rate and sum-rate, focusing on the rate
of the weakest user within each group per cluster. To tackle the non-convex nature of
the problems, the proposed technique leverages the WMMSE-rate relationship and an
alternating optimization (AO) algorithm, transforming the problem into a convex
one. The chapter provides a comprehensive analysis of the proposed scheme, offering
a tutorial background and presenting novel insights for an enhanced understanding.

Keywords: MIMO, RS, NOMA, fairness, sum-rate

1. Introduction

In recent years, the demand for high-speed wireless communication has grown
significantly, driven by the widespread use of smartphones, tablets, and other wireless
devices [1]. Users now expect constant internet connectivity and access to high-
quality voice and video services, putting tremendous pressure on wireless communi-
cation networks to keep up with the increasing demand.

One major challenge faced by wireless communication systems is the limited avail-
ability of radio spectrum. As more devices and users come online, the demand for radio
spectrum increases. To address this challenge, new technologies have been developed to
utilize the available spectrum more efficiently, such as the MIMO-NOMA scheme [2].

MIMO-NOMA is a promising technology that integrates multiple antenna tech-
nology (MIMO) with NOMA to enhance the efficiency and capacity of wireless
communication systems [2]. MIMO techniques leverage the spatial dimension by
transmitting multiple data streams simultaneously over the same frequency-time
resource. In the NOMA scheme, the transmitter sends a superposition of messages for
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multiple users, and users apply successive interference cancelation (SIC) to remove
messages intended for weaker users and decode their own message [3]. By combining
MIMO and NOMA, the MIMO-NOMA scheme brings together the advantages of both
technologies, allowing multiple users to transmit and receive data concurrently using
multiple antennas, non-orthogonal power allocation, and advanced signal processing
techniques [4].

The integration of MIMO and NOMA is particularly useful in scenarios where
multiple users are located in the same spatial direction but at distinct propagation
distances, such as urban areas, stadiums, or office buildings [5]. In such scenarios,
traditional wireless communication techniques like Orthogonal Multiple Access
(OMA) may not provide sufficient capacity to serve all users [6]. In contrast, MIMO-
NOMA can serve multiple users using the same resources, thereby improving the
overall system capacity [2]. For instance, in a crowded stadium, many users may want
to use their mobile devices to access the internet or stream videos simultaneously.
MIMO-NOMA can serve these users using the same frequency band and time slot,
whereas traditional techniques would require each user to be served in a separate time
slot or frequency band.

In MIMO-NOMA systems, the transmitter employs interference cancelation tech-
niques to form spatially orthogonal beams, with each beam carrying information for
multiple users or groups of users [7]. The conventional linear precoding techniques
such as Zero-forcing Beamforming (ZFBF) and Minimum Mean Square Error
(MMSE) are commonly used to achieve spatial orthogonality [8, 9]. In the conven-
tional linear precoding, the interference is canceled at the transmitter, and the
receiver treats it as background noise [10]. These techniques play a crucial role in
enhancing capacity, improving spectral efficiency, and enhancing overall system per-
formance in wireless communication systems. In this chapter, the MIMO-NOMA
scheme based on these conventional linear precoding is denoted as Conv-based
MIMO-NOMA.

However, the implementation of MIMO-NOMA faces challenges, especially in the
presence of imperfect CSIT and overloaded regime [10]. Imperfect CSIT can arise due
to various factors, including channel estimation errors, quantization, and feedback
delays [11, 12]. The accuracy of the channel information plays a vital role in interfer-
ence cancelation techniques, and imperfect CSIT can degrade the performance of
linear precoding methods.

Furthermore, wireless networks often comprise a combination of unicast and
multicast users, which poses additional challenges for interference cancelation
methods [13]. Accommodating both unicast and multicast users requires efficient
resource allocation and power control strategies to optimize system performance and
ensure fairness among users. Additionally, the performance of linear precoding tech-
niques can deteriorate in overloaded regimes, where the number of users or groups of
users exceeds the available resources. This further emphasizes the need for advanced
techniques that can overcome the limitations of traditional linear precoding methods
and improve system performance in realistic scenarios.

To address these challenges, the rate-splitting (RS) technique has emerged as a
generic and powerful solution for interference cancelation in MIMO-NOMA systems
[13]. RS decomposes the transmitted signal into two parts: a common part decoded by
all users and a private part intended for the specific user. This enables the base station
to exploit multiuser interference and achieve higher spectral efficiency [14].

RS has demonstrated significant potential for improving the sum-rate in multiuser
MIMO systems under perfect CSIT conditions [15, 16]. It allows the base station to
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exploit multiuser interference and achieve higher spectral efficiency by decomposing
the signal into common and private parts. Several studies have shown that RS can
increase system capacity, reduce interference, and improve MMF rate performance in
scenarios with perfect CSIT [17, 18]. However, the assumption of perfect CSIT may
not hold in real-world scenarios.

Researchers have examined the effects of imperfect CSIT on the sum-rate and
MMF rate performance of RS-based MIMO systems and proposed robust RS algo-
rithms to counteract the impacts of imperfect CSIT [16, 19]. However, most of these
studies focus on RS in the unicast framework and do not consider realistic scenarios
with both unicast and multicast users.

In addition to unicast transmission, RS has been studied in the context of multicast
transmission in MIMO systems [20]. Multicast transmission presents unique chal-
lenges, as it involves simultaneously transmitting the same information to multiple
users. Therefore, it has received more attention. The performance of RS has been
investigated in terms of MMF rate in [20]. RS has also been explored in multibeam
multicast satellite communication systems in terms of MMF rate [21, 22].

RS-based MIMO-NOMA in the uplink has been investigated in [23]. The MMF rate
is optimized for the proposed system in the unicast framework. However, none of the
aforementioned works consider RS in MIMO-NOMA in the downlink with realistic
scenarios, considering both unicast and multicast users under imperfect CSIT.

This chapter investigates the use of RS in MIMO-NOMA in downlink under imper-
fect CSI and both unicast and multicast users. The objective is to investigate the poten-
tial of RS-based MIMO-NOMA to improve system throughput and user fairness in
realistic scenarios with imperfect CSIT. The chapter provides a comprehensive guide for
researchers, engineers, and students interested in understanding the principles and
applications of RS-based MIMO-NOMA for future wireless communication systems.

1.1 Contributions and organization of the chapter

This chapter explores the use of RS and NOMA in multiuser MIMO systems in
downlink and presents a comprehensive analysis of the proposed scheme while inves-
tigating the challenges and trade-offs involved in its implementation. The main con-
tributions of this chapter include the first application of RS in multiuser MIMO-
NOMA systems under imperfect CSIT assumption, where RS is used to cancel inter-
ference and combat the effects of imperfect CSIT.

The chapter also covers the derivation of achievable data rates for both the common
and private parts of user groups in the proposed RS-based MIMO-NOMA system.
Precoding vectors are designed for both the common and private parts to enhance
performance. The common part’s precoding vector is optimized to maximize the rate of
the common message, while the private part’s precoding vectors are designed to cancel
interference in both unicast and multicast frameworks. A low-complexity technique for
designing the private precoding vectors is proposed in multicast transmission to address
the lack of spatial degrees of freedom. The proposed technique builds upon unicast
linear precoding methods and employs a Singular Value Decomposition (SVD) mapper.

Furthermore, the chapter formulates the max-min fairness MMF rate and sum-rate
optimization problems for the RS-based MIMO-NOMA system under imperfect CSIT
using the Average Rate (AR) framework. The weighted minimum mean square error
(WMMSE) approach is employed to transform the formulated MMF and sum-rate
problems into convex problems. First, the chapter derives a rate-WMMSE relation-
ship, and then, using this relationship and a low-complexity solution based on
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alternating optimization (AO), the problems are transformed into equivalent convex
problems.

Overall, this chapter provides a comprehensive analysis of the RS-based MIMO-
NOMA system under imperfect CSIT, and the proposed solutions and derivations of
achievable data rates and optimization problems offer valuable insights into the design
of future MIMO-NOMA systems.

The chapter is organized as follows. It begins with an introduction to the system
model, including the signal and CSIT models. The design of precoding vectors for both
common and private parts is discussed in Section 3. Section 4 focuses on power
allocation optimization problems to maximize the minimum rate and sum-rate. The
performance of the proposed technique is evaluated through simulations in Section 5.
Finally, the chapter concludes with a summary of the findings and potential future
research directions in Section 6.

Notations: Throughout this chapter, the following notations are used. Boldface
capital letters, boldface lowercase letters, and ordinary letters represent matrices,
column vectors, and scalars, respectively. The real component of a complex number x
is denoted by ℜ xð Þ. The operators ðÞT and ðÞH represent transposition and Hermitian
transpose, respectively. k and k are abbreviations for absolute value and Euclidean
norm, respectively.  :ð Þ represents the expected value of a random variable.

2. System model

This chapter presents a comprehensive study of RS-based MIMO-NOMA for a
realistic wireless communication framework that includes both multicast and unicast
users under imperfect CSIT assumption. The system consists of a single base station
with Nt antennas serving I single-antenna users, where Nt ≤ I. The base station forms
K clusters and generates one beam per cluster. The users that are in the same spatial
direction but with distinct propagation distances are grouped into a cluster. This helps
enhance the channel gain and combat inter-cluster interference. The distinctive prop-
agation distances also facilitate SIC at mobile users. The k-th cluster contains Gk
groups which has Mgk users, where Mgk ≥ 1. If Mgk ¼ 1, group gk contains only one
unicast user, and if Mgk > 1, it contains multicast users.

The system model notation is defined, where I represents the set of indices of all
users, K represents the set of clusters, Ik represents the set of users in the k th cluster,
and Gk represents the set of groups of users in the k th cluster. The proposed system
model of the RS-based MIMO-NOMA is depicted in Figure 1. In this figure, the
parameters are as follows, K ¼ 4, I1 ¼ 4, I2 ¼ 1, I3 ¼ 3, I4 ¼ 2. In cluster 1 and cluster
3 there are multicast users, G1 ¼ 2 and M11 ¼ 2, M21 ¼ 2 G2 ¼ 1,M12 ¼ 1,
G3 ¼ 3,M13 ¼ 1,M23 ¼ 1,M33 ¼ 1, G4 ¼ 2,M14 ¼ 1,M24 ¼ 1.

The base station uses MIMO-NOMA to transmit multiple data streams simulta-
neously to the I users by encoding I messages into K streams from a single data source.
To enhance the system capacity and user fairness, the base station employs RS to
divide the data of each user into two parts: a common part and a private part. The
common stream is decoded by all users, while the private part is intended only for the
specific user. The private part of the k-th message is further split into Gk sub-streams,
and each sub-stream is assigned to a group of users in the k-th cluster using the
principles of NOMA. This helps to cancel inter-cluster interference and enhance the
spectral efficiency. The combination of RS and NOMA provides flexibility in the
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allocation of transmission power among users and the trade-off between system
throughput and user fairness.

2.1 Signal model

In this section, we examine the transmitted and received signals to derive the
signal-to-interference plus noise (SINR) and the achievable data rate. First, we need to
discuss two main techniques of the proposed RS-based MIMO-NOMA: Rate Splitting
and NOMA.

2.1.1 Rate-splitting approach

Generally in the L-layer RS, the transmitter splits the message of each cluster- k
into L-sub-messages, W1

k,W
2
k, … ,WL

k ,∀k∈K. Among the L messages, one message is
shared by all users, which is called the common part. In this chapter, we consider 1-
layer RS, in which a message is split into two parts: a common and a private messages.
The common part of all messages Wc

1,W
c
2, … ,Wc

K is packed together and encoded
into a common stream sc which is shared by all users. In the other hand, the private
message of each message is encoded independently into private streams, Wp

k ! sk.
As a result, the transmitted signal in time unit is x tð Þ, where the time units are

omitted for simplicity of expression. Therefore, the transmitted signal is

x ¼ ffiffiffi
p

p
cwcsc þ

XK

k¼1

wk
ffiffiffiffiffi
pk

p
sk (1)

where wc is the unit-norm precoding vector of the common message and wk pre-
codes the k-th message. pc is the power allocated to the common part. pk is the power
allocated to the k-th cluster. The transmitted signal is constrained to

pc þ
XK

k¼1

pk wkk k2 ≤PT (2)

where PT is the maximum available power at the transmitter.

Figure 1.
System model of the proposed RS-based MIMO-NOMA with multicast and unicast users.
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2.1.2 NOMA approach

Following the NOMA scheme in the power domain, different groups of users in a
cluster are allocated different power levels according to their channel conditions to
obtain the maximum gain in system performance. The transmitter sends all users
information by sending the superposition of messages. Such power allocation is also
beneficial to separate different groups of users. Therefore, users can apply SIC to
cancel interference from the weaker groups of users in a cluster. However, the weak
users perform single user detection (SUD) with considering the interference from the
stronger users as the background noise. According to the NOMA scheme, the private
stream can be contained information for more than one group of users. It means that
the private stream sk consists of

sk ¼
XGk

gk¼1

ffiffiffiffiffiffi
αgk

p skg , (3)

where αgk (
PGk

gk¼1αgk ¼ 1) denote fraction of the power allocated to g-th group in
cluster k.

The received signal at user-i is yi ¼ hixþ ni, ∀i∈ I . In terms of notation, hi ∈1�Nt

is the channel vector between the transmitter and i-th user. This chapetr defines μ ið Þ
as mapping a user index to its corresponding cluster and group indices, μ : i ! k, gk

� �
.

Therefore, the received signal by i-th user which belongs to k-th cluster and gk-th
group is expressed as

yi ¼
ffiffiffiffiffi
pc

p
hiwcsc þ

XK

k¼1

ffiffiffiffiffi
pk

p
hiwksk þ ni, (4)

where ni � CN 0, σ2i
� �

is the additive noise terms that contaminate the reception of
i-th user. By substituting the Eq. (3) into the Eq. (4), the received signal is

yi ¼
ffiffiffiffiffi
pc

p
hiwcsc þ ffiffiffiffiffiffiffiffiffiffiffi

αgkpk
p

hiwksgk þ
XGk

hk > gk

ffiffiffiffiffiffiffiffiffiffiffi
αhkpk

p
hiwkshk þ

XK

j¼1, j6¼k

ffiffiffiffi
pj

p
hiwjsj þ ni:

(5)

According to the RS technique, each user firstly decodes the common stream sc and
treats the private streams as noise. Therefore, the SINR of the common part of user-i is:

γc,i ¼
pc hiwcj j2PK

j¼1pj hiwj
�� ��2 þ σ2i

, (6)

and its corresponding rate is Rc,i ¼ log 2 1þ γc,i
� �

. In the RS scheme, the common
message, sc, is shared among all beams and groups, and each user should be able to
decode sc. Therefore, the common rate is defined as

Rc ¼ min
i∈ I

Rc,i≜
XK

k¼1

XGk

gk¼1

Cgk , (7)
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where Cgk denotes the portion of common rate of group gk in the k-th cluster.
After users decode and remove the common signal, sc through SIC, then each

users decodes its private message. According to the NOMA scheme, users in
group gk in cluster k, ∀k∈K, ∀gk ∈Gk, perform SIC to decode shk , ∀hk < gk and
remove it from the received signal. Finally, users apply SUD to decode sgk by consid-
ering all the other interference streams as noise. Therefore, the SINR of i-th user is
determined by

γi ¼
αgkpk hiwkj j2

1þPGk
hk > gk

αhkpk hiwkj j2 þPK
j¼1,j6¼kpj hiwj

�� ��2 : (8)

In the multicast transmission, to guarantee all users can decode their messages, the
user with the lowest SINR within a group dictates the rate of the corresponding group.
Therefore, the achievable rate of group gk in cluster k, rgk , is defined by

rgk≜min
i∈ I gk

Ri, (9)

Therefore, the rate of users in group gk are composed of Cgk and rgk and written as

Rgk ¼ Cgk þ rgk , (10)

and the sum-rate is Rsum�rate ¼ Rc þ
PK

k¼1
PGk

gk¼1rgk .

2.2 CSIT uncertainty model

In this study, we assume that the receiver has perfect channel state information
(CSI), while the transmitter has imperfect CSI due to limited feedback, such as
quantized feedback with a fixed number of bits. The imperfect CSI of user i is
modeled as

hi ¼ ĥi þ ~hi (11)

where ĥi and ~hi denote the estimated channel state and the corresponding channel
estimation error at the transmitter, respectively. The uncertainty in CSIT (i.e., the

channel estimation error) can be characterized by a conditional density f hjĥ
� �

that is

known at the transmitter.
Consider i-th user and we define

ϒi ¼  hij j2,
ϒ̂i ¼  ĥi

���
���
2
,

~ϒi ¼  ~hi

���
���
2
:

(12)

According to the orthogonal principles, ĥi and ~hi are uncorrelated, and ~hi has a
zero mean. Therefore,
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ϒi ¼ ϒ̂i þ ~ϒi: (13)

We can consider

~ϒi ¼ σ2e,iϒi (14)

where σ2e,i ∈ 0, 1½ � is the normalized CSIT error variance [16, 24]. Therefore,
we have

ϒ̂i ¼ 1� σ2e,i
� �

ϒi (15)

A value of σ2e,i ¼ 1 corresponds to no instantaneous CSIT, while a value of σ2e,i ¼ 0
represents perfect instantaneous CSIT. For simplicity, we assume that all users have
identical normalized CSIT error variances, that is, σ2e,i ¼ σ2e , ∀i∈ I .

The CSIT error variance scales with the signal-to-noise ratio (SNR) as σ2e ¼ P�η
T ,

where η∈ 0,∞½ Þ is the CSIT quality parameter. η can be interpreted as a relation to the
number of feedback bits, where η ¼ 0 corresponds to a fixed number of feedback bits
for all SNRs, and η ¼ ∞ corresponds to an infinite number of feedback bits. The CSIT
quality parameter is truncated such that β∈ 0, 1½ �. In this context, η ¼ 1 corresponds to
perfect CSIT in the multiplexing gain sense [16, 24].

3. Precoder design

The proposed RS-based MIMO-NOMA system requires careful design of linear
precoding vectors and power allocation to optimize performance and capacity. Firstly,
in this section, we investigate the design of the linear precoding vectors for the private
and common parts, denoted as wk and wc, respectively. The linear precoding vectors
wk and wc should be designed in a way that mitigates inter cluster interference and
maximizes the achievable rate of the common message. In the following subsections,
we investigate the design of the linear precoding vectors for the private and common
parts.

3.1 Linear precoding vector of the private part, wk

Designing the linear precoding vector for the private part in the unicast framework
under perfect CSIT is a relatively straightforward process. The optimal structure of wk
is a generalization of regularized zero-forcing (RZF) precoding. However, in the
presence of imperfect CSIT, the optimal precoders for private messages are still
unknown and must be optimized numerically, as shown in [25]. This optimization
process becomes particularly complex in large-scale systems. Despite this, RZF based
on the channel estimates Ĥ can be a suitable strategy for precoders of private mes-
sages, based on the findings of [26].

In the context of multicast transmission, designing the linear precoding vectors wk
is particularly challenging due to the matrix characterization of each cluster rather
than a vector. To address this challenge, we propose a novel approach based on
singular value decomposition (SVD) mapping. Specifically, we use the SVD mapping
to transform the multicast transmission scenario into a set of parallel unicast channels,
where the optimization problem is simplified. We then use the RZF technique to
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design the linear precoding vectors for the private messages in the unicast channels.
This approach provides a low-complexity and efficient solution for designing the
precoding vectors in the presence of imperfect CSIT.

The precoding vector using the ZBF is obtained as:

WRZF ¼ 1ffiffiffiffiffiffiffiffiffiffi
γRZF

p Ĝ
H
Ĝþ K

PT
IK

� ��1

Ĝ
H

 !
, (16)

where Ĝ is the estimated composite channel matrix, and IK is the K-dimensional
identity matrix. To ensure that the power constraints are satisfied, the precoding
matrix should be normalized by the factor γRZF, which is defined as:

γRZF ¼ max
k

diag WRZF WRZFð ÞH
� �� �

: (17)

Here, diag Að Þ denotes the diagonal elements of a matrix A, and Að ÞH represents
the conjugate transpose of A.

The estimated composite channel matrix Ĝ ¼ ĝ1, ĝ2, … , ĝK
� �

is obtained using the
SVD mapping per beam [27]. In the SVD mapper, the estimated channel matrix of

users in cluster k, denoted by Ĉk ¼ ĥ
H
Ik 1ð Þ, … , ĥ

H
I k 2Mð Þ

h i
, is first subjected to SVD as

follows:

Ĉ
H
k Ĉk ¼ UkΣkVH

k , (18)

where Σk is the diagonal matrix of singular valusers, and Uk (Vk) gathers the left-
singular vectors (right-singular vectors) [27]. Then, the right or left singular vector
corresponding to the highest singular value is selected, which constructs the ĝk vector.
The SVD mapper improves the energy spread over the users and the robustness to the
CSIT uncertainty.

3.2 Linear precoding vector of the common part, wc

The precoding vector of the common message, wc, is designed to maximize the
achievable rate of the common message. Therefore, the optimization problem is
defined as

D1 : max
wc ∈N

min
i∈ I

pc hiwcj j2PK
j¼1pj hiwj

�� ��2 þ σ2i
(19)

s:t: ∥wc∥2 ¼ 1 (20)

Since there is no interference in receiving the common message, the precoding
vector for the common part can be designed as a linear combination of the channel
vectors of all users, for a realization of n∈N , the precoder of the common message is
designed as

wc ¼
X
i∈ I

aiĥ
H
i : (21)
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where ai is the weight for the channel vector of user i, and ĥ
H
i is the conjugate

transpose of the normalized channel vector of user i. By assuming

σ2e,i ¼ σ2e , ∥hi∥2 ¼ 1, ∥hiĥ
H
j ∥

2 ¼ 1� σ2e
� �

ε2,∀i∈ I , j 6¼ i, and substituting (21) into (19)

and (20), the problem D1 is equivalently transformed to D2

D2 : max
ai

min
i∈I

πi 1� σ2e
� �

a2i þ πi 1� σ2e
� �

ε2
XI

n¼1,n 6¼i

a2n (22)

s:t:
X
i∈ I

a2i ¼
1
Nt

(23)

The goal is to find the optimal weights ai that maximize the minimum SINR of all
users, subject to the constraint that the sum of the squared weights is equal to 1= Ntð Þ.
The optimal solution of problem D2 is obtained when all terms are equal [28], that is,

πia2i þ πiε2
PI

n¼1, n 6¼i
a2n ¼ πja2j þ πjε2

PI
n¼1, n6¼j

a2n, ∀i 6¼ j. Therefore, the optimal precoding

vector is achieved when all users experience the same common part SINR (6). In this
chapter for simplicity and in order to obtain a more insightful and tractable asymp-
totic performance, we consider that πi ¼ πj, ∀i 6¼ j and ε is very small, then the optimal
ai is equal to a ∗

i ¼ 1=
ffiffiffiffiffiffiffi
NtI

p
, where I is the total number of users.

4. Power allocation optimization

In this section, we examine the optimal power allocation for maximizing the MMF
rate and sum-rate in the proposed RS-based MIMO-NOMA system under imperfect
CSIT. To formulate the optimization problem under imperfect CSIT, we adopt a
Stochastic Average Rate (AR) framework. Stochastic ARs are short-term metrics that
represent the expected performance across the CSIT error distribution for a specific
channel state estimate.

To define the AR framework, we first introduce three matrices: H, Ĥ, and ~H which
comprise the users’ channel coefficients, users’ channel coefficient estimations, and
estimation errors. Given that the channel coefficients of users are independent and
identically distributed (i.i.d.) and a sample index setN ¼ 1, 2, … ,Nf g, we construct a
realization sample containing N i.i.d. realizations drawn from a conditional distribu-
tion f HjĤ� �

. The realization sample can be expressed as:

N≜ H nð Þ ¼ Ĥþ ~H
nð ÞjĤ, n∈N

n o
: (24)

The realizations are accessible at the transmitter and can be utilized to approxi-
mate the ARs experienced by each user using Sample Average Functions (SAFs). As
the number of samples (N) approaches infinity, N ! ∞, according to the strong law
of large numbers, the ARs for user-i are as follows:

Rc,i ¼ lim
N!∞

R
Nð Þ
c,i ¼ lim

N!∞

1
N

XN
n¼1

Rc,i H nð Þ
� �

, (25)
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Ri ¼ lim
N!∞

R
Nð Þ
i ¼ lim

N!∞

1
N

XN
n¼1

Ri H nð Þ
� �

(26)

where Rc,i H nð Þ� �
and Ri H nð Þ� �

are the achievable rates for i-th user based on the
n-th realization in the sample set  Nð Þ. The AR framework is then used to formulate
the optimization problems for power allocation to maximize the MMF rate and sum-
rate.

4.1 Problem statement

We define the optimization problems in this section. The AR framework is used to
formulate the MMF and sum-rate optimization problems under imperfect CSIT.

4.1.1 Max-min fairness analysis

The MMF optimization problem using the AR framework can be formulated as

P1 : argmax
p, α, c

min
k∈K

min
gk ∈Gk

Cgk þ min
i∈ I gk

R
Nð Þ
i

� �
(27)

s:t:

R
Nð Þ
c,i ≥

XK

k¼1

XGk

gk¼1

Cgk ,∀i∈ I (28)

Cgk ≥0,∀gk ∈Gk,∀k∈K (29)

αgk ∈ 0, 1½ �,
XGk

gk¼1

αgk ¼ 1, ∀k∈K (30)

pc þ
XK

k¼1

pk wkk k2 ≤PT,∀k∈K (31)

here c ¼ C1,1, … ,C1,G, … ,CK,1, … ,Cgk

� �
is the vector of Average common-rate

portions, and p ¼ pc, p1, p2, … , pK
� �

, α ¼ α1, α2, … , αKf g are the vectors of powers
and fraction of powers. The constraint (28) guarantees sc to be decoded by each user
since the definition of the Average common rate is Rc ¼

PK
k¼1
PGk

gk¼1Cgk ¼ min
i∈ I

Rc,i.

Constraint (29) implies that each portion of the Average common rate is non-
negative. Constraints (30) and (31) are the power constraint. By solving Problem P1,
variables (c, p, α) are jointly optimized. Note that by fixing pc ¼ 0 and c ¼ 0, the RS
scheme turns into Conv-based MIMO-NOMA.

4.1.2 Sum-rate analysis

The sum-rate optimization is another problem which is addressed in this chapter.
The sum-rate maximization under imperfect CSIT is also formulated using the AR
framework as
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S1 : argmax
Rc,p, α

Rc þ
XK

k¼1

XGk

gk¼1

min
i∈ Igk

R
Nð Þ
i (32)

s:t:

R
N½ �
c,i ≥Rc, ∀i∈ I (33)

24dð Þ, 24eð Þ (34)

where Rc is an auxiliary variable. The constraint (33) guarantees that all users can
decode sc.

Problems P1 and S1 are non-convex problems that are very challenging to solve
because they contain superimposed rate expressions.

The weighted mean squared error (WMMSE) approach is a powerful
technique for solving non-convex optimization problems with superimposed rate
expressions. The idea behind this approach is to replace the original rate
expressions with a set of WMMSE expressions that are easier to handle mathemati-
cally. Using the WMMSE expressions, the original problems P1 and S1 can be
reformulated as block-wise convex optimization problems, which can be solved itera-
tively using interior-point methods. Specifically, the reformulated problems involve
optimizing the WMMSE variables and the power allocation coefficients, subject to
some convex constraints. The optimization procedure involves iteratively updating
the WMMSE variables and the power allocation coefficients until convergence is
achieved.

4.2 Rate-WMMSE relationship

To define the achievable data rate with set of WMMSE expression, first we estab-
lish the Rate-WMMSE relationship. The mean square errors (MSEs) of the estimate ŝc,i
of the common signal sc for user i is given by:

εc,i ¼  ŝc,i � sc,ij j2
n o

¼  ŝc,i � qc,iyi
���

���
2

� �
, (35)

where qc,i is a scalar equalizer. Since the transmitter sends the superposition of sc
and sgk , ∀k∈K, gk ∈Gk, user i first decodes and removes sc from the received signal
using SIC. Next, user i which belongs to cluster k and group gk decodes and removes
the signals intended for the weaker groups in cluster k, hk < gk, through the SIC.
Therefore, the MSE of the estimate ŝgk of the private signal sgk for user i in group gk of
cluster k is given by:

εi ¼  ŝi � sij j2
n o

¼  ŝi � qi yi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� tð ÞP

p
hiwcsc �

Xhk < gk

hk¼1

ffiffiffiffiffiffiffiffiffiffiffi
αhkpk

p
hiwkshk

 !�����

�����
2

8<
:

9=
;

(36)

Here,  �½ � denotes the expectation operator, and �j j2 denotes the squared magni-
tude. With substituting the Eq. (5) into the Eq. (35) and (36), the MSEs of the
common and private parts can be rewritten as
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εc,i ¼ qc,i
���
���
2
Tc,i þ 1� 2ℜ

ffiffiffiffiffi
pc

p
qc,ihiwc

n o
(37)

εi ¼ qi
�� ��2Ti þ 1� 2ℜ

ffiffiffiffiffiffiffiffiffiffiffi
αgkpk

p
qihiwk

n o
(38)

where

Tc,i ¼ pc hiwcj j2 þ
XK

k¼1

pk hiwkj j2 þ σ2i , (39)

Ti ¼ pkαgk hiwkj j2 þ pk
XGk

hk > gk

αhk hiwkj j2 þ
XK

j¼1, j6¼k

pj hiwj
�� ��2 þ σ2i (40)

Moreover, we define the interference as

Ic,i ¼ Tc,i � pc hiwcj j2, (41)

Ii ¼ Ti � pkαgk hiwkj j2: (42)

The optimum equalizers achieve by minimizing the MSEs over equalizers,

∂εc,i
qc,i

¼ 0 ! qMMSE
c,i ¼ ffiffiffiffiffi

pc
p

hiwcT�1
i (43)

∂εi
qi

¼ 0 ! qMMSE
i ¼ ffiffiffiffiffiffiffiffiffiffiffi

pkαgk
p

hiwkT�1
i (44)

The minimum MSEs (MMSEs) with optimum equalizers are

εMMSE
c,i ¼ min

qc,i
εc,i ¼ T�1

c,i Ic,i, (45)

εMMSE
i ¼ min

qi
εi ¼ T�1

i Ii: (46)

Apparently, the SINRs can be expressed in the form of MMSEs, i.e.,
γ ¼ 1=εMMSE

� �� 1. Consequently, the corresponding rates are written as
R ¼ � log 2 εMMSE

� �
.

Next, we define the augmented weighted MSEs (WMSEs) for the common and
private parts. The term “augmented WMSE” is employed because it incorporates
additional information or constraints into the standard WMSE, aiming to better cap-
ture the characteristics of the system under consideration, such as fairness or rate
requirements, and facilitate the optimization process. This augmentation is particu-
larly relevant in wireless communication system optimization problems, especially
when dealing with RS or non-orthogonal multiple access techniques, to achieve more
accurate and reliable results. The weighted WMSEs are given by:

ξc,i ¼ uc,iεc,i � log 2 uc,ið Þ, ξi ¼ uiεi � log 2 uið Þ, (47)

where uc,i, ui >0 are weights associated with MSEs. In the following, we consider ξ
s as WMSEs and, for simplicity, drop the “augmented”. After defining the augmented
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WMSEs, they are minimized with respect to both equalizers and weights, yielding the
following conditions:

∂ξc,i qMMSE
c,i

� �

∂qc,i, uc,i
¼ 0, (48)

∂ξi qMMSE
i

� �
∂qi, ui

¼ 0: (49)

Then the optimal equalizers are substituted into the WMSEs, and we obtain

ξc,i qMMSE
c,i

� �
¼ min

qc,i
ξc,i ¼ uc,iεMMSE

c,i � log 2 uc,ið Þ (50)

ξi q
MMSE
i

� � ¼ min
qi

ξi ¼ uiεMMSE
i � log 2 uið Þ (51)

As a result, the optimum weights can be determined as:

uc,i ¼ εMMSE
c,i

� ��1
, (52)

ui ¼ εMMSE
i

� ��1
: (53)

We substitute (52) and (53) into (50), (51), leading to the Rate-WMMSE relation-
ship

ξMMSE
c,i ¼ min

qc,i, uc,i
ξc,i ¼ 1þ log 2ε

MMSE
c,i ¼ 1� Rc,i (54)

ξMMSE
i ¼ min

qi,ui
ξi ¼ 1þ log 2ε

MMSE
i ¼ 1� Ri: (55)

With considering imperfect CSIT, a Stochastic Average Rate-WMMSE relationship
is developed, and the average WMMSEs are given by:

ξ
MMSE Nð Þ
c,i ¼ 1

N
lim
N!∞

XN
n¼1

ξMMSE nð Þ
c,i ¼ 1� R Nð Þ

c,i , (56)

ξ
MMSE Nð Þ
i ¼ 1

N
lim
N!∞

XN
n¼1

ξMMSE nð Þ
i ¼ 1� R

Nð Þ
i (57)

where ξMMSE nð Þ
c,i and ξMMSE nð Þ

i are associated with the n-th realization in  Nð Þ. The
sets of optimum MMSE equalizers associated with (56) and (57) are defined as

gMMSE
c,i ¼ qMMSE nð Þ

c,i jn∈N
n o

, (58)

gMMSE
i ¼ qMMSE nð Þ

i jn∈N
n o

: (59)

Moreover, the sets of optimum weights are

uMMSE
c,i ¼ uMMSE nð Þ

c,i jn∈N
n o

, (60)
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uMMSE
i ¼ uMMSE nð Þ

i jn∈N
n o

: (61)

Therefore, in each realization in  Nð Þ, the optimum equalizer and weights are
calculated. The composite set of optimum equalizer and weights are defined as

GMMSE ¼ gMMSE
c,i , gMMSE

i ji∈ I ,
n o

(62)

UMMSE ¼ uMMSE
c,i ,uMMSE

i ji∈ I
� �

(63)

Using the Rate-WMMSE relationship, the optimization problems are rewritten
using the WMMSE variables in the following section.

4.3 WMMSE reformulation

In this section, we reformulate the optimization problems using the WMMSE
expressions.

4.3.1 Max-min fairness analysis

Using the Rate-WMMSE relationship, and auxiliary variables, z, G, U,
rg ¼ r1,g, … , rgk

� �
, the problem P1 can be transferred into an equivalent WMMSE

problem, P2:

P2 : argmax
p, α, c, z, rg

z (64)

s:t:

Cgk þ rgk ≥ z, ∀k∈K,∀gk ¼ 1, … ,Gkf g (65)

1� ξ
Nð Þ
i ≥ rgk ,∀i∈ I gk ,∀k∈K, ∀gk ¼ 1, … ,Gkf g (66)

1� ξ
Nð Þ
c,i ≥

XK

k¼1

XGk

gk¼1

Cgk , ∀i∈ I (67)

24dð Þ, 24eð Þ (68)

where ξc,i and ξi are given in (47). It is worth to mention if

p ∗ , α ∗ , c ∗ , z ∗ ,G ∗ , r ∗g ,U
∗

� �
satisfies the KKT optimality conditions of P2,

p ∗ , α ∗ , c ∗ð Þ will satisfy the KKT optimality conditions of P1.

4.3.2 Sum-rate analysis

Motivated by the Rate-WMMSE relationships given in (56), (57), and the auxiliary
variable, ξc,U,G

� �
, the problem S1 is equivalently transferred into the problem S2.

The problem is reformulated as

S2 : argmin
ξc,p, αk

ξc þ
XK

k¼1

XGk

gk¼1

max
i∈ I gk

ξ
Nð Þ
i (69)
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s:t:

ξ
N½ �
c,i ≤ ξc, ∀i∈ I (70)

24dð Þ, 24eð Þ (71)

where ξc refers to the common AWMSE. Noted problem S2 and problem S1 are
equivalence. It means that for any point p ∗ , α ∗ , ξ

∗
c ,G

∗ ,U ∗� �
satisfying the KKT

optimality conditions of problem S2, p ∗ , α ∗ð Þ satisfies the KKT optimality conditions
of problem S1.

The problems P2 and S2 remain non-convex. However, they become convex when
two out of the three variables, namely equalizer, weight, and power, are fixed. Taking
into account this block-wise convexity property, we propose an Alternating Optimi-
zation algorithm to address the problems P2 and S2.

4.4 Alternating optimization algorithm

The problems P2 and S2 remain non-convex for the entire set of
optimization variables, which include α, p, c, U, and G. However, they exhibit
block-wise convexity, which can be leveraged to propose an alternating
optimization algorithm. Each iteration of the algorithm consists of two steps: (1)
updating U and G based on the value of p and α from the previous iteration, and (2)
updating p, α, and c using U and G obtained in step 1. We now provide a detailed
explanation of these two steps.

4.4.1 Step 1: Updating G, U

In l-th iteration, all the equalizers and weights are updated according to the p, α
form the previous round, l� 1, G p l�1½ �, α l�1½ �� �

, U p l�1½ �, α l�1½ �� �
. The corresponding

SAFs uc,i, ui, gc,i, gi are calculated by taking average overN realization. To facilitate the
next step, we introduce a set of variables are

tc,i ¼ u nð Þ
c,i q nð Þ

c,i

���
���
2
, ti ¼ u nð Þ

i q nð Þ
i

���
���
2
, (72)

Ψ nð Þ
c,i ¼ tc,ih

nð ÞH
i h nð Þ

i , Ψ nð Þ
i ¼ tih

nð ÞH
i h nð Þ

i , (73)

f nð Þ
c,i ¼ u nð Þ

c,i q
nð Þ
c,i h

nð Þ
i w nð Þ

c , f nð Þ
i ¼ u nð Þ

i q nð Þ
i h nð Þ

i w nð Þ
k (74)

v nð Þ
c,i ¼ log 2 uc,ið Þ, v nð Þ

i ¼ log 2 uið Þ (75)

and the corresponding SAFs are calculated in the same way,

t Nð Þ
c,i ,Ψ

Nð Þ
c,i , f

Nð Þ
c,i , v

Nð Þ
c,i , ti,Ψ

Nð Þ
i , f Nð Þ

i , v Nð Þ
i (76)

4.4.2 Step 2: Updating p, α

In the l-th iteration up to this step, we fix G, U, and the other introduced variables,
which are obtained using the updated valusers of U,Gð Þ. With these updated
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variables, in this step, the problems P2 and S2 transform into problems P
l½ �
3

and S
l½ �
3 , which are convex problems. These problems can be solved using

interior-point methods, allowing for the optimization of p, αk, and the other auxiliary
variables.

P
l½ �
3 : argmax

p, α, c, z, rg,
z (77)

s:t:

Ckg þ rkg ≥ z, ∀k∈K, ∀gk ¼ 1, … ,Gkf g (78)

1� rgk ≥
XK

j¼1, j6¼k

pjw
H
j Ψ

Nð Þ
i w Nð Þ

j � 2R
ffiffiffiffiffiffiffiffiffiffiffi
αgkpk

p
f

Nð Þ
i

n o
þ t Nð Þ

i þ u Nð Þ
i � v Nð Þ

i

þ
X
h≥ g

pkαhkw
H
k Ψ

Nð Þ
i w Nð Þ

k , ∀i∈ I gk ,∀k∈K, ∀gk ∈Gk

(79)

1�
XK

k¼1

XGk

gk¼1

Cgk ≥ pcw
H
c Ψ

Nð Þ
c,i wc þ

XK

k¼1

pkw
H
k Ψ

Nð Þ
c,i wk þ t Nð Þ

c,i � 2R
ffiffiffiffiffi
pc

p
f

Nð Þ
c,i

n o

þu Nð Þ
c,i � v Nð Þ

c,i , ∀i∈ I

(80)

24dð Þ, 24eð Þ (81)

and

S
l½ �
3 : argmin

ξc,p, αk
ξc þ

XK

k¼1

XG
g¼1

max
i∈I gk

ξi

( )
(82)

s:t:

pcw
H
c Ψ

Nð Þ
c,i wc þ

XK

k¼1

pkw
H
k Ψ

Nð Þ
c,i wk þ t Nð Þ

c,i � 2R
ffiffiffiffiffi
pc

p
f

Nð Þ
c,i

n o
þ u Nð Þ

c,i � v Nð Þ
c,i ≤ ξc, ∀i∈ I

(83)

24dð Þ, 24eð Þ (84)

where ξi is

ξi ¼
XK

j¼1, j6¼k

pjw
H
j Ψ

Nð Þ
i w Nð Þ

j þ t Nð Þ
i � 2R

ffiffiffiffiffiffiffiffiffiffiffi
αgkpk

p
f

Nð Þ
i

n o
þ pk

X
hk ≥ gk

αhkw
H
k Ψ

Nð Þ
i w Nð Þ

k

þu Nð Þ
i � v Nð Þ

i , ∀i∈ I gk , ∀k∈K,∀gk ∈Gk

As the iteration procedure continusers, the objective function in P3 or S3 grows
until convergence. The proposed alternating optimization approach alternately opti-
mizes the variables of the corresponding WMMSE problem P3 and S3. The proposed
algorithm is guaranteed to converge as the objective function is bounded above for the
specified power limitations.
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5. Illustrative results and discussions

In this section, we evaluate the performance of the proposed RS-based MIMO-
NOMA scheme through numerical simulations and validate the effectiveness of the
power allocation algorithm. Specifically, we investigate the achievable MMF rate and
sum-rate in different scenarios by varying the SNR, the number of users per group per
cluster (M) and the degree of CSIT uncertainty, η. We compare the performance of
the proposed RS-based MIMO-NOMA with conventional MIMO-NOMA.

In the Conv-based MIMO-NOMA system, instead of the RS, the conventional linear
precoding such as RZF is applied to cancel interbeam interference between clusters of
users, and NOMA is applied to provide service for more than one group of users.

5.1 Simulation setup

To carry out our analysis, we consider a single-cell cellular network with a radius of
500 m, where the base station is located at the center. It is equipped with an array of
Nt ¼ 64 antennas and forms K ¼ 12 clusters. Each cluster has two groups of users,
Gk ¼ 2, k∈K, and all groups have the same cardinality,M. Users are randomly and
uniformly distributed throughout the cell, excluding an inner circle of radius 50 meters.

The large-scale fading coefficient for user i is expressed as βi ¼ d
xνi
, where xi indi-

cates the distance between the i-th user and the base station. Here, the constant d ¼
10�5 serves the role of regulating the channel attenuation at a distance of 50 m, and ν
symbolizes the path loss exponent, which is assumed to be 3:76 for this study. The
large-scale fading (βi) in this context follows a log-normal distribution with a standard
deviation of 8 dB.

Furthermore, in this chapter, we consider the noise variance to be set at 1. As a
result, the SNR is defined by the peak power, denoted as pmax.

5.2 MMF rate analysis results

In this section, we aim to compare the performance of our proposed RS-based
MIMO-NOMA scheme with that of the Conv-based MIMO-NOMA technique, specif-
ically focusing on the MMF rate. The primary objective of this comparison is to
maximize the minimum achievable rate by optimizing power allocation. We evaluate
the MMF rate performance under varying SNR conditions, while simultaneously
adjusting the number of users per group and the degrees of CSIT uncertainty.

Figure 2 presents a comparison of the MMF rate for the proposed RS-based
MIMO-NOMA and conventional MIMO-NOMA systems as a function of SNR.
Figure 2a compares the MMF rate for different numbers of users per group, consid-
ering cases with two and three users per group. The results reveal that the gain of the
RS-based MIMO-NOMA over the conventional MIMO-NOMA systems expands as the
number of users per group increases. This gain increases from 1:07 to 1:32 when the
number of users per group increases from M ¼ 2 to M ¼ 3. Consequently, the RS-
based MIMO-NOMA proves to be a more robust solution in overloaded regimes.

Figure 2b demonstrates the impact of CSIT uncertainty on the MMF rate perfor-
mance. The results indicate that the MMF rate performance of the conventional
MIMO-NOMA system degrades more significantly when CSIT transitions from per-
fect to imperfect with η ¼ 0:5. Therefore, the RS-based MIMO-NOMA system is more
robust to CSIT uncertainty fluctuations. The gap between MMF rates of the RS-based
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MIMO-NOMA when CSIT changes from perfect to imperfect with η ¼ 0:5 is 1:5880
bps/Hz. However, this gap is much higher in the conventional MIMO-NOMA system,
amounting to 2:4 bps/Hz.

5.3 Sum-rate analysis results

This section investigate the performance of the proposed RS-based MIMO-NOMA
scheme in terms of sum-rate. The objective is to maximize the overall system
throughput by optimizing power allocation. The sum-rate performance is investigated
under varying numbers of users per group and degrees of CSIT uncertainty.

Figure 3 illustrates the sum-rate versus SNR comparison of RS-based MIMO-
NOMA and Conv-based MIMO-NOMA. Figure 3a compares the sum-rate for differ-
ent numbers of users per group, considering cases with two and three users per group.
The results show that increasing the number of users per group decreases the sum-rate
in both cases. Moreover, the gain of the RS-based MIMO-NOMA over the Conv-
MIMO-NOMA is not considerably high, even when the number of users increases
from M ¼ 2 to M ¼ 3.

Figure 3b explores the impact of CSIT uncertainty on the sum-rate performance.
The results indicate that the sum-rate performance of the conventional MIMO-NOMA
system experiences a more significant decline when CSIT transitions from perfect to
imperfect with η ¼ 0:5. Therefore, the RS-based MIMO-NOMA system exhibits
greater robustness against CSIT uncertainty fluctuations. The gap between sum-rates
of the RS-based MIMO-NOMA when CSIT changes from perfect to imperfect with

Figure 2.
Comparison of achievable MMF rate performance for RS-based MIMO-NOMA and Conv-based MIMO-NOMA.

Figure 3.
Achievable sum-rate performance comparison for RS-based MIMO-NOMA and Conv-based MIMO-NOMA.
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η ¼ 0:5 is around 9 bps/Hz. In contrast, this gap is substantially larger in the conven-
tional MIMO-NOMA system, amounting to 12 bps/Hz, roughly a 33% decline.

Figures 2 and 3 illustrate that the proposed RS-based MIMO-NOMA scheme
effectively exploits the rate-splitting technique to enhance its performance in
overloaded scenarios and under imperfect CSIT, particularly when compared to the
conventional MIMO-NOMA system. This improvement can be attributed to the RS-
based MIMO-NOMA’s ability to mitigate interbeam interference and efficiently allo-
cate power among users, thus providing superior service to a larger number of users
within each group even under imperfect CSIT. Overall, these results emphasize the
advantages of adopting the RS-based MIMO-NOMA framework in practical network
deployments, particularly in high-density and overloaded scenarios and under imper-
fect CSIT.

6. Conclusion

In this chapter, we have presented a novel scheme that combines the RS technique
in MIMO systems with NOMA scheme for wireless communication systems, aiming to
improve performance and capacity under imperfect CSIT and overloaded regime. The
proposed scheme has considered a general and realistic scenario with both unicast and
multicast users, focusing on increasing system throughput and optimizing precoding
vectors for enhanced performance.

Furthermore, we have introduced a technique that transforms a non-convex opti-
mization problem into a convex problem. By employing the WMMSE-rate relation-
ship and an AO algorithm, the proposed technique successfully tackles the non-
convex problem, allowing for the maximization of both the minimum rate and sum-
rate of the system, particularly concentrating on the rate of the weakest user in each
group under imperfect CSIT.

The comprehensive analysis provided in this chapter covers both tutorial back-
ground and novel ideas, offering valuable insights into the design and performance of
future MIMO-NOMA systems that employ RS techniqusers. The findings demonstrate
the potential of the proposed RS-based MIMO-NOMA scheme in addressing the
challenges posed by imperfect CSIT and overloaded regimes in realistic scenarios with
unicast and multicast users.
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Chapter 5

Massive MIMO without CSI: When
Non-Coherent Communication
Meets Many Antennas
Manuel José López Morales, Kun Chen-Hu
and Ana García Armada

Abstract

Under high-mobility scenarios, the traditional coherent demodulation schemes
(CDS) have limited performance, because reference signals cannot effectively track
the channel variations with an affordable overhead. As an alternative solution, non-
coherent demodulation schemes (NCDS) based on differential modulation have been
proposed. Even in the absence of reference signals, they are capable of outperforming
the CDS with a reduced complexity. The literature on NCDS laid the theoretical
foundations for simplified channel and signal models, often single-carrier and spa-
tially uncorrelated flat-fading channels. This chapter explains the most recent results
assuming orthogonal frequency division multiplexing (OFDM) signaling and realistic
channel models.

Keywords: channel estimation, differential modulation, non-coherent, high-mobility,
OFDM

1. Introduction

Massive multiple-input multiple-output (MIMO) [1] is a key technology for the
advancement of wireless communications, especially in the evolution from the cur-
rent fifth generation (5G) [2] to the forthcoming sixth generation (6G) [3–6] of
mobile communication systems. Typically, the base station (BS) is equipped with a
very large number of radiating elements, while the user equipment (UE) is only
equipped with one single antenna or very few. Under this scenario, the BS can either
simultaneously spatially multiplex several data streams to many UEs or enhance the
quality of some links by exploiting spatial diversity. In order to fully exploit the
benefits of MIMO technology, accurate channel state information (CSI) between the
BS and the UEs is a must; otherwise, the performance is significantly degraded [7, 8].

Coherent demodulation scheme (CDS) is the typically chosen technique for
exploiting massive MIMO systems. The acquisition of CSI is obtained by transmitting
some reference signals or pilot symbols per antenna, which is known as pilot symbol-
assisted modulation (PSAM) [9]. At the receiver, the CSI is estimated by typically
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using the Least-Squares criterion (LS) [10]. Finally, the pre/post-equalization matri-
ces are computed in order to compensate for the effects of the channel by typically
using the zero-forcing (ZF) or minimum mean squared error (MMSE) criteria [11].
However, the transmission of reference signals produces an excessive overhead in the
system since these pilot symbols are mapped in the physical resources in the data
frame. In order to alleviate this issue, time division duplexing (TDD) is the preferable
choice since the channel reciprocity can be assumed, and hence, the CSI is only
estimated in the uplink (UL) and reused in the downlink (DL) [12].

Nevertheless, acquiring accurate CSI without sacrificing the performance of the
system is significantly limited and cannot be adopted in the new challenging scenarios
considered in 6G, such as high-mobility communications and low-powered networks
[8, 13]. On the one hand, CDS requires that the coherence time of the channel impulse
response remains for long symbol periods, otherwise, a huge amount of reference
signals must be transmitted to constantly track the fast channel variations, which is
the typical case in autonomous vehicles, drone communications and satellite links. On
the other hand, CDS requires links with a medium/high signal-to-noise ratio (SNR) in
order to provide accurate enough CSI, otherwise the computed equalization matrices
are not correct and degrade the performance of the system. To improve the quality of
the CSI, the channel estimates must be obtained in several independent physical
resources for the same UE and averaged out to reduce the noise and interference
effects. Last but not least, in scenarios with many spatially multiplexing UEs, to avoid
the pilot contamination produced among the UEs [14]. This results in a even larger
training overhead, which will also be detrimental for the data efficiency.

Non-coherent demodulation scheme (NCDS) is an appealing alternative to be
combined with massive MIMO since it can demodulate the transmitted information
without the knowledge of CSI, with the same asymptotic performance as coherent
schemes [8]. Thus, the huge amount of required reference signals in CDS is entirely
avoided and the complexity of transceivers is also reduced. Many works in the litera-
ture showed that the NCDS detection can provide an acceptable performance in very
fast time-varying scenarios [8, 13, 15–21], while the coherent scheme fails. Addition-
ally, NCDS is flexible and can be integrated in an orthogonal frequency division
multiplexing (OFDM) [22]. Compared to the CDS, its performance superiority in
scenarios with stringent condition makes it a good candidate for future communica-
tion systems in high-speed scenarios.

Some works have targeted the UL scenario [17, 20], in which one single-antenna
UE transmits the differential symbols, while the BS exploits the spatial diversity
produced by large number of antennas. An NCDS scheme based on differential M-ary
phase shift keying (DMPSK) constellations was exploited [17], allowing differential
detection while leveraging the advantages of an increased number of receive antennas.
Later, [20] combined the NCDS with the OFDM multi-carrier waveform, in order to
combat the frequency-selective channel. The differential symbols are mapped in the
two-dimensional (time and frequency) resource grid. In [19], the NCDS is combined
with precoding based on beamforming, where assuming that a beam-management
procedure is executed beforehand. Recently, a combination of CDS and NCDS is also
explored [13] in order to take advantage of both techniques. To achieve this, a blind
channel estimation is proposed utilizing reconstructed non-coherent data, which can
be later used to perform UL filtering of coherent data resulting in a hybrid demodu-
lation scheme (HDS). Additionally, Lopez-Morales and Garcia-Armada [15] also pro-
posed using a multi-user precoding for the DL combined with DMPSK to avoid the use
of pilot symbols.
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An overview of NCDS combined with massive MIMO-OFDM under different
scenarios is provided in this chapter. Section 2 explains the UL of the non-coherent
massive MIMO based on DMPSK and blind channel estimation. Section 3 provides the
two possibilities to perform the DL in the non-coherent massive MIMO based on
DMSPK. Section 4 details the multi-user approach for the UL of the NC massive
MIMO based on constellation multiplexing. Section 5 compares the CDS, NCDS and
HDS schemes in different scenarios. Finally, Section 6 concludes the chapter and gives
insights into future research lines.

2. Non-coherent massive MIMO in UL

Two wireless transceivers are considered in this scenario. One is a BS equipped
with V antennas, while the other is a UE equipped with a single antenna. The chosen
waveform is the well-known OFDM, composed of K subcarriers with a subcarrier
spacing of Δf Hz and a cyclic prefix (CP), whose length is measured in samples (LCP),
to mitigate the multi-path effects of the channel. A set of N contiguous OFDM
symbols is assumed to be transmitted in a burst. Note that multiple UEs can be
multiplexed in either time or frequency dimensions thanks to the two-dimensional
resource grid provided by the OFDM. Additionally, the UEs can be also mapped in the
constellation domain, whose details are given in Section 4.

2.1 Fundamentals of differential encoding and decoding in OFDM

Typically, NCDS based on differential modulation is performed using the time
domain scheme. This scheme is represented in Figure 1a, where the red arrows
indicate the direction in which differential modulation and demodulation are
performed. In this case, it occurs between resources that belong to the same frequency
and contiguous symbols in the time domain. The differential encoding can be
described as

~xk,n ¼
~rk,n, n ¼ 1

~xk,n�1~sk,n�1, 2≤ n≤N
,

�
1≤ k≤K, (1)

where ~rk,1 is the reference symbol transmitted by the UE at the kth subcarrier of
the first OFDM symbol, while ~sk,n and ~xk,n are complex data and differential symbols,
respectively, at the kth subcarrier and nth OFDM symbol transmitted by the UE. The
data symbol ~sk,n needs to meet the condition

~sk,n ∈M,  ~sk,nj j2
n o

¼ 1 1≤ k≤K, 1≤ n≤N � 1, (2)

where M denotes the set of symbols of a PSK constellation due to the fact that the
differential encoding can only transmit information in the phase component and its
average energy is normalized to one. One drawback of implementing the mapping
scheme in the time domain is the increased latency and memory consumption. This is
because the scheme requires waiting for two complete OFDM symbols to be received
in order to obtain ~sk,n. In the time domain implementation, a differential decoding of
two contiguous symbols is performed (as shown in Figure 1a). Furthermore, this
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implementation cannot be used when there is a high Doppler spread because two
consecutive OFDM symbols may not experience similar channel responses.

Alternatively, the frequency domain scheme can be also used to implement the
differential modulation technique, by exploiting the frequency dimension (as shown
in Figure 1b). In this scheme, the differential symbols are mapped into contiguous
frequency resources of the same OFDM symbol, according to [20] as

~xk,n ¼
~rk,n, k ¼ 1,

~xk�1,n~pk,n, k ¼ 2, n∈ℐN

~xk�1,n~sk�1,n, otherwise
, 1≤ n≤N

8><
>:

(3)

where ~r1,n and ~p2,n are two reference symbols for different purposes. The set ℐN

contains the indexes that correspond to the OFDM symbols carrying p2,n. As explained
before, The first reference symbol is necessary for differential demodulation, as pre-
viously explained. The second type is required to estimate the phase difference
between two subcarriers resulting from frequency-domain mapping, as detailed in
[20]. This scheme has the advantage of reduced latency and robustness against high

Figure 1.
Differential modulation mapping schemes in an OFDM resource grid when K ¼ 12, N ¼ 14 and ℐN ¼ 1, 8f g.
The yellow and blue boxes denote the reference symbols required by the differential modulation and phase
difference estimation, respectively.
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Doppler spreads. It is reasonable to assume that contiguous subcarriers have similar
channel responses due to the much larger number of subcarriers compared to the
number of channel taps. However, the benefits come at the expense of an additional
phase estimation and compensation procedure. Although this additional phase com-
ponent is negligible for non-frequency-selective channels, it must be compensated for
strongly frequency-selective channels. When diversity is employed, only one addi-
tional reference pilot is needed for all OFDM symbols within the coherence time
(p2,n), resulting in minimal overhead impact.

In [20], both time and frequency domain schemes are presented. However, if the
number of allocated resources is reduced (K↓ and/or N↓), both schemes may result
in significant overhead. For instance, in massive machine type communication
(mMTC) scenarios, mechanical devices send short packets of only a few bytes.
Adopting any of the two presented schemes implies sending a significant number of
reference symbols. To address this issue, we propose a newmapping scheme called the
mixed domain scheme (see Figure 1c). In this scheme, we first differentially encode
the data symbols as

~xj ¼
~rj, j ¼ 1

~xj�1~pj, j ¼ 2
~xj�1~sj�1, 3≤ j≤KN

,

8><
>:

(4)

where j denotes the resource index. Then, the differential symbols ~xj are allocated
to the two-dimensional resource grid as

~xk,n ¼ ~xj∣ k, nð Þ ¼ f jð Þ, 1≤ j≤KN, (5)

where f •ð Þ is the resource mapping policy function. Figure 1c shows a
recommended example of a mapping policy function, where the dramatic reduction of
reference signals can be observed. This policy mainly follows the frequency domain
scheme, except for the edge subcarriers of the block, which follow a time domain
scheme. This proposal cannot only significantly reduce the number of reference sym-
bols, but it is also capable of taking all advantages of a frequency domain scheme.
Moreover, in the case of time-varying channels, only those complex symbols placed at
both edge subcarriers may suffer from an additional degradation.

To maintain conciseness and simplify notation, we adopt the frequency domain
scheme for the remainder of this chapter. However, note that the techniques
presented in the following sections can be applied to both time and mixed domain
schemes without any modification.

Once, the differential symbols are obtained by using (3), the OFDM symbol can be
obtained by performing an inverse discrete Fourier transform (IDFT) as

xm,n ¼ 1ffiffiffiffi
K

p
XK

k¼1

exp j
2π
K

k� 1ð Þ m� 1ð Þ
� �

~xk,n, 1≤m≤K, 1≤ n≤N: (6)

Then, a CP, whose length is given by LCP is appended to each OFDM symbol s in
order to absorb the multi-path effect.

At the receiver, the CP is discarded from the received signal, and hence, the linear
convolution between the multi-tap channel and transmitted data symbols is converted
to a circular one. Hence, the received signal at the v-th antenna at the BS is given by
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ym,n,v ¼
XLCH

τ¼1

hτ,n,vxmod m�τ,Kð Þ,n þwm,n,v, 1≤m≤K, 1≤ n≤N, 1≤ v≤V, (7)

where wm,n is the additive white Gaussian noise (AWGN) at m-th sample in the n-
OFDM symbol, and it is distributed as CN 0, σ2w

� �
. Following [7], the channel coeffi-

cients suffer from time variability and an autoregressive model approximates the
temporally correlated fading channel coefficients of subcarrier k at time instant n as

hτ,n0,v ¼ αdhτ,n,v þ w0
τ,n0,v, αd ¼ J0 2πdfD

K þ LCP

KΔf

� �� �
< 1, (8)

where n0 refers to a time instant in the future with respect to n (d ¼ ∣n0 � n∣ time
difference in OFDM symbols), αd is the temporal correlation parameter, J0 �ð Þ denotes
the zero-th order Bessel function of the first kind and f D represents the maximum
Doppler spread experienced by the transmitted signal, also in Hertz. Similar to CDS,
NCDS requires that the channel impulse response should be quasi-static during, at
least, one OFDM symbol, otherwise inter-symbol and inter-carrier interferences (ISI
and ICI, respectively) will appear. Consequently, the length of the OFDM symbols
(K↓) should be reduced as the Doppler effect is higher (f D↑).

Then a discrete Fourier transform is performed to obtain the received symbols in
the frequency domain as

~yk,n,v ¼
1ffiffiffiffi
K

p
XK
m¼1

exp �j
2π
K

n� 1ð Þ m� 1ð Þ
� �

ym,n,v, (9)

where 1≤m≤K, 1≤ n≤N, 1≤ v≤V and the received signal in the frequency
domain can be modeled as

~yk,n,v ¼ ~hk,n,v~xk,n þ ~wk,n,v 1≤ k≤K, 1≤ n≤N, 1≤ v≤V, (10)

where ~hk,n,v and ~wk,n,v is the channel frequency response and noise in the frequency
domain, respectively, in the kth subcarrier and nth OFDM symbol at vth antenna.

Later, a differential demodulation is performed in the frequency domain to undo
(3) as

~zk,n ¼ 1
V

XV
v¼1

~y ∗k�1,n,v~yk,n,v ¼
X4
i¼1

Tk,n,v,i, 2≤ k≤ k� 1, 1≤ n≤N, (11)

Tk,n,v,1 ¼ 1
V

XV
v¼1

~wk�1,n,v ~wk,n,v, Tk,n,v,2 ¼ 1
V

XV
v¼1

~hk�1,n,v~xk�1,n ~wk,n,v, (12)

Tk,n,v,3 ¼ 1
V

XV
v¼1

~wk�1,n,v
~hk,n,v~xk,n, Tk,n,v,4 ¼ 1

V

XV
v¼1

~hk�1,n,v
~hk,n,v~xk�1,n~xk,n, (13)

where zk,n is the decision variable and Tk,n,v,i, 1≤ i≤4 denotes each term
out of four produced by differential demodulation. Note that the first three
terms correspond to noise and interference terms, while the last one is the desired
data term.
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Making use of the Law of Large Numbers, when the number of the antennas tends
to infinity (V ! ∞), the fourth terms can be simplified as

 Tk,n,v,1j j2
n o

¼  Tk,n,v,2j j2
n o

¼  Tk,n,v,3j j2
n o

¼ 0, (14)

 Tk,n,v,4j j2
n o

¼ ρf exp jθf
� �� ~pk,n, k ¼ 2, n∈ℐN

~sk�1,n, 3≤ k≤K

� �
, (15)

where 2≤ k≤K, 1≤ n≤N, the first three terms, which correspond to the interfer-
ence and noise terms, vanished since the channel frequency response, noise and data
symbols are independent random variables to each other, while the fourth term
remains. Note that the pilot and data symbols in the fourth term are scaled by the
correlation between two contiguous channel frequency responses at subcarriers k� 1
and k, whose modulus and phase are given by ρf and θf , respectively. This scaling
factor is producing a common phase rotation to the received symbols zk,n, which can
be easily estimated and equalized by transmitting a pilot symbol (~pk,n) before
performing the symbol decision.

If the number of antennas (V) is not large enough, the three terms given in (14)
are not zero. Hence, the received signal is polluted by noise and self-interference. The
performance measured in signal-to-noise and interference ratio (SINR) for the multi-
user case is given in Section 4, which corresponds to the generalization of the single-
user case.

The performance given by (11)–(13) assumed an ideal case, where hardware
impairments are not considered. However, it is well-known that OFDM combined
with the traditional CDS is very sensitive to phase noise (PN) [23, 24]. The effect of
this PN is due to the instabilities of the local oscillators, which are typically modeled
according to a classical Wiener random walk process. Its negative effect not only will
degrade the received symbols, but it will also add a common phase error. According to
5G [6], the phase-tracking reference signal (PT-RS) is proposed to be added in order
to estimate and equalize this phase error, and hence, the overhead of the system is
further increased. On the other hand, according to [25], when NCDS is combined with
OFDM it does not require any additional PN estimation and equalization since it is
inherently robust to these effects thanks to the use of the differential modulation, and
no additional reference signal is required.

2.2 Blind channel estimation based on differential detection

As it has been explained in the previous subsection, the non-coherent massive
MIMO is capable of obtaining the transmitted data in the UL without the CSI and
post-equalization. However an interesting question arises, could we estimate an accu-
rate enough CSI given the non-coherently detected symbols? In the end, these non-
coherently detected data symbols can be seen as a new type of reference signals,
which can be utilized in CDS for channel estimation and equalization, without rising
the overhead since the non-coherent data symbols convey data information.

Assuming that accurate CSI can be successfully obtained by using the NCDS, these
estimates can be exploited in two ways. On the one hand, the estimates can be used to
compute the precoding matrices and used in the DL in TDDmode [21], and hence, the
overhead generated by transmitted reference signals in the UL is avoided, as will be
shown in Section 3.2. On the other hand, CDS and NCDS can be merged in the UL,
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namely to produce a HDS, where the traditional pilot symbols transmitted in CDS are
replaced by non-coherent data symbols. The latter can be jointly used for data trans-
mission, channel estimation and the computation of post-coding matrices. Conse-
quently, the efficiency of the UL transmission is increased [13] (Figure 2).

The steps for the blind channel estimation based on NCDS can be summarized as
follows:

1.Firstly, the symbol decision is performed over ~zk,n as

~̂sk,n ¼ €sj∣j ¼ argmin
j

~zk,n �€sj
�� ��� �

, €sj ∈M, 1≤ j≤ Mj j, (16)

where 2≤ k≤K, 1≤ n≤N, ~̂sk,n are the decided symbols at kth subcarrier in nth
OFDM symbol, €sj corresponds to the jth symbol of the constellation M whose
number of elements is given by Mj j.

2.Then, the differential data sequence is reconstructed (~̂xk,n) by using the
frequency domain scheme, given in (3), and replacing the transmitted symbols
(~sk,n) with the decided ones (̂~sk,n).

3.Finally, the channel is estimated for each subcarrier and OFDM symbol (~̂hk,n,v)
by utilizing the reconstructed differential data sequence ~̂xk,n as a pilot symbol
with any estimation technique. For instance, a LS criterion [10] can be used as

~̂hk,n,v ¼ ~̂x
�1
k,n~yk,n,v: (17)

Figure 2.
Example of a unit block for a proposed HDS scheme.
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Note that an additional error term in the channel estimation, with respect to the
classical PSAM [9], is produced by a possible mismatch between transmitted data
symbols ~xk,n and reconstructed differential symbols ~̂xk,n, whose error was character-
ized in [13, 21]. The estimated channel at kth subcarrier will be used in another
subcarrier index k0, such that k 6¼ k0. Hence, the channel estimation error is composed
of two independent components ([13], Eq. (24)) as shown below

e2d ¼  ~̂hk,n,v � ~hk,n,v
���

���
2

� �
¼ σ2x,d þ σ2b ¼ 2 1� αdδ

n,k
u

� �þ σ2w, (18)

where σ2x,d is the channel estimation error that comes from compensation and
estimation in different time instants with a possible mismatch between transmitted
and reconstructed differential symbol. The term δn,ku is computed as

δk,n ¼  cos ∠ ~xk,nð Þ � ∠ ~̂xk,n
� �� �n o

≈
1� Pk,n � 1� Pk,n,uð ÞN

N � 1ð ÞPk,n
, (19)

where Pk,n is the error probability for the UL of each user. To find the details of the
derivations the interested reader is referred to [15].

The MSE of channel estimation, as given in (18), shows that when either αd or δk,n
is zero, the channel error estimation is highest, while both need to be 1 to prevent any
increase in the channel estimation error compared to the PSAM. Various MSE curves
are displayed for different values of αd and SNR (Figure 3).

To ensure that the channel is properly estimated in a certain time-frequency
resource, some error-detecting code (such as a cyclic redundancy code) can be added
to a data stream of non-coherent data. With this, and performing the channel estima-
tion with reconstructed data that we are sure is correct, the channel estimation error
will be the same as that of the PSAM.

Figure 3.
MSE of channel estimation for MUL ¼ 16 and R ¼ 100. The continuous line shows the result obtained from the
Monte Carlo simulation, while the dashed line represents the theoretical upper bound. The blue line corresponds to
the PSAM method without considering channel time variability, which represents the best-case scenario.
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3. Non-coherent massive MIMO in DL

In this scenario, one multi-antenna BS simultaneously serves U UEs in the DL. It
is assumed that the parameters of the OFDM system are the same as described for
the UL.

3.1 Non-coherent massive MIMO in FDD mode

In FDD, the multi-path channel coefficients between the UL and DL are fully
uncorrelated, and the channel reciprocity property cannot be assumed as in TDD.
Consequently, the massive number of antennas at the BS used for transmission can
only be exploited in spatial diversity mode since the channel estimates of the V
antennas per user in the DL are not available. However, the exploitation of the
diversity from the transmitter without knowledge of the channel is still a challenge,
due to the fact that techniques based on block codes [26] failed to exploit a large
number of antennas at the transmitter, since their complexity is proportional to the
number of antennas. Even though the mapping schemes proposed for the UL are still
valid, a few more ingredients are needed to make NCDS suitable for the DL, detailed
in the following subsections.

3.1.1 Precoding based on beamforming or codebook selection

The NCDS can be combined with the precoding technique based on beamforming
or codebook selection at the expense of using some (reduced) channel knowledge. At
the BS, it is assumed that either the angular position or the best codebook index of the
UE of interest is available, which is obtained through a beam-management procedure.
Given this additional information, the data is sent over a non-coherently processed
link. For the sake of conciseness, beamforming is the chosen technique for the rest of
the document. Note that the detailed procedures for the beamforming in the following
sections can be easily adapted for the codebook selection scheme.

The combination of NCDS with a practical beamforming technique based on know-
ing the angular position of the UE is proposed in [19]. The beam-management proce-
dure defined in 5G [6] is suggested to be performed as a first step. This procedure is
responsible for accurately determining the angle of the spatial clusters of the propaga-
tion channel contributing to the signal of each UE, by transmitting some reference
signals. These reference signals are the synchronization signals (SS) and channel state
information-reference signals (CSI-RS). The former is used when a UE would like to
enter the system for the first time, while the latter is exploited for updating the angular
position of an existing UE in the system. Note that, this beam-management procedure
must be executed, at least, once per channel coherence time in order to constantly
update the estimated angular positions of the current and new UEs.

At the transmitter, the BS transmits the data stream to all the UEs by using
beamforming as

~xk,n,v ¼
XU
u¼1

~bk,n,v,u~xk,n,u, 1≤ v≤V, 1≤ k≤K, 1≤ n≤N (20)

where ~xk,n,v and ~bn,v are the precoded data symbol and the precoding coefficient,
respectively, for the vth antenna and uth UE of the BS placed at the kth subcarrier and
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nth OFDM symbol. This precoding coefficient is obtained according to either the
estimated angular position or the best codebook index for each UE, and thus, it is in
charge of focusing the energy in the obtained specific direction. In this way, the
energy received by the UE is enhanced since its path loss is compensated. Similarly,
precoding can be used in the UL for the BS to receive the signal from this spatial
direction.

3.1.2 Diversity in the frequency domain

In order to enhance SINR gain for a good performance of NCDS [17], averaging in
dimensions other than space, such as time or frequency, is proposed in [19]. Since the
number of antennas at the UE is usually limited, this additional source of diversity
may be particularly necessary to multiplex several UEs or enable critical services. The
use of the frequency dimension is explained in [20], where each OFDM symbol can be
processed independently, providing the advantage of easy extension to averaging in
time (processing multiple consecutive OFDM symbols) or space (increasing the num-
ber of receive antennas of the UE when feasible).

To exploit frequency diversity, the same differential complex symbol is transmit-
ted in multiple frequency resources. After performing the differential encoding for
the uth UE, the Q differential symbols are replicated at the transmitter as

~xk,n,u ¼ ~xq,n,u∣q ¼ mod k� 1,Qð Þ þ 1, K ¼ Q � F, 1≤ k≤K, 1≤ n≤N, (21)

where F is the frequency repetition/averaging factor.
The non-coherent detection at the receiver exploits the frequency diversity, where

the received data in the subcarriers that carry the same transmitted data are averaged as

~zq,n,u ¼ 1
F

XF�1

k¼0

y ∗qþkQ�1,n,uyqþkQ,n,u, 2≤ q≤Q, 1≤ n≤N, 1≤ u≤U: (22)

With this scheme there is a trade-off between overhead and robustness. According
to [19], even though the frequency diversity add an additional overhead, it still out-
performs the CDS in terms of throughput for some particular scenarios with high
mobility.

3.2 Non-coherent massive MIMO in TDD mode

As was explained in Section 2.2, the channel could be blindly estimated utilizing
the reconstructed data in the UL of a non-coherent massive MIMO scheme. Therefore,
once the channel is available, it can be used for precoding in the DL transmission to
spatially separate the users. To avoid the use of demodulation pilots and thus avoid
any pilot signal in the TDD time slot, it is preferred to use a DMPSK also in the DL
signals. The use of demodulation pilots is needed in the DL of any coherent scheme to
compensate for inefficiencies in the precoder, which can be caused by an erroneous
channel estimation, by the use of a simple and not so powerful precoder (such as the
MRT) and by the fact that the power in transmission is limited by the RF circuitry,
which may cause that some precoders are not realizable. By using a DMPSK in the DL,
the transmitted signals will be much more robust against errors in amplitude and
phase, compared to the QAM constellations.
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To improve clarity and conciseness, we will be using matrix notation throughout
this document. Boldface uppercase letters will represent matrices, boldface lowercase
letters will represent vectors and normal letters will represent scalar quantities. Spe-
cifically, A½ �m,n refers to the element in the mth row and nth column of matrix A, and
a½ �n represents the nth element of vector a.

In the DL, the symbols of all the users are stacked in ~xk,n of size (U � 1) for each
time instant n and subcarrier k and are precoded before transmission using the

precoding matrix ~Bk,n ¼ ~Hk,n
� �H ¼ ~bk,n,1,⋯, ~bk,n,U

h i
for maximum ratio transmission

(MRT). The channel for each user is defined as ~hk,n,u ¼ ~hk,n,1,u,⋯, ~hk,n,V,u

h iT
. The DL

channel is composed as ~Hk,n ¼ ~hk,n,1,⋯, ~hk,n,U

h iT
, where the DL channels of all users

are stacked. Thus, in the DL the received signal is

~yk,n ¼ ~Hk,n~Bk,n~xk,n þ ~νk,n, (23)

where the noise vector ~νkn is aU � 1 vector where each element represents the noise
at the receiver of user u and is distributed as ~νk,n,u � CN 0, σ2u

� �
. In the case of applying

MRT in the DL of the BS, the matrix in (23) can be separated into the desired user and
the rest of the users. Therefore, we can rewrite (23) as follows

~yk,n,u ¼ ~hk,n,u
~bk,n,u~xk,n þ

X
u0 6¼u

~hk,n,u0
~bk,n,u0~xk,n þ ~νk,n: (24)

To analyze the effect of imperfect channel estimation for the proposed scheme in
the next Section of the DL transmission, we assume the following definition [27],

Ĥk,n ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� e2d

q
~Hk,n þ ~Hk,e, where ~Hk,e � CN 0, e2dI

� �
is an error component which is

uncorrelated withHk,n. By performing some straightforward manipulations which can
be found in [15], the distribution of ~yk,n,u (for xk,n,u ¼ 1, without loss of generality1) is

ℜ ~yk,n,u
n o

� R
ffiffiffiffiffiffiffiffiffiffiffiffi
1� e2d

q
þN 0,

R U � e2d þ 1
� �þ σ2u

2

� �
¼ μℜ þN 0, σ2ℜ

� �
(25)

ℑ ~yk,n,u
n o

� N 0,
R U þ e2d � 1
� �þ σ2u

2

� �
¼ N 0, σ2ℑ

� �
: (26)

The differential decoding performed in reception for the received signal at each
user as ~zk,n,u ¼ ~y ∗k,n�1,u~yk,n,u results in the product of complex normally distributed
variables, where in order to find the distribution of the received symbol, we have to
consider the product of two complex variables. Applying again some straightforward
manipulations which can be found in [15], we have

ℜ ~zk,n,uf g � N μ2ℜ, 2μ
2
ℜσ

2
ℜ þ σ4ℜ þ σ4ℑ

� �
, ℑ ~zk,n,uf g � N 0, 2σ2ℑ μ2ℜ þ σ2ℜ

� �� �
, (27)

so the SER for the DL of user u is computed using ([13], Appendix A).

1

The error is computed for ~xk
n

� �
u ¼ 1 for simplicity but is the same for the rest of the symbols.
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4. Multi-user non-coherent massive MIMO based on DMPSK

In the previous sections, only a single UE is mapped in each time/frequency
resource of the OFDM for the non-coherent massive MIMO system based on DMPSK.
Hence, the case of multiple UEs is presented in this Section, where its access strategy
is based on a mapping the different UEs in the constellation domain. Each UE trans-
mits its individual constellation and they superimpose in the receiver, resulting in a
joint-constellation. Since there is no CSI available, a joint decision must be made.
Therefore, ensuring a bijective relation between the individual constellations and the
joint-constellation is important, resulting in a crucial constellation design problem to
increase the multi-user performance. For this, in this Section, the system model of the
multiple UE is briefly introduced first, which shows that joint-constellation distribu-
tion depends on the individual one, hindering classical design strategies to be utilized.
Then, two design approaches that are based on utilizing artificial intelligence are
described, followed by a proposal of some multi-user constellations.

4.1 System model

The constellation design for the simultaneous transmission of multiple UEs can be
applied in UL or DL. For the sake of simplicity and without loss of generalization, UL
is considered. The UEs transmit to the BS concurrently using the non-coherent
scheme described in Section 2.1. During the nth OFDM symbol, the transmitted bits
by the uth UE are arranged in a vector bn,u having a dimension of Nb, u� 1ð Þ. Here,
Nb,u denotes the number of bits for user u. The vector bn, u is then transformed into a
complex symbol ~sk,n,u, given by

~sk,n,u ¼ gB ϖu,bn,uð Þ∈Mu, 1≤ k≤K � 1, 1≤ n≤N, 1≤ u≤U, (28)

Mu ¼ cu,1, … , cu,Muf g, Mu ¼ ∣Mu∣ ¼ 2Nb,u , cui ∈ℂ, ∣cui ∣ ¼ 1, cui 6¼ cui0∀i 6¼ i0, (29)

where the gB �ð Þ is the bit mapping function, Mu denotes the individual constella-
tion set for the uth UE (constrained to constant modulus to facilitate the use of the
differential modulation) and ϖu of size Mu � 1ð Þ denotes the bit mapping policy for
the uth UE which satisfies that ϖu½ �i ∈ 1, … ,Muf g, 1≤ i≤Mu, ϖ½ �i 6¼ ϖ½ �i0 , ∀i 6¼ i0. We

define Π ¼ ϖT
1 ⋯ ϖT

U

� �T a vector of size
PU

u¼1Mu � 1
� �

that contains the bit map-

ping policies of all UEs. The complex symbols of each UE are differentially encoded
and mapped in the OFDM symbol as described in (3) and transmitted to the wireless
channel using an OFDM system.

At the BS, the received signal at kth subcarrier in the nth OFDM symbol can be
described as

~yk,n ¼ Hk,nβ~xk,n þ ~wk,n, β ¼ diag
ffiffiffiffiffi
β1

p
,⋯,

ffiffiffiffiffiffi
βU

ph i� �
, (30)

where ~xk,n ¼ ~xk,n,1,⋯, ~xk,n,U½ �T, ~wk,n ¼ ~wk,n,1,⋯, ~wk,n,U½ �T, and βu represents the
ratio of the received average power of the uth UE, with 1≤ βu ≤ βmax. This ratio is
directly proportional to the combination of the large-scale channel effects and the
power control employed by each user. The design of constellations takes into account
the impact of varying βu values on the performance of each user. To prevent signifi-
cant performance differences between users, a maximum value of βmax is considered.
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Again, the phase difference of two consecutive symbols received at each antenna is
non-coherently detected as

~zk,n ¼
~yk,n�1

� �H
~yk,n

R
¼ 1

R
~xk,n�1ð ÞHβ Hn�1� �HHβ~xk,n

þ 1
R

~xk,n�1ð ÞHβ Hn�1� �H
~wk,n þ 1

R
~wk,n�1ð ÞHHk,nβ~xk,n þ 1

R
~wk,n�1ð ÞH ~wk,n,

(31)

which is a generalization of (11) to multiple UEs mapped in the constellation
domain. For a very large number of antennas, using the asymptotic property of
massive SIMO, by making use of the Law of Large Numbers, assuming that

Hk,n�1≈Hk,n, we know that 1
R Hk,n�1ð ÞHHk,n !R!∞

IU, and thus

zk,n !R!∞
ςk,n ¼

XU
u¼1

βusk,n,u ∈M, M ¼ Mj j ¼
Y
u
Mu, (32)

where the joint-symbol ςk,n is the result of superimposing the symbols sent by the
users, where M represents the joint-constellation set. Figure 4 illustrates the joint-
constellation set formed by two specific individual constellations, which are designed
using the proposed methods. We define bi,u as a Nu

b � 1
� �

vector containing the bits
for the uth UE and the ith joint-symbol according to the mapping Π. Furthermore, we

define bi ¼ bT
i,1;⋯;bT

i,U

� �T
as a

PU
u¼1N

u
b � 1

� �
vector containing all the bi,u vectors for

the ith joint-symbol of all UEs. The terms of (31) are independent, and their distribu-
tion is shown in [18]. Therefore, the conditional PDF of zk,n given the transmitted
symbols of each UE can be analytically obtained as a convolution of the PDF of each of
the terms. Assuming equiprobable joint-constellation elements, the decision of ςk,n
while receiving zk,n can be done using (32) and maximum likelihood detection as

ς̂k,n,ML ¼ argmax
ςk,n

f zk,njςk,n
� �� �

∈M: (33)

Figure 4.
Block diagram that illustrates the NC scheme in the UL for the specific scenario of U ¼ 2, where β1 ¼ β2 ¼ 1. The
diagram also shows two distinct cases of individual constellations, namely M1 and M2. These individual
constellations are designed using the proposed methods to generate a QAM joint-constellation denoted as M.
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Based on the previous analysis, in order to minimize interference among the
different elements of the joint-constellation and reduce the symbol error rate (SER) or
bit error rate (BER), it is necessary to place them strategically. However, this results in
a significant increase in the complexity of the constellation design, as the probability
density function (PDF) varies for each joint-symbol depending on the individual
constellations. Additionally, even if an optimal joint-constellation is identified, the
individual constant modulus constellations must be capable of generating that joint-
constellation while also fulfilling individual requirements, which may not be feasible.

One of the most relevant parameters to produce high performance in terms of
SER/BER is enlarging the minimum distance between the elements in the joint-

constellation. For comparison purposes, it is normalized as d̂min ¼ dmin=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPU

u¼1β
2
u

q
.

The value of this distance for the typically used constellations [16, 17] is 0.39 for Type
A, 0.6325 for Type B, 0.4142 for equally error protection (EEP) and 0.6325 for the
Monte Carlo Optimization (MCO). Type A exhibits an exponential reduction in dis-
tance as the number of users and/or constellation sizes increase. Type B, on the other
hand, is limited to DQPSK and requires specific average receive powers. The normal-
ized minimum distance (NMD) is crucial to performance, as demonstrated in [17],
and a larger NMD results in better performance. However, as the number of users U
and/or constellation sizes Mu increase, the NMD of the joint-constellation decreases,
leading to a decrease in performance. Regular M-QAM joint-constellations maximize
the NMD, which can be calculated as M� 1ð Þ=6ð Þ�1=2. Therefore, the minimum dis-
tance of any joint-constellation must satisfy 0< d̂min ≤ M� 1ð Þ=6ð Þ�1=2, with M calcu-
lated using (32). Moreover, the distribution of the received symbols around the
theoretical values in the joint-constellation depends on the individual constellations
chosen by each UE. If the phases of the individual constellation elements that make up
the joint-constellation element are similar, the interference power projected on its
direction is larger, and vice versa. The interference shapes of the joint-constellation
elements are dependent on the individual constellations, and minimizing the effect of
interference by altering the joint-constellation shape requires the use of different
individual constellations, resulting in a recursive problem in the design process.
Additionally, EEP suffers from distance reduction in the inner circle, which is inher-
ent to the constellation definition structure and can even result in a distance of 0 in
certain configurations. Consequently, the constellation design problem is mathemati-
cally intractable and cannot be solved using classical constellation design techniques.

4.2 Multi-user constellation design approaches for NC massive MIMO

Since the constellation design for the multi-user NC massive MIMO scenario
implies solving a non-tractable optimization problem, two main approaches have been
exploited in the literature, such as the “guess and try” approach and the artificial
intelligence techniques specially designed for solving non-convex optimization prob-
lems. In the case of multi-user constellations, [16, 17] proposed a small set of sub-
optimal constellations for the NC based on DMPSK, namely Type A, Type B and EEP.
Type A was designed to separate users over sub-quadrants, Type B involved separat-
ing elements through power control of the users and EEP placed the constellation
elements of each user with a certain phase shift relative to the others. In this sense,
these constellations are suboptimal since they do not maximize the probabilistic min-
imum distance in the joint-constellation and do not focus on any bit mapping policy,
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which is also critical to minimize the BER. Recently, [18] defined an optimization
problem to find the individual constellations and the bit mapping policies that give a
proper joint-constellation in terms of BER performance. This is the first constellation
design proposal for NC massive MIMO multi-user constellations that is based on
evolutionary computation algorithms (a subfield of artificial intelligence techniques)
to solve a mathematically intractable problem.

The optimization problem of finding the best individual constellations that result
in an optimal joint-constellation and bit mapping policy is mathematically intractable
and thus we utilize evolutionary computation algorithms [28] to solve them. We
propose using the MCO, where no assumptions on the joint-constellation shape are
considered and the bit-mapping policy is co-designed together with the joint-
constellation shape. MCO defines a single optimization problem capable of providing
the individual constellations and the bit mapping policy of all UEs at once. It is based
on the Monte Carlo method to numerically evaluate the performance in terms of BER
of the candidates at each iteration. The MCO optimization problem is expressed as

min
~cu, β

α1
XU
u¼1

ε½ �u þ α2
XU
u¼1

βu, where ε ¼ gM σ2w,R,Π, β, ĉ,Ns,Nr
� �

s:t: ~cu½ �iu
���

���
2
¼ 1, 0≤∠ ~cu½ �iu

� �
< 2π, u ¼ 1,⋯,U; iu ¼ 1,⋯,Mu;

1≤ βu ≤ βmax, ĉ½ � ¼ ~c1,⋯, ~cU½ �T, α1 þ α2 ¼ 1, ϖu ∈Bu,

(34)

where ε is a vector of size U � 1ð Þ that contains the BER of each UE and gM �ð Þ
denotes a function to obtain this BER for a particular set of system parameters. These
system parameters are Π which is a bit mapping policy for the individual constella-
tions, Nr and Ns are the number of iterations and the number of symbols of the Monte
Carlo simulation. This optimization problem is non-convex and NP-hard, so we pro-
pose solving it again by using numerical methods based on EC [28]. Figure 5 provides
a block diagram of the implementation of MCO, where NG is the number of genera-
tions and NP is the population size of the EC algorithm. The interested reader is
referred to [18] for more explanations of the MCO.

Figure 5.
Block diagram of the MCO.
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4.3 Proposed multi-user constellations

We provide a set of optimized constellations in ([18], Table II). While each con-
stellation has been determined for a certain R and ρ, it can be used for any values in a
realistic range. To read the table, for each scenario, there are U vectors of the form

Φ ¼ Φu
1Φ

u
2⋯Φu

Mu

h i
, where Φu

mu
is the phase in radians for the constellation element mu

of user u (1≤mu ≤Mu, 1≤ u≤U, where Mu is the constellation size of user u). A
constellation element mu of user u can be found as sumu

¼ exp jΦu
mu
. The mapping of

element mu is obtained with a decimal to the binary conversion of mu � 1.

5. Comparison among coherent, non-coherent and hybrid schemes in
massive MIMO

As mentioned before, CDS and NCDS have their benefits and limitations since
CDS is suitable for slowly varying and high SNR scenarios, while NCDS is recom-
mendable in the opposite scenarios. Comparatively, CDS can provide high throughput
to many users while the NCDS can provide a lower throughput for fewer users, but
working in scenarios where the CDS would fail. Consequently, HDS is also proposed
in [13], where it is capable of trading-off both CDS and NCDS in order to get the
benefits of each scheme, at the expense of a little increment in the channel estimation
error. Here we provide a comparison in terms of throughput between the HDS and the
CDS for different time and frequency variability. Specifically, we show the percentage
improvement in the throughput of the HDS with respect to the CDS for the different
required number of pilots in each dimension time (Np) and frequency (Kp) for 14
OFDM symbols and 12 subcarrier frequencies (Table 1).

In Figure 6a, a comparison between the coherent (CDS), non-coherent (NCDS),
superimposed training (ST, [29]) and hybrid scheme (HDS, [13]) is shown. It can be seen
that the HDS outperforms all the other alternatives in fast-varying channels for all SNR
ranges. Additionally, we compare the performance of the coherent and the NC massive
MIMO for the DL approach including spatial multiplexing proposed in [15]. This
approach blindly estimates the channel using reconstructed differential data in the uplink.
We can see that the proposed scheme (N) works better than the coherent scheme (C) in
case the coherence time nc is smaller than 2 times the TDD slot duration. In scenarios
where the coherence time is 1.5 times the DL slot duration, even with channel prediction,
the coherent scheme performs worse than the proposed scheme. This can be seen in
curves C,6,∞,cP and N,6,∞. The reason for this is that the proposed scheme is much
more robust than the coherent scheme in these situations.

Np k Kp 1 2 3 4 6 12

1 0% 0.5% 0.9% 1.4% 2.3% 5.3%

2 0% 0.9% 1.9% 2.8% 4.8% 11.5%

4 0% 1.9% 3.8% 5.9% 10.4% 27.5%

7 0% 3.4% 7.1% 11.2% 20.8% 68.7%

14 0% 7.5% 16.7% 28.1% 62.5% ∞

Table 1.
Percentage improvement of the throughput for the HDS with respect to the CDS.
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We now consider a multi-path time-varying channel and an implementation with
OFDM modulation according to the 5G new radio numerology. To obtain these
results, the coherence time is calculated as Tc ¼ 0:15f�1

D , where f D is the maximum
Doppler frequency. We also consider that the duration of an OFDM symbol is the
inverse of the separation between subcarriers Ts ¼ 1=Δf . In [13], the coherent scheme
employs channel estimation based on zero-forcing with PSAM. The results, which are
shown in Figure 6, are based on multi-path channels with a delay spread (στ < 1 μs),
resulting in a minimum coherence bandwidth of Bc≈1= 5στð Þ ¼ 200 kHz. In the NC
scheme, differential encoding is performed over the frequency domain [19], and 4 out
of 14 OFDM symbols are dedicated to reference signals for each slot, following the 5G

Figure 7.
Non-coherent (Mu ¼ 4 4½ � and βu ¼ 1 1½ �) ([18],Table II) vs. coherent scheme (2 users with regular QPSK) for
R=128, for different NCT.

Figure 6.
Throughput comparison of CDS, HDS, ST and NCDS for different constellation sizes, R ¼ 64, Kp ¼ 6 and Np ¼
7 (left) and (right) SER comparison between classical (C, dashed) and proposed (N, continuous) schemes in the
DL, labeled from left to right with the legend written as “technique (N,C), nc (4,6,40) coherence time, SNR (dB)
uplink for channel estimation” for R ¼ 100 antennas, τd ¼ 4 DL time slot, MDL ¼ 4 DL constellation size and 2
users. cP refers to the inclusion of channel prediction. (a) Throughput comparison of CDS and NCDS and (b) SER
comparison between C and NC.
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standard. Due to channel estimation overhead, the SNR (ρ) for the coherent scheme is
penalized as 10ρ=14. The NC outperforms the coherent scheme for high ρ, except for
NCT ≥ 10. Moreover, for all ρ values, the NC outperforms the coherent scheme when
NCT ≤ 5. In addition, even for large NCT, the NC outperforms the coherent counter-
part in the low ρ regime (Figures 7 and 8).

6. Conclusions

This chapter has provided a review of non-coherent massive MIMO based on
DMPSK, which leverages the advantage of using an huge number of antennas in the
BS either by not using requiring or by obtaining this CSI without transmitting any
reference signals. In the case of UL, three different mapping schemes have been
proposed for the OFDM. Additionally, a blind channel estimation using reconstructed
differentially encoded data has been also proposed. In the case of DL, two proposals
are given, one for FDD and the other for TDD. The first one corresponds to a
precoding based on either beamforming or codebook selection, while the second one
accounts for a precoding based on the channel estimated in the UL. Additionally, we
have indicated how the multi-user version of the NC massive MIMO based on DMPSK
can be implemented via constellation design. Lastly, a comparison of the coherent,
non-coherent and hybrid schemes in terms of performance is provided to demonstrate
that the NC alternative is better for the scenarios with a high variability in time and/or
frequency, with a low SNR and with many users.

Moreover, it has been observed that the performance of NCDS is highly dependent
on the spatial separation of the multiplexed UEs, whether in terms of constellation or
space. Hence, scheduling algorithms that optimize a specific performance metric
while considering this factor are crucial. While NCDS outperforms CDS in dynamic
channel scenarios with moderate SNR and a large number of users, it becomes less
advantageous in quasi-static channels, high SNR, or a small number of users. There-
fore, hybrid schemes that combine both paradigms, such as the one proposed in [13],
are recommended for such scenarios.

Furthermore, the integration of sensing with communication is one of the main
goals of 6G mobile communications [3]. In these systems, efficient CSI exploitation

Figure 8.
CDS, NCDS or HDS depending on channel variability as in Figure 2. Image taken from [13].
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under various scenarios will be crucial, and hence, the use of non-coherent techniques
to create hybrid systems is expected to be an interesting alternative to increase overall
system efficiency. In conclusion, we anticipate that this review of NCDS characteris-
tics, implementation feasibility and performance will inspire new research and
advancements in this field.
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Abbreviations

5G fifth generation
6G sixth generation
AWGN additive white Gaussian noise
BER bit error rate
BS base station
CP cyclic prefix
CSI channel state information
CSI-RS channel state information-reference signals
DL downlink
DMPSK differential M-ary phase shift keying
DSP digital signal processing
EEP equally error protection
ETN Educational and Training Network
HDS hybrid demodulation scheme
ISI inter-symbol interference
IDFT inverse discrete Fourier transform
ICI inter-carrier interference
IoT Internet of Things
LS least squares
MCO Monte Carlo Optimization
MIMO multiple-input multiple-output
MMSE minimum mean squared error
mMTC massive machine type communications
MRT maximum ratio transmission
NCDS non-coherent demodulation scheme
OFDM orthogonal frequency division multiplexing
PSAM pilot symbol assisted modulation
SER symbol error rate
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SINR signal-to-noise and interference ratio
SNR signal-to-noise ratio
SS synchronization signals
ST superimposed training
TDD time division duplexing
UAV unmanned aerial vehicles
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UE user equipment
UL uplink
ZF zero forcing
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Chapter 6

Spatial Multiplexing for
MIMO/Massive MIMO
Haonan Wang and Ang Li

Abstract

In this chapter, we will discuss how to achieve spatial multiplexing in multiple-
input multiple-output (MIMO) communications through precoding design, for both
traditional small-scale MIMO systems and massive MIMO systems. The mathematical
description for MIMO communications will first be introduced, based on which we
discuss both block-level precoding and the emerging symbol-level precoding tech-
niques. We begin with simple and closed-form block-level precoders such as maxi-
mum ratio transmission (MRT), zero-forcing (ZF), and regularized ZF (RZF),
followed by the classic symbol-level precoding schemes such as Tomlinson-Harashima
precoder (THP) and vector perturbation (VP) precoder. Subsequently, we introduce
optimization-based precoding solutions, including power minimization, SINR
balancing, symbol-level interference exploitation, etc. We extend our discussion to
massive MIMO systems and particularly focus on precoding designs for hardware-
efficient massive MIMO systems, such as hybrid analog-digital precoding, low-bit
precoding, nonlinearity-aware precoding, etc.

Keywords: MIMO, massive MIMO, spatial multiplexing, precoding, beamforming

1. Introduction

In recent years, the demand for high-speed wireless communication has grown
exponentially, driven by the proliferation of smart devices, the Internet of Things
(IoT), and the increasing need for reliable and efficient data transmission [1]. To meet
these demands, multiple-input multiple-output (MIMO) technology has emerged as a
promising solution, offering significant improvements in spectral efficiency, capacity,
and reliability. In this chapter, we will explore the concept of spatial multiplexing in
MIMO communications, focusing on precoding design for both traditional small-scale
MIMO systems and massive MIMO systems.

MIMO communication systems employ multiple antennas at both the transmitter
and receiver ends to exploit the spatial domain, enabling the simultaneous transmis-
sion of multiple data streams over the same frequency band [2]. This spatial
multiplexing capability is the key factor in achieving the high data rates and improved
link reliability that MIMO systems offer. Precoding is a crucial technique in MIMO
communications, as it allows the transmitter to pre-process the signals before
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transmission, effectively mitigating inter-stream interference and optimizing the
received signal quality. We will begin our discussion with a mathematical description
of MIMO communications, providing a solid foundation for understanding the prin-
ciples and techniques involved in precoding design. Based on this mathematical
framework, we will dive deep into both block-level precoding and the emerging
symbol-level precoding technique.

Block-level precoding techniques, such as maximum ratio transmission (MRT),
zero-forcing (ZF), and regularized ZF (RZF), offer simple and closed-form
solutions for mitigating inter-stream interference. These methods have been
widely adopted in small-scale MIMO systems due to their ease of implementation
and relatively low computational complexity. We will also discuss classic
symbol-level precoding schemes, including the Tomlinson-Harashima precoder
(THP) and vector perturbation (VP) precoder, which offer improved performance by
exploiting the inherent structure of the transmitted symbols. As we move beyond
these basic precoding techniques, we will introduce optimization-based precoding
solutions that aim to further enhance the performance of MIMO systems. These
approaches include power minimization, SINR balancing, and symbol-level interfer-
ence exploitation, among others. By optimizing various performance metrics, these
advanced precoding techniques can achieve significant gains in spectral efficiency and
link reliability.

In the latter part of the chapter, we will extend our discussion to massive MIMO
systems, which employ a large number of antennas at the transmitter and receiver to
achieve even greater spatial multiplexing gains. While the basic principles of
precoding design remain applicable to massive MIMO systems, the increased scale and
complexity of these systems introduce new challenges and opportunities for
precoding optimization. In particular, we will focus on precoding designs for
hardware-efficient massive MIMO systems, such as hybrid analog-digital precoding,
low-bit precoding, and nonlinearity-aware precoding. These techniques aim to
address the practical limitations of massive MIMO systems, including hardware con-
straints, power consumption, and implementation complexity, while still achieving
desired performance gains.

In conclusion, this chapter will provide a comprehensive overview of spatial
multiplexing in MIMO communications, with a focus on precoding design for both
small-scale and massive MIMO systems. By exploring a wide range of precoding
techniques, from simple closed-form solutions to advanced optimization-based
approaches, we aim to offer the reader a deep understanding of the principles and
methods involved in achieving high-performance MIMO communications.

2. Body of the manuscript

In Section 3, we will provide an introduction to the MIMO communication system,
which will include a mathematical description of the MIMO system, performance
metrics of MIMO communications, and emerging massive MIMO techniques. In Sec-
tion 4, we will explain traditional precoding design, which will include preliminaries
on precoding and classical precoding schemes. Subsequently, in Section 5, we will
discuss optimization-based precoding to demonstrate the use of convex optimization
in precoding design. Finally, in recognition of the wide application of massive MIMO,
Section 6 will introduce hardware-efficient precoding as a means of achieving a
favorable balance between communication performance and power consumption.
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3. MIMO communication systems

Due to the increasing demand for higher data rates and reliability for wireless
networks, MIMO techniques have appeared and received extensive research attention.
To support spatial multiplexing, parallel data streams can be transmitted simulta-
neously with multiple antennas deployed at the BS. To improve reliability, space-time
coding techniques can be employed by sending copies of the same information across
the antenna array. In this section, we present an overview of the fundamental con-
cepts of multi-antenna technology, which serves as a foundation for the subsequent
discussion on precoding. Given that spatial multiplexing is the primary focus of this
chapter, our attention is primarily directed toward multi-user multi-input single-
output (MU-MISO) systems.

3.1 Mathematical description for MIMO communications

In a wireless multi-user MISO (MU-MISO) system, as depicted in Figure 1, the
data symbol vector is denoted as s, and one BS with Nt antennas transmits wireless
signals to K single-antenna receivers. Mathematically, the signal vector at the receiver
can be expressed as.where hi,j denotes the complex channel gain between the i-th
receiver and the j-th transmit antenna, xj denotes the transmit signal on the j-th
transmit antenna, yi denotes the received signal of the j-th receiver, and ni denotes the
additive Gaussian noise corresponding to the i-th receiver. Based on that, the k-th
user’s received signal can be expressed as

y1
y2
⋮
yK

2
6664

3
7775 ¼

h1,1 h1,2 ⋯ h1,Nt

h2,1 h2,2 ⋯ h2,Nt

⋮ ⋮ ⋱ ⋮
hK,1 hK,2 ⋯ hK,Nt

2
6664

3
7775

x1
x2
⋮
xNt

2
6664

3
7775 þ

n1
n2
⋮
nK

2
6664

3
7775, (1)

yk ¼ hT
kxþ nk, (2)

where yk denotes the k-th user’s received signal, hk ∈Nt�1 denotes the k-th user’s
channel vector, x∈Nt�1 denotes the transmit signal vector, and nk denotes the
additive noise vector which follows the complex Gaussian distribution ℂℕ 0, σ2kI

� �
with the zero mean and σ2k noise power. The combining process is eliminated at the
receiver side, for the single-antenna configuration. Based on (2), the transmission
process in MU-MISO can be reorganized into a matrix form, as shown below:

y ¼ Hxþ n, (3)

Figure 1.
A block diagram of MU-MISO systems.
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with y ¼ y1, y2, … , yK
� �T,H ¼ h1,h2, … ,hK½ �T, and n ¼ n1, n2, … , nK½ �T.

To mitigate the detrimental impact of channel fading, the transmitter performs
precoding on the symbol vector to obtain the transmitted signal, expressed as x ¼ Ws:
Precoding is achieved using a matrix W∈Nt�K : The design of the precoding matrix
W is the crucial signal processing procedure in MIMO downlink transmission, as it
enables each receiver to achieve a received signal yk that closely approximates the
original symbol sk.

3.2 Performance metrics for MIMO communications

In order to measure the communication performance of MIMO systems, bit error
rate (BER) and channel capacity are the two performance metrics that are usually
employed, as explained below.

3.2.1 BER

Bit Error Rate (BER) refers to the proportion of erroneously transmitted bits to the
total number of transmitted bits during the transmission process and is the most
commonly used performance metric to evaluate the reliability of digital communica-
tion systems. Its mathematical definition can be given as

Pb ¼ Ne

Nb
, (4)

where Ne denotes the erroneous transmitted bits, and Nb denotes the total trans-
mitted bits.

3.2.2 Channel capacity

The channel capacity represents the maximum rate of information transmission
that can be sustained by a communication system when the bit error rate approaches
zero. Its mathematical definition is given as the maximum mutual information
between the input and output signals of the channel, which represents the extent to
which the received signal preserves information about the transmitted signal after the
channel. More specifically, the channel capacity is determined by identifying the
input distribution that maximizes the mutual information, subject to the constraints
of the channel’s physical properties and the power limitations of the system. There-
fore, it serves as a fundamental limit on the data transmission rate and is a crucial
performance metric for evaluating the effectiveness of communication systems. The
definition of channel capacity can be expressed as

C ¼ max I input; outputð Þ, (5)

where C denotes the channel capacity, and I (x; y) denotes the mutual information
between x and y. For SISO systems, when both the transmitter and receiver have
perfect Channel State Information (CSI), the channel capacity can be obtained as

C ¼ B log 2 1þ γð Þ, (6)
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where B denotes the system bandwidth, and γ denotes the receive SNR. The
physical interpretation of (8) has been discussed in ref. [2].

In the context of MIMO systems, it is feasible to decompose the channel into a sum
of multiple SISO channels via singular value decomposition (SVD) [2]. Subsequently,
utilizing “water-filling” power allocation strategy [2], it is possible to harness the full
potential of the system and achieve channel capacity. In an ideal scenario where both
the transmitter and receiver possess perfect CSI, the channel capacity of an Nr �Nt
MIMO channel can be captured precisely using the following equation:

C ¼ log 2 det INr þ
ρ

Nr
HHH

� �
, (7)

where ρ denotes the transmit SNR.

3.3 Massive MIMO

As mobile communication technologies continue to evolve, wireless network
capacity and communication quality have become increasingly critical. Traditional
wireless communication systems face limitations that prevent them from satisfying
the modern industry’s demands for high-speed, high-capacity, and high-quality com-
munication. Massive MIMO technology has emerged as a promising solution to these
challenges.

Massive MIMO is an extension of conventional MIMO technology [3, 4]. In con-
trast to the typical tens-of-antenna configuration in traditional MIMO systems for
signal transmission and reception, Massive MIMO employs significantly more anten-
nas, for example, hundreds or even thousands of antennas.

Massive MIMO technology enjoys wide applications in various fields of wireless
communications, such as 5G and IoT [5]. It has several notable features: channel
hardening, favorable propagation, power concentration, capacity enhancement,
interference reduction, and spectral efficiency improvement. In particular, channel
hardening refers to the property that as the antenna array size increases, the relative
fluctuations of channel coefficients decrease [5]. Although randomness still exists, its
impact on communication approximates that of non-fading channels. Favorable
propagation is a phenomenon in which the channels of different users become nearly
orthogonal in the spatial domain as the number of antennas at the base station
increases significantly. This leads to a substantial reduction in inter-user interference
and further improved spectral efficiency, making massive MIMO a promising tech-
nology for future wireless communication systems. Power concentration refers to
Massive MIMO’s ability to focus transmitted power more efficiently through finer
beamforming techniques, especially for millimeter-wave communication where
channel gain drops off precipitously with distance [6]. Capacity enhancement is
achieved by processing more data streams than traditional MIMO systems, leading to
improved network capacity. Interference reduction is accomplished through spatial
multiplexing and beamforming, which minimize inter-signal interference and
enhance signal quality and reliability. Last, spectral efficiency improvement results
from more efficient utilization of bandwidth resources, which enhances data trans-
mission speeds.

However, Massive MIMO technology still faces certain challenges in engineering
applications, such as high power consumption [7] and hardware costs. To be more
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specific, traditional MIMO systems equip each antenna with radio frequency (RF)
chains and high-resolution digital-to-analog converters (DACs), causing significant
power loss when the antenna array is large. In such a scenario, the advanced signal
processing mechanisms required to handle a large number of antennas for signal
transmission and reception are generally more complex, necessitating much more
energy consumption than traditional wireless communication systems. From this
perspective, hardware-efficient precoding techniques hold significant research value
and promising application prospects.

4. Traditional precoding

In this section, we will introduce traditional precoding to discuss its working
mechanism and design principle. Preliminaries will be first introduced, as the basis of
further discussion. Based on that, we mainly introduce the linear block-level
precoding schemes with closed-form solutions, including MRT, ZF, and RZF. After
that, the traditional non-linear symbol-level precoding will be discussed, including
THP and VP.

4.1 Preliminaries on precoding

First, we will introduce the preliminaries of the precoding process in the downlink
MIMO system, as the basis of further discussion.

Without loss of generality, we mainly consider a downlink MU-MISO system,
where K single-antenna users are served by a common base station with Nt transmit
antennas at the same time. Considering that users are generally separated spatially,
based on CSI, the BS needs to employ signal processing techniques before transmis-
sion such that the destructive effect of channel fading and inter-user interference can
be eliminated as much as possible. This is the initial motivation for precoding. Math-
ematically, the precoding process can be expressed as

x ¼
XK

k¼1

wksk ¼ Ws, (8)

where wk ∈Nt�1 denotes the k-th user’s precoding vector and sk is the k-th
user’s data symbol, which is drawn from a specific modulation constellation. Based on
that, with the general precoding matrix W ¼ w1,w2, … ,wK½ �∈Nt�K and date sym-
bol vector s ¼ s1, s2, … , sK½ �T ∈K�1, the received signal for the k-th user can be
expressed as

yk ¼ hT
kxþ nk ¼ hT

kWsþ nk, (9)

where yk is the received signal for the k-th user, hk ∈Nt�1 is the complex channel
vector between the BS and the k-th user, and nk � ℂℕ 0, σ2ð Þ is the additive Gaussian
noise with zero mean and σ2 noise power. Based on that, the transmission process can
be given as

y ¼ HWsþ n, (10)
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where y∈K�1 denotes the received signal vector, H∈K�Nt denotes the channel
matrix, and n∈K�1 denotes the additive noise vector.

In traditional communication systems, the presence of interference can signifi-
cantly degrade the quality of the received signal. This is particularly true in multi-user
systems, where signals for different users are superimposed over the spatial channel.
In such scenarios, the transmitted signals from different users can interfere with each
other, leading to reduced signal quality at the receiver.

The insight of precoding is to design the precoding matrix W such that the
received signal y can approach the data symbol vector s as much as possible. In the
following subsections, we will introduce linear closed-form block-level precoding,
which is a classical type of precoding.

4.2 Linear closed-form precoding

The classical linear block-level precoding schemes have been widely used in prac-
tical engineering systems since they can ensure satisfactory communication perfor-
mance with low computational complexity. In this subsection, we will mainly discuss
the specific linear closed-form precoding, including MRT, ZF, and RZF, to show the
principle of precoding design and the physical mechanism of the precoding effect.

Specifically, the precoding matrix of MRT can be given as [4].

WMRT ¼ 1
fMRT

�HH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P0

tr HHH� �
s

HH, (11)

where fMRT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr HHHf g

P0

r
denotes the normalization factor to ensure the satisfaction

of the transmit power constraint, and P0 denotes the total transmit power. Consider-
ing that MRT can maximize the signal gain at the intended user, its performance is
promising in noise-limited scenarios (low SNR regimes or large-scale MIMO scenar-
ios), while its performance is limited in interference-limited scenarios.

Zero-Forcing (ZF) precoding is another classical precoding method that has been
extensively used in practical applications [8]. By employing a Moore-Penrose inverse
of the channel matrix H as the precoding matrix, ZF precoding can create an ideal
environment where each user’s effective channel is orthogonal with each other. Based
on that, inter-user interference can be eliminated as much as possible. The ZF
precoding matrix can be expressed as

WZF ¼ 1
f ZF

�HH HHH� ��1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P0

tr HHH� ��1
n o

vuut HH HHH� ��1
,Nt ≥K, (12)

where f ZF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr HHHð Þ�1
� �

P0

r
denotes the normalization factor for ZF precoding. ZF

precoding is shown to achieve improved performance over MRT in the high SNR
regime. The main idea of ZF precoding is to create orthogonal effective channels
among all the users to fully eliminate inter-user interference. For its low computa-
tional complexity, ZF precoding has been widely used in practical engineering sys-
tems. However, the noise amplification effect limits its performance, especially in low
SNR regions, which has been improved by RZF precoding.
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By introducing a regularization factor to handle the noise amplification effect, the
RZF precoding can further improve the performance of ZF precoding [9]. The RZF
precoding matrix can be given by

WRZF ¼ 1
f RZF

�HH HHH þ α � I� ��1

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P0

tr HHH þ α � I� ��1HHH HHH þ α � I� ��1
n o

vuut HH HHH þ α � I� ��1
,

(13)

where f RZF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr HHHþα�Ið Þ�1

HHH HHHþα�Ið Þ�1
� �

P0

r
denotes the normalization factor for

RZF precoding, and α denotes the regularization factor whose optimal value is
α ∗ ¼ Kσ2.

4.3 Non-linear symbol-level precoding

Compared with linear precoding, non-linear precoding can achieve better perfor-
mance by employing more sophisticated precoding techniques, at the cost of relatively
high computational complexity. Generally speaking, based on CSI and the data sym-
bol, non-linear precoding manipulates signal at the symbol level, which leads to a
better communication performance but higher processing complexity. The transmit-
ted signal of non-linear precoding is no longer a linearly weighted combination of
symbol vectors. In this subsection, we will introduce classical non-linear precoding
schemes to show their working mechanism.

Dirty Paper Coding (DPC) is able to reduce the destructive effect of inter-user
interference and further achieve channel capacity in MIMO systems [10]. However,
assuming perfect CSI and that interference information can be obtained at the trans-
mitter, the capacity-achieving DPC requires an infinite-length coding and a high-
complexity searching algorithm, which limits its application in practical systems.

Considering the high complexity of DPC, Tomlinson-Harashima Precoding
(THP) has been proposed as an alternating near-capacity scheme whose computa-
tional complexity is relatively acceptable in practice. The basic idea of THP is to pre-
distort the symbols before they are transmitted over the communication channel [11].
This pre-distortion is achieved by adding a feedback loop to the transmitting system,
which modifies the symbols based on the previous symbols that have been transmit-
ted. The feedback loop effectively cancels out the distortion introduced by the com-
munication channel, leading to a higher quality and more reliable signal at the
receiver. Figure 2 shows the architecture of the THP precoding system.

Specifically, THP first decomposes the channel matrix into

H ¼ LFH, (14)

with a lower-triangle matrix L and a unitary matrix F. Based on that, the trans-
mitted signal vector x for THP can be further expressed as

xTHP ¼ F~xTHP, (15)
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where ~x can be obtained by

~xTHP½ �k ¼ modτ sk �
Xk�1

l¼1

B½ �k,l ~xTHP½ �l
( )

, ∀k∈ 1, 2,⋯,Kf g: (16)

modτ xf g denotes a complex modulo function, given by

modτ xf g ¼ ℜ xð Þ � τ � ⌊ℜ xð Þ þ τ=2
τ

⌋

� �
þ j ℑ xð Þ � τ � ⌊ℑ xð Þ þ τ=2

τ
⌋

� �
, (17)

where τ denotes the modulo basis and ⌊�⌋ denotes the floor approximating func-
tion. Based on the analysis above, the effective THP channel can be expressed as

B ¼ GHF, (18)

where G is a diagonal matrix that contains the complex scaling gain
corresponding to each user, which is actually the inverse of the corresponding
diagonal entry in L, i.e.,

gk ¼ G½ �k,k ¼
1

L½ �k,k
: (19)

At the receiver side, the scaling compensation operation and the modulo operation
are also required prior to the demodulation.

Considering that the performance of ZF precoding is mainly limited by its noise
amplification effect, the Vector- Perturbation (VP) precoding [12] has been pro-
posed as an improvement [12]. Based on the ZF precoding, VP precoding introduces a
perturbation vector to the symbol vector, resulting in a transmitted signal that aligns
better with the main eigenvector direction of the channel inverse matrix. This reduces
the noise amplification factor and further lowers the noise amplification effect of ZF.
Therefore, compared to ZF, VP can achieve significant performance gains. To be more
specific, the VP precoding process can be expressed as

xVP ¼ 1
fVP

�HH HHH� ��1
sþ τ � lð Þ, (20)

where τ ¼ 2 cj jmax þ Δ denotes the modulo basis corresponding to the modulation
level, cj jmax denotes the modulus value of the maximum amplitude modulation

Figure 2.
The geometrical representation of THP.
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constellation point, and Δ is the minimum distance among the constellation points.
l∈ℂℤK�1 denotes the complex integer perturbation vector, given as

l ¼ argmin
l∈ℂℤK�1

HH HHH� ��1
sþ τ � lð Þ

���
���
2

2
, (21)

which can be obtained by the sphere decoder. Based on that, the normalization
factor of VP precoding can be obtained by

yk ¼
1
fVP

� hkxVP þ nk ¼ 1
fVP

sk þ τlkð Þ þ nk, (22)

where lk denotes the k-th element of the perturbation vector l. In order to elimi-
nate the perturbation component τlk at the receiver side, the receiver needs to accom-
plish the module operation after the power compensation, as shown below:

rk ¼ modτ fVPyk
� �

¼ modτ sk þ τlk þ fVPnk

n o

¼ sk þ fVPn̂k,

(23)

where n̂k denotes the effective noise of the k-th user.

5. Optimization-based precoding

With the deepening of research on precoding technology, an increasing number of
mathematical tools, such as convex optimization, have been introduced into the
precoding design process to improve precoding performance as much as possible. In
addition, optimization-based precoding can flexibly serve various communication
targets, and therefore has a wide range of applications in practical engineering
systems.

5.1 Block-level precoding

5.1.1 Preliminary

Based on the analysis above, due to the linear relationship between the transmitted
signal vector x, the symbol vector s, and the precoding matrixW, the transmitted signal
x can be regarded as a linear weighted combination of the precoding matrixW, where
the weighting coefficients are given by the symbol vector s. Therefore, the wireless
transmission process of (7) and (8) can be reformulated in the following form:

yk ¼ hk

XK
i¼1

wisi þ nk ¼ hkwksk þ hk

XK

i6¼k

wisi þ nk, (24)

where the first component denotes the expected received signal of the k-th user,
the second component denotes the interference, and the third component denotes the
additive noise. Based on that, the received SINR of the k-th user can be given as
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γk ¼
hkwkj j2PK

i 6¼k hkwij j2 þ σ2
: (25)

Based on the analysis above, there are two main schemes for optimization-based
block-level precoding, as discussed in the following.

5.1.2 Power minimization (PM) scheme

Power minimization precoding, also known as minimum power beamforming1,
is a technique used to minimize the total transmitted power subject to a set of
quality of service (QoS) constraints. The goal of this technique is to transmit the signal
with the minimum possible power while ensuring that the received signal quality
meets the desired level. This technique is particularly useful in situations where power
consumption is a critical issue or in large-scale MIMO systems where the number of
antennas is much larger than the number of users.

The PM design problem can be formulated as below [13]:

P1 : min
wi

XK
i¼1

wik k2F

s:t:
hkwkj j2PK

i 6¼k hkwij j2 þ σ2
≥Γk,∀k∈ 1, 2,⋯,Kf g

(26)

where Γk denotes the SINR threshold for the k-th user. It is proved that P1 is
convex which can be solved via convex optimization algorithms efficiently. In addi-
tion to conventional convex optimization algorithms, literature has revealed an
uplink-downlink duality in ref. [14], which has led to the development of an efficient
iterative algorithm for solving downlink precoding optimization. Meanwhile, after
transforming PM optimization into a semi-definite programming (SDP) problem, the
semi-definite relaxation (SDR) approach [15–17] can be used to design the precoding
matrix efficiently.

5.1.3 SINR balancing (SB) scheme

SINR balancing precoding is a technique used to balance the signal-to--
interference-plus-noise ratio (SINR) across all users in a multi-user system. The goal
of this technique is to allocate the transmit power among the users such that each user
experiences an equal SINR. This technique is particularly useful in situations where
there are multiple users with different channel conditions, as it ensures that each user
receives an equal quality of service. To be more specific, the SB design problem can be
formulated as below [18]:

1

It is noted that in this chapter the term ‘beamforming’ and ‘precoding’ are interchangeable.
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P2 : maxwi min kγk

s:t: γk ¼
hkwkj j2PK

i 6¼k hkwij j2 þ σ2
,∀k∈ 1, 2,⋯,Kf g

XK

i¼1
wik k2F ≤P0

(27)

where P0 is the maximum transmit power. Unlike the PM design problem, P2 is
non-convex, which brings difficulties to the optimal precoding design. However, SB
precoding can be efficiently designed through the bisection search method in ref. [16],
or via an iterative algorithm in [14].

5.2 Symbol-level precoding

Block-level precoding is a precoding design based on CSI and is generally inde-
pendent of the transmitted symbols. These algorithms tend to eliminate inter-user
interference. In recent years, symbol-level precoding has received increasing attention
[19]. Compared with block-level precoding, symbol-level precoding accomplishes
precoding design based on both CSI and transmitted symbols, which gives it the
ability to manipulate interference vectors more wisely compared with block-level
precoding. With symbol-level precoding, the system can manage and utilize inter-user
interference, which offers an additional power gain to improve system performance.
In this subsection, we first introduce the concept of constructive interference (CI) to
reveal the main idea of interference exploitation and then discuss the design problem
of symbol-level precoding in different scenarios.

5.2.1 Concept for interference exploitation

Interference is commonly considered a factor that limits performance in wireless
communication systems. It arises due to the superimposition of transmit signals for
different users in the wireless channel during multi-user transmission. Precoding
strategies capitalize on the availability of CSI at the base station, along with data
symbol information, to predict interference before transmission. Information theory
analysis reveals that known interference will not affect the broadcast channel’s capac-
ity when CSI is available at the transmitter. However, most existing linear precoding
schemes aim to eliminate, avoid or limit interference, and operate on a block level.
Recent studies suggest that constructive interference (CI) precoding via Symbol-Level
Precoding (SLP) can control both the power and direction of interfering signals,
allowing interference to contribute to error-less signal detection and improve system
performance [20]. Interference exploitation techniques are most useful in systems
where interference can be predicted. In this subsection, we will give an illustrative
example to demonstrate the division of instantaneous interference into CI and
destructive interference (DI) [20].

Let us consider a scenario where the desired symbol u is from a nominal BPSK
constellation, with the assumption that u ¼ 1. We use i to denote the interfering signal
and discuss two cases: (i) i>0 and (ii) i<0.

In the first case, when i>0, as shown in Figure 3(a), the received signal can be
expressed as ~y ¼ huuþ ~hiiþ n ¼ ~rþ n, where ~r represents the received signal exclud-
ing noise, and n denotes the additive noise at the receiver side. Figure 3(a) shows that
ProjO~E ~rð Þ>ProjO~E huuð Þ, which means that the interference has pushed r further away
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from the detection threshold of BPSK when compared to the original data symbol u.
Here Projd xð Þ denotes the projection of vector x on the direction of d. In this situa-
tion, the interfering signal is actually constructive and contributes to the useful signal
power. Given a fixed noise power, ~y ¼ ~rþ n is more likely to be detected correctly
than the interference-free case y0 ¼ huuþ n: Thus, we can expect improved perfor-
mance.

On the other hand, in the second case, when i<0, as shown in Figure 3(b), the
interfering signal causes the received signal r to move closer to the detection thresh-
old. In this case, the interfering signal reduces the useful signal power and is therefore
destructive. The noiseless received signal r ¼ huuþ hii is more susceptible to noise
than r0 ¼ u in this scenario.

In summary, symbol-level precoding offers more precise interference management
and control, with the added benefit of improved performance through beneficial
interference. This makes it a better communication performance option compared to
traditional block-level precoding. Next, we will introduce the design principles of
symbol-level precoding by discussing classical CI-SLP precoding methods.

5.2.2 Phase rotation metric

As depicted in Figure 4, CI-SLP is a technique that manipulates inter-user inter-
ference to ensure that the noise-free receive signal falls within the constructive region.

Figure 3.
The geometrical representation of CI and DI.

Figure 4.
CI-SLP, ‘phase-rotation’ metric, 8-PSK.
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The SLP matrix W is designed to maximize the distance between the worst user’s
constructive region and the detection threshold, thereby improving the transmission
performance. Masouros [21] first proposed the “phase rotation” metric for PSK mod-
ulated systems. Based on this metric, the noise-free receive signal can be expressed as
follows [22]:

O
!
A ¼ hT

kWs ¼ λksk: (28)

The constructive factor λk quantifies the constructive effect of interference exploi-
tation for that user. Based on this factor, the constructive region can be described as
follows:

θAB ≤ θt ) tan θAB ≤ tan θt

) j � λIk sk
�� ��

λℛk �
ffiffiffiffiffiffiffiffiffiffi
Γkσ2

ph i
sk

���
���
≤ tan θt

) λℛk �
ffiffiffiffiffiffiffiffiffiffi
Γkσ2

ph i
tan θt ≥ λIk

�� ��

(29)

According to the transmit power minimization criterion, the CI-SLP design
problem is shown below

P3 : min
w

∥Ws∥2F
s:t:hkWs ¼ λksk,∀k∈ 1, 2,⋯,Kf g

λℛk �
ffiffiffiffiffiffiffiffiffiffi
Γkσ2

ph i
tan θt ≥ ΓI

k

�� ��,∀k∈ 1, 2,⋯,Kf g,
(30)

where ΓI
k denotes the Quality of Serves (QoS) threshold of the k-th user.

The convexity of P3 can be proven, similar to the traditional PM problem, enabling
the use of several convex optimization algorithms to solve this problem conveniently.
Similarly, the CI-SLP design problem based on the SB criterion can be formulated as

P4 : maxW,tt
s:t: hkWs ¼ λksk,∀k∈ 1, 2,⋯,Kf g

λℛk � t
� �

tan θt ≥ λIk
�� ��, ∀k∈ 1, 2,⋯,Kf g

∥Ws∥2F ≤P0:

(31)

It is worth noting that the convexity of the equation shown above can also be
proven, which distinguishes it from the traditional SB problem and renders it more
mathematically tractable.

5.2.3 Symbol scaling metric

In QAM modulation, the interference exploitation is conditional, unlike PSK mod-
ulation. The constellation signal points of QAM modulation can be classified into four
groups based on their interference exploitation characteristics, as shown in Figure 5.
Group A’ represents signal points that do not exploit any interference, while Group B0

and Group C0 represent signal points that exploit interference in the real and
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imaginary parts, respectively. Group D0 represents signal points that exploit interfer-
ence in both the real and imaginary parts, resulting in full interference exploitation.

The interference exploitation procedure via the “symbol-scaling” [23] metric and
decomposition of the noiseless receive signal of the k-th user can be described as
follows:

hT
kWs ¼ αT

k sk, (32)

where

αk ¼ αAk , α
ℬ
k

� �T
, sk ¼ sAk , s

ℬ
k

� �T
(33)

with

sAk ¼ ℜ skð Þ, sℬk ¼ ℑ skð Þ, k ¼ 1, 2, … ,K: (34)

Based on that, the CI-SLP design problem in QAM-modulated systems can be
described as follows

P5 : maxW,Ωk,t t

s:t: hT
kWs ¼ αT

k sk,∀k∈K

t≤ αOm,∀α
O
m ∈O

t ¼ αIn ,∀α
I
n ∈ I

∥Ws∥22 ≤ p0:

(35)

The set O comprises the indices of successful interference exploitation
corresponding to the real part of the symbol in group B0, the imaginary part of the
symbol in group C0, and both the real and imaginary parts of the symbol in group D0.
Conversely, the set I comprises the indices of unsuccessful interference exploitation
corresponding to the imaginary part of the symbol in group B0, the real part of the

Figure 5.
CI-SLP, ‘symbol-scaling’ metric, 16-QAM.
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symbol in group C0, and both the real and imaginary parts of the symbol in group A’. It
follows that O and I satisfy the following relationship:

O∪I ¼ K,O∩I ¼ ∅,

card Of g þ card If g ¼ 2K:
(36)

The definitions of the sets O and I reveal the difference between the phase
rotation criterion and the symbol scaling criterion. The former exploits interference
unconditionally, i.e., all constellation points participate in interference exploitation,
while the latter exploits interference conditionally. For QAM modulation systems, the
inner constellation points do not participate in interference exploitation, and benefi-
cial interference only results in performance gains for the outer constellation points.
This difference arises from the inherent properties of QAM and PSK modulation
schemes. In PSK modulation, the amplitude of the constellation points does not carry
any information, and therefore, any constellation point can be exploited for interfer-
ence without adversely affecting the detection of other constellation points. However,
for the inner constellation points in QAM modulation, interference vectors that push
the noiseless receive signal points in any direction will adversely affect the error
decision of other constellation points. It is worth noting that these two design criteria
only differ in their description of the interference exploitation process and are essen-
tially equivalent. Li et al. [23] has proven that under PSK modulation, the symbol
scaling criterion and the phase rotation criterion are equivalent, as depicted in
Figure 4, where the symbol-scaling metric is also applicable. Therefore, the symbol
scaling criterion is more universal in this sense.

6. Hardware-efficient precoding

The use of technologies such as General Artificial Intelligence (AI), has led to a
surge in users’ demand for mobile data traffic. One way to address this issue is to
utilize massive MIMO systems, which employ a large number of antennas at the
base station to improve data rate and link reliability. This approach allows signals to
be dynamically adjusted in both horizontal and vertical directions, reducing
interference between small areas and enabling more accurate pointing toward specific
users. However, directly applying Massive MIMO technology to traditional commu-
nication system architectures can result in new problems [3]. To be more specific,
traditional MIMO systems equip each antenna with RF chains and high-resolution
DACs, causing significant power loss when the antenna array is large. To solve this
issue, there are three general approaches: reducing the number of RF chains,
lowering the resolution of the DACs, or employing power-efficient nonlinear
power amplifiers. However, these hardware-efficient architectures introduce new
challenges to precoding designs, which will be explained in more detail in the
following.

6.1 Hybrid analog-digital (HAD) precoding

Fully-digital precoders can be used in traditional sub-6 GHz bands, but for milli-
meter wave (mmWave) communications, the cost and power consumption of hard-
ware components make this approach impractical. To solve this issue, researchers
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have developed the hybrid analog-digital structure, which provides a promising trade-
off between the cost, complexity, and capacity of the mmWave network. This struc-
ture reduces hardware complexity and power consumption by reducing the total
number of RF chains. Specifically, the mmWave transceivers first process data
streams with a low-dimension digital precoder, followed by high-dimension analog
precoding using low-cost phase shifters, switches [24], or lens [25]. While the
performance of the hybrid precoder is usually inferior to that of a fully-digital
precoder, it offers a cost-efficient and energy-efficient solution for mmWave
communication.

In an MU-MIMO system illustrated in Figure 6, Nt transmit antennas are utilized
by the BS to serve K single-antenna users simultaneously. The transmitter has Nt

RF RF
chains, where Nt

RF ≪Nt. In this subsection, we use phase shifter-based hybrid archi-
tecture as an illustrative example, without loss of generality.

Based on that, the transmit symbol vector x can be expressed as

x ¼ FRFFBBs, (37)

where FRF ∈Nt
RF�Nt

denotes the hybrid precoding matrix, FBB ∈K�Nt
RF
denotes

the digital baseband precoding matrix, and s∈K�1 denotes the data symbol vector
with  ssH

� � ¼ 1
K IK, respectively. Considering that the hybrid precoding matrix is the

mathematical description of phase shifters, we have the constant-module constraint
for the hybrid precoder, as shown below:

FRF i, jð Þj j ¼ 1, 1≤ i≤Nt
RF, 1≤ j≤Nt: (38)

Meanwhile, the power constraint at the transmit side can be expressed as

FBBFRFk k2F ¼ P0, (39)

where P0 is the maximum transmit power.
Based on that, the k-th user’s received signal can be expressed as

yk ¼ hH
k FRFFBBsþ nk, (40)

where hk ∈Nt�1 denotes the complex channel matrix for the k-th user, and
nk � CN 0, σ2k

� �
denotes the additive Gaussian noise vector for the k-th user with the

zero-mean and σ2k noise power.
Aimed at maximizing the spectral efficiency, a common HAD precoding design

problem can be formulated as [26].

Figure 6.
The HAD MIMO system.
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P6 : max
FRF, fBBk

XK

k¼1

log 2 1þ
hH
k FRFf

BB
k

���
���
2

P
i6¼k hH

k FRFf
BB
i

���
���
2
þ σ2k

0
B@

1
CA

s:t: FRF ∈ℱ, ∀1≤ k≤K,

FRF fBB1 , fBB2 , … , fBBK
h i���

���
2

F
¼ P0,

(41)

where ℱ denotes the available region of FRF, as defined below:

ℱ ¼ FRFj FRF i, jð Þj j ¼ 1, 1≤ i≤Nt
RF, 1≤ j≤Nt

� �
: (42)

The non-convexity of P6 is due to the constant-module constraint of FRF, making
it difficult to solve. To address this issue, a two-stage hybrid precoding algorithm was
proposed in ref. [27] where the analog precoder maximizes the effective channel gain
and the digital precoder mitigates multi-user interference based on the ZF principle.
In ref. [28], it was demonstrated that hybrid precoding can achieve any fully-digital
precoding when the number of RF chains is twice the number of data streams, and a
near-optimal hybrid precoding design was proposed for single-user and multi-user
transmissions with fewer RF chains. Reference [29] focused specifically on partially-
connected structures in multi-user scenarios and proposed hybrid precoding designs
based on successive interference cancelation (SIC). This approach decomposes the
total spectral efficiency optimization problem into a series of sub-rate optimization
problems that can be solved efficiently using the power iteration algorithm. Other
works on hybrid precoding include low-complexity designs based on MRT [30],
virtual path selection [31], and SVD [32].

6.2 Low-bit precoding

Using low-resolution DACs instead of high-resolution DACs in massive MIMO
architecture can be an effective way to reduce the power consumption of BS. This
approach reduces the power consumption per RF chain, as depicted in Figure 7,
instead of reducing the number of RF chains like in the hybrid architecture.

High-resolution DACs are required for each transmit signal to avoid signal distor-
tion, but they consume significant power due to their linear relationship with band-
width and exponential relationship with resolution [33]. Large-scale antenna arrays,
with hundreds of antenna elements, require a significantly large number of DACs,
posing practical challenges. To address this issue, low-resolution DACs, particularly 1-
bit DACs, can substantially simplify hardware and reduce the corresponding power

Figure 7.
The architecture of low-bit MIMO system.
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consumption at the BS. Furthermore, 1-bit DACs generate CE signals, which facilitate
the use of power-efficient amplifiers, further reducing hardware complexity. The
common low-bit precoding design problem can be formulated as [34].

P7 : min
x

s� βDAC �Hxk k22 þ Kβ2DACσ
2

s:t:x∈XDAC

βDAC >0:

(43)

The optimization problem P7 seeks to minimize the MSE between transmitted and
received symbols using low-resolution DACs. For 1-bit DACs, the set of output

signals is denoted as XDAC ¼ �
ffiffiffiffiffiffi
P0
2Nt

q
�

ffiffiffiffiffiffi
P0
2Nt

q
� j

n o
. In ref. [35], a non-linear precoding

method based on a biconvex relaxation framework achieved promising performance
with a low computational cost. Its corresponding VLSI design architectures were
illustrated in refs. [36]. Alternatively, Jacobsson et al. [37] proposed several 1-bit
precoding schemes based on SDR, sphere encoding, and squared l∞-norm relaxation,
while Landau and de Lamare [38] described a 1-bit precoding method based on the
branch-and-bound framework that can theoretically achieve optimal performance.
Other downlink precoding designs for low-resolution DACs include SER minimization
in refs. [39, 40] and alternating minimization in ref. [34]. Nonlinear precoding
designs tend to outperform linear methods when low-resolution DACs are used at the
transmitter. For example, CI-based symbol-level precoding design has been discussed
in low-resolution DACs systems [41–43]. Several efficient solutions [43–45] have
been proposed for the NP-hard optimization problem, both for 1-bit and few-bit
DACs systems.

6.3 Nonlinearity-aware precoding

In a massive multiple-input-multiple-output (MIMO) system, the integration of
power-efficient nonlinear power amplifiers (PAs) can reduce the power consumption
of each RF chain, similar to the architecture of low-bit digital-to-analog converters.
Consequently, this leads to an improved energy efficiency of the system. However, in
traditional multi-antenna systems, the limited linear region of nonlinear PAs causes
significant signal distortions when transmitting signals with high peak-to-average
power ratios (PAPRs). This consequently negatively impacts system performance.

To resolve the issue of PAPR, traditional research falls into two categories: (a)
constant envelope precoding (CEP) schemes that maintain signal power at a
constant value, commonly known as SLP schemes; and (b) frame-level precoding
matrix optimization aimed at reducing the PAPR of the transmit signal. CEP elimi-
nates the performance loss introduced by nonlinear PAs by limiting the amplitude of
the transmit signal to a constant value, while the low-PAPR precoding relaxes the
strict CE constraint by allowing the maximum PAPR to a certain value. In recent
years, there has been a growing body of literature that explores the precoding design
based on the knowledge of the nonlinear response characteristics of PAs. This
approach represents a departure from the traditional emphasis solely on reducing the
peak-to-average power ratio (PAPR) of transmitted signals. To be more specific,
nonlinearity-aware precoding utilizes a clipping function to model the response
characteristics of nonlinear PAs and developed a precoder that can resist both inter-
ference and PA nonlinearity by describing the modeled response characteristics [46].
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The nonlinearity-aware precoding system can be shown in Figure 8. Considering a
multi-user MISO system, the k-th user’s received signal can be expressed as

yk ¼ hT
kℱ Wsð Þ þ nk, (44)

where ℱ �ð Þ :  !  is the nonlinearity function that delineates the input-output
response properties of nonlinear power amplifiers [47]. Based on that, the
nonlinearity-aware precoding design problem aimed at maximizing the sum rate can
be expressed as

P8 : max
W∈K�Nt

Rsum Wð Þ

s:t:  ∥ϕ Wsð Þ∥2� � ¼ Pt,
(45)

where Pt denotes the maximum transmit power constraint. The problem has been
addressed through the introduction of a distortion-aware beamforming (DAB) algo-
rithm as proposed by [48]. This method adopts an iterative approach to optimize data
rate while minimizing the effect of distortions. In addition, several other precoding
strategies have been developed with a focus on accounting for nonlinearity in the
system. Specifically, Aghdam et al. [49] studied a precoding scheme that incorporates
power amplifier effects in massive MU-MIMO downlink systems and put forth a
robust algorithm to mitigate interference and nonlinearity resulting from power
amplifiers. Moreover, Zayani et al. [50] presented a power control mechanism and a
precoding scheme for SU-MISO communication systems that utilize nonlinear power
amplifiers at the base station. The proposed method maximizes the received SINR
while utilizing an iterative precoding algorithm. Finally, Jee et al. [51] optimized both
precoding and power allocation strategies jointly to maximize the achievable sum rate
of MU-MIMO systems.

7. Conclusions

In this chapter, we have provided a comprehensive overview of precoding design
for achieving spatial multiplexing in MIMO communications.

We began in Section 3 by introducing the fundamental concepts of MIMO systems,
including the mathematical description of MIMO communications, performance
metrics, and the increasingly important and widely used massive MIMO technology in
5G. These concepts laid a solid foundation for the subsequent discussions on the
precoding design.

Figure 8.
The nonlinearity-aware precoding system.
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In Section 4, we discussed traditional precoding design methods, including closed-
form linear block-level precoding techniques such as MRT, ZF, and RZF, as well as
traditional nonlinear symbol-level precoding techniques such as THP and VP.
Through these algorithms, we introduced the basic principles and guidelines of
precoding design.

In Section 5, we discussed more complex precoding design methods based on
convex optimization, including power minimization, SINR balancing, and the emerg-
ing CI-SLP precoding. These methods provide more flexibility and adaptability in
precoding design and can achieve better performance in practical communication
systems.

In Section 6, we focused on the hardware-efficient precoding design for massive
MIMO systems in 5G. We discussed hybrid analog-digital precoding, low-bit
precoding, and nonlinearity-aware precoding, which are essential for reducing power
consumption and computational complexity while maintaining high communication
performance.

Overall, this chapter highlights the importance of efficient precoding design for
achieving efficient and reliable wireless transmission. Precoding design is a critical
component of MIMO technology, and it requires a careful balance between commu-
nication performance, power consumption, and computational complexity. The dis-
cussions in this chapter provide a comprehensive understanding of the various
precoding techniques that can be employed to achieve spatial multiplexing in MIMO
communications and underscore the significance of efficient precoding design for
realizing the full potential of MIMO technology in wireless communication systems.

Nomenclature

SISO single-input single-output
MISO multi-input single-output
MIMO multi-input multi-output
MRT maximum ratio transmission
ZF zero-forcing
RZF regularized zero-forcing
THP Tomlinson-Harashima precoding
VP vector perturbation
IoT internet of things
PM power minimization precoding
SNR signal-to-noise ratio
SINR signal-to-interference-and-noise ratio
SB SINR balancing precoding
IE interference exploitation
CI constructive interference
DI destructive interference
BLP block-level precoding
SLP symbol-level precoding
HAD hybrid analog-digital precoding
CEP constant envelope precoding
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Chapter 7

Deep Learning for MIMO
Communications
Yunlong Cai, Qiyu Hu, Guangyi Zhang and Kai Kang

Abstract

Recently, deep learning (DL) is becoming a key feature of next-generation
multiple-input multiple-output (MIMO) transceiver design with learning and infer-
ence capabilities embedded in the network, which achieves greatly enhanced system
performance. Popular topics include end-to-end (E2E) learning for transceiver design,
deep reinforcement learning (DRL) for communications, and model-driven deep
unfolding techniques. In particular, E2E learning treats the communication system
design as an E2E data reconstruction task that seeks to jointly optimize transceiver
components, so that encoding and decoding are fostered by the learned weights of
deep neural networks (DNN). E2E learning can be employed to solve various prob-
lems in MIMO communications, such as channel state information (CSI) feedback,
beamforming, signal detection, and channel estimation. Moreover, DRL has been
widely applied to solve high-dimensional non-convex optimization problems in
designing the transceiver. However, these DNNs generally suffer from an inability to
be interpreted or generalized, and they often lack performance guarantees. To over-
come such drawbacks, substantial researches have proposed to unfold the iterations of
an iterative optimization algorithm into a layer-wise structure analogous to a DNN.
Inspired by the great potential of these DL methods, it is important to investigate
AI-empowered transceivers for future MIMO systems.

Keywords: deep learning, deep unfolding, beamforming, transceiver design, channel
estimation

1. Introduction

In physical layer communications, the transceiver design is a core technology in
multiple-input multiple-output (MIMO) systems, as shown in Figure 1. Iterative
optimization algorithms for the transceiver design have achieved satisfactory system
performance, but they generally require a large number of iterations and have the
high-complexity computation, which makes it difficult to be deployed in practical
systems. Recently, the deep learning (DL) method, as a primary technique in artificial
intelligence, has received great attention in wireless communications, especially in
physical layer communications. DL methods employ the deep neural networks
(DNNs) and treat the algorithm as a “black-box”. Compared to conventional optimi-
zation algorithms, DL methods can approximate high-complexity operations with

155



lower computational complexity. These DNNs are usually data-driven models, which
rely on a large number of data for training. However, it is difficult to obtain training
samples in practical communication systems and these data-driven DNNs suffer from
poor interpretability and generalization ability. In contrast, model-driven methods
exploit known physical mechanisms and domain knowledge. Thus, they require less
training samples and it makes the DNNs explainable. Some studies unfolded the
iterative optimization algorithms into layer-wise networks with introduced trainable
parameters, which reduce the iteration numbers and improve the system perfor-
mance. This chapter discusses the application of DL-based approaches in physical
layer communications, which includes parts of channel estimation and feedback,
beamforming, detection, channel decoding and end-to-end learning. Each part will be
introduced with data-driven and model-driven approaches.

1.1 Channel estimation and feedback

In massive MIMO systems, the base station (BS) relies on accurate channel state
information (CSI) to achieve potential gains from multiple antennas. However, the
large number of antennas brings challenges and huge overhead for channel estimation
and feedback, where many DL-based methods have been proposed to exploit the
features of CSI and reduce the overhead [1–7]. In [2], the authors exploited the
channel sparsity in the angle domain and proposed a DNN for channel estimation and
direction-of-arrival (DoA) estimation. The proposed DL method can learn the spatial
structures of channels and achieve better performance than conventional methods. As
for channel feedback, the CsiNet has been developed in ref. [3] for channel compres-
sion, feedback, and reconstruction. It employs the structure of an autoencoder, where
an encoder and a decoder are designed for channel compression and construction,
respectively. Compared to the traditional compressive sensing (CS) algorithm, the
CsiNet improves the CSI recovery quality and compression ratio.

Model-driven DL approaches have also been applied for channel estimation and
feedback [5–7]. In ref. [5], a learned denoising-based approximate message passing
(LDAMP) network has been proposed for beamspace millimeter-wave (mmWave)
MIMO channel estimation, where the convolutional denoising NN is merged into the
AMP channel estimation algorithm. In addition, the authors of ref. [6] proposed a
dynamic deep-unfolding neural networks (NNs) with adaptive depth for channel
estimation, where the layers of NN vary from different inputs. As shown in Figure 2
(a),ℱ �ð Þ denotes each layer of the NN and a function ϕ is defined to control the depth
of the NN. When the output of the function τ> ε, the NN stops to output results. To
estimate CSI, the sparse Bayesian learning (SBL) algorithm is unfolded into a layered
network with introduced trainable parameters in the framework. In particular, some
priori parameters which are difficult to determine in the SBL algorithm are set as

Figure 1.
The architecture of transceiver in physical layer communications.
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trainable parameters. The other trainable parameters are introduced to approximate
the operations with high computational complexity. Besides, to avoid gradient explo-
sion, the trainable parameters are updated by deep deterministic policy gradient
(DDPG), rather than updated by the stochastic gradient descent (SGD) algorithm
directly. As shown in Figure 2(b), the state, action, and state transition of DDPG
correspond to the optimization variables, trainable parameters, and architecture of
NN, respectively. As for channel feedback, the authors of ref. [7] proposed a model-
driven multiple-measurement-vectors learned approximate message passing (MMV-
LAMP) network for channel estimation and feedback in frequency division duplex
(FDD) systems, which reduces the pilot feedback overhead.

1.2 Beamforming

In massive MIMO systems, beamforming has been a key technique to improve the
spectrum efficiency and achieve spatial multiplexing gains. Traditional beamforming
algorithms require a large number of iterations and high-complexity computations,
which impedes their application in practical systems, especially when the number of
antennas is large. Thus, many DL-based approaches for beamforming design have
been proposed [8–14]. In ref. [8], the authors proposed a DNN-enabled massive
MIMO framework for effective hybrid beamforming. Compared to conventional
schemes, the proposed framework achieves better performance with lower computa-
tional complexity. Besides, a DL-based joint channel feedback and beamforming
approach has been designed in ref. [9]. In addition, deep reinforcement learning
(DRL) based beamforming algorithms have also been developed in ref. [10, 11]. The
authors of ref. [10] proposed a DRL hybrid beamforming scheme to improve the
coverage range of THz communications in the reconfigurable intelligent surfaces
(RIS) assisted system.

Apart from the aforementioned data-driven NNs, researchers developed the
model-driven methods where iterative beamforming algorithms are unfolded into
networks [12–14]. In ref. [12], the authors proposed an iterative algorithm-induced
deep-unfolding neural network (IAIDNN) for digital beamforming shown in

Figure 2.
DDPG-driven deep-unfolding framework with adaptive depth.
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Figure 3, where the weighted minimum mean-square error (WMMSE) iterative
algorithm is unfolded into a layer-wise network. ℱ,G, and J denote the layers of the
network for updating different variables. In particular, inspired by the first-order
Taylor expansion, the matrix inversion A�1 is approximated byA†XþAYþ Z, where
X, Y, and Z are introduced trainable parameters. A† represents the proposed non-
linear operation where the diagonal elements of A are taken the reciprocal and non-
diagonal elements are set as 0. The computational complexity of matrix inversion is
O n3ð Þ while that of the proposed approximation is O n2:37ð Þ. In the backpropagation,
the authors derived the generalized chain rule (GCR) in matrix form and the trainable
parameters are updated based on it. Simulations have shown that the proposed
IAIDNN achieves the performance of the WMMSE algorithm with much less itera-
tions. Besides, the authors of ref. [13] developed a deep-unfolding framework for the
passive and active beamforming joint design in a RIS-assisted MIMO system, which
outperforms the conventional iterative algorithms.

1.3 MIMO detection

In MIMO systems, the detector plays an important role in the receiver. Traditional
iterative detection algorithms are designed based on the assumption that the channel
model is subject to a specific distribution, thus the performance is unsatisfactory in
variable environments. To tackle the issue, DL-based detectors have been proposed
[1, 15–20]. In refs. [1, 15, 16], the authors proposed a DNN-based joint channel
estimation and signal detection algorithm for the receiver design where the detectors
are designed to adapt to different wireless channels.

Several model-driven DL-based methods based on conventional iterative detectors
have also been investigated in recent years [17–20]. The authors of ref. [17] unfolded
the orthogonal approximate message passing (OAMP) detector into a layer-wise
structure named OAMP-Net2. It only introduces a few learnable parameters to
improve the stability and speed of convergence, and the parameters are optimized to
adapt to different channel environments. Besides, a deep detector named LoRD-Net
has been proposed for signal detection [18]. The LoRD-Net incorporates domain
knowledge in its architecture design, thus requiring much fewer parameters than
data-driven NNs. Furthermore, a joint channel estimation and signal detection model-

Figure 3.
The architecture of IAIDNN which unfolds the WMMSE algorithm into a layer-wise network.
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driven NN has been proposed in ref. [20] to reduce the effect of channel estimation
errors on detection.

1.4 Channel decoding

With the development of fifth generation (5G), user data and system capacity
have rapidly increased and a higher transmission rate means lower decoding latency
demand. However, traditional decoders require high-complexity computation and a
large number of iterations. To address the issue, DL-based decoding algorithms have
been developed [21–26]. In ref. [21], researchers explored that it is easier for DL
decoders to learn the structured codes than random codes and verified that NNs can
learn a form of decoding algorithm, rather than only a classifier. The article [22]
focuses on the issue that the successive interference cancelation (SIC) decoding is
imperfect in the nonorthogonal multiple access (NOMA) system and proposes a novel
DL-based scheme for decoding in MIMO-NOMA systems. A non-linear precoder and
SIC decoder have been constructed by deep feedforward neural networks (FNNs)
which help received signals decode accurately in the SIC manner.

The prior parameters play an important role in conventional iterative decoders but
are usually set by experience. Thus, DL is a proper method to find the optimal value
for the prior parameters and thus model-driven based decoding methods are promis-
ing techniques [24–26]. The authors of ref. [24] utilized the DL method to find the
proper weights to the passing messages in the Tanner graph and achieved comparable
performance with belief propagation (BP) decoders with less iterations. Furthermore,
considering many expensive multiplication operations in ref. [24] which make it
difficult to implement, Lugosch and Gross [25] proposed a neural offset min-sum
decoding algorithm with no multiplications and less parameter computation. The
proposed approach speeds up the training process and is friendly for hardware imple-
mentation. In addition, a model-driven low-density parity-check (LDPC) decoding
network has been developed in ref. [26]. The iterative decoding progress between
checking nodes and variable nodes is unfolded into a propagation network, which
combines the advantages of deep learning and conventional normalized min-sum
LDPC decoding methods.

1.5 End-to-end learning

The aforementioned DL-based approaches are optimized locally for individual
modules, where global optimality cannot be guaranteed. The modules in the trans-
ceiver are usually highly correlated with each other, and thus a joint design can
achieve better performance than a separate design. To fulfill the global optimization,
several DL-based end-to-end communication systems have been proposed [27–32],
where all the trainable parameters are updated based on an end-to-end loss. A DNN-
based based end-to-end wireless communication system has been proposed in ref.
[27], which includes channel encoding, decoding, modulation, and equalization. A
conditional generative adversarial net (GAN) has been designed to model the channel
distribution and the proposed end-to-end approach is effective on Rayleigh fading
channels. In ref. [28], the authors proposed a DNN-based end-to-end joint transceiver
design algorithm for FDD mmWave MIMO systems, which consists of the modules of
pilot training, channel feedback and reconstruction, and hybrid beamforming. To
avoid CSI mismatch caused by the transmission delay and feedback overhead, a two-
timescale scheme has been considered. Specifically, a superframe is introduced as the
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long-timescale, where the CSI statistics remain constant. Each superframe consists of
several frames, each of which contains a number of time slots that defined the short
timescale. During each time slot, the instantaneous CSI remains unchanged. Corre-
spondingly, a two-timescale DNN is developed as shown in Figure 4, which consists
of a long-term DNN and a short-term DNN. The long-term DNN consists of modules
of pilot training, high-dimensional CSI estimation and feedback, and hybrid
beamforming, while the short-term DNN composes of modules of pilot training, low-
dimensional equivalent CSI estimation and feedback, and digital beamforming. At the
end of each frame, the long-term DNN is employed to obtain the high-dimensional
full CSI to update the long-term analog beamformers. The short-term digital
beamformers are updated based on the low-dimensional equivalent CSI acquired by
the short-term DNN. The trainable parameters of all the modules are optimized to
minimize the bit-error-rate (BER), which is the system’s global optimization objective.

Inspired by ref. [28], the authors of ref. [31] designed a model-driven based end-
to-end framework for joint transceiver design in time division duplexing (TDD)
systems, which consists of a channel estimation deep-unfolding NN (CEDUN) and a
hybrid beamforming deep-unfolding NN (HBDUN). As shown in Figure 5, the
CEDUN is comprised of a pilot training NN and a recursive least squares (RLS)
algorithm-induced deep-unfolding NN, where a set of trainable parameters are intro-
duced to increase the degrees of freedom. For hybrid beamforming, the stochastic
successive convex approximation (SSCA) algorithm is unfolded into a layer-wise
structure in the HBDUN, which consists of an analog NN and a digital NN. Specifi-
cally, the phase of analog beamformers is set as trainable parameters in the analog NN.
In the digital NN, two non-linear operations are introduced to approximate the matrix
inversion. In addition, the authors consider the mixed-timescale scheme, where long-
term analog beamformers are optimized based on the CSI statistics during a
superframe, and short-term digital beamformers are updated in each time slot based
on equivalent CSI. According to the mixed-timescale scheme, a novel two-stage
training method is investigated to jointly train the framework. Figure 5(a) shows the
first stage of training, where the trainable parameters of HBDUN are optimized with
the loss function of the negative system sum rate. The second training stage is shown
in Figure 5(b), where the parameters of analog NN are fixed, and low-dimensional
equivalent CSI is obtained. The parameters of CEDUN and digital NN are optimized in

Figure 4.
The architecture of the proposed DNN-based end-to-end framework.
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this stage with the same loss function in the first stage. Simulation results have shown
that the deep-unfolding NNs perform comparable with the traditional algorithms with
reduced complexity and the joint design method achieves better performance than the
separate design.

In addition, the authors of ref. [32] proposed an end-to-end DRL and deep-
unfolding framework for joint beam selection and digital beamforming design, the
architecture of which is shown in Figure 6. Specifically, the framework consists of a
DRL-based NN for beam selection and a model-driven based NN for digital
beamforming. A novel training method has been developed to jointly train the DRL-
based NN and unfolding NN in an end-to-end way. This work indicates that the
model-driven NNs can be trained with other DL methods such as DRL-based NN.

2. Deep learning for MIMO-based semantic communications

Future 6G wireless networks are expected to bridge the physical and cyber worlds,
enabling human interactions with multiple intelligent devices through various data

Figure 5.
The architecture of the end-to-end deep-unfolding framework.

Figure 6.
The architecture of the end-to-end DRL and deep-unfolding framework.
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modalities like images and text [33]. This introduces a number of applications from
autonomous driving to the Internet of Everything, which involves intelligent human-
to-machine and machine-to-machine connections. These new fascinating applications
have imposed challenging requirements on communication networks, including ultra-
high reliability, ultra-low latency, and extremely high data rates [34]. However,
supporting and enabling such applications will require coping with explosive growth
in bandwidth and complexity, due to the transmission of these massive datasets and
large models. Driven by the aforementioned requirements, there is a springing up of
semantic communication research in both academia and industry. The growing trend
of semantic communications aims at accurately recovering the statistical structure of
the underlying information of the source signal and designing the communication
transceiver in an end-to-end fashion, similar to joint source and channel coding
(JSCC) by taking the source semantics into account. A data-aware communication
transceiver with intelligence that is able to understand the relevance and meaning of
data traffic is of paramount importance as it would significantly improve the trans-
mission efficiency.

2.1 Formulation of semantic communications

In general, a semantic communication MIMO transceiver can be modeled as the
framework shown in Figure 7, where an end-to-end communication system is devel-
oped to incorporate coding and modulation [35]. In particular, the encoding,
decoding, and transmission procedures are parameterized by the DNNs, and the
system is optimized in a back-propagation manner with the data-driven method. In
particular, as shown in Figure 7, the transmitter maps the source, s, into a symbol
stream, x, and then passes it through the physical channel with transmission impair-
ments. The received symbol stream, y, is decoded at the receiver to have an estimation
of the source, ŝ. Both the transmitter and the receiver are represented by DNNs. In
particular, the DNNs at the transmitter consist of the semantic encoder and channel
encoder, while the DNNs at the receiver consist of the semantic decoder and channel
decoder. The semantic encoder learns to transform the transmitted data into an
encoded feature vector while the semantic decoder learns to recover the transmitted
data from the received signals. Moreover, the channel encoder and channel decoder
aim at eliminating the signal distortion caused by the wireless channel.

We consider a MIMO system with Nt transmit antennas and Nr receive antennas.
The encoded symbol stream can be represented by

x ¼ f 2 f 1 s; θ1ð Þ; θ2
� �

, (1)

Figure 7.
The framework of a typical semantic communication system.
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where x∈Nt�1, θ1 and θ2 denote the trainable parameters of the semantic
encoder, f 1 �ð Þ, and the channel encoder, f 2 �ð Þ, respectively. Subsequently, the signal
received at the receiver, y∈Nr�1, is given by

y ¼ Hxþ n, (2)

where H∈Nr�Nt denotes the channel matrix and n � CN 0, σ2Ið Þ is the additive
white Gaussian noise (AWGN). Correspondingly, the decoded signal is given as

ŝ ¼ g1 g2 y;Θ2
� �

;Θ1
� �

, (3)

where Θ1 and Θ2 denote the trainable parameters of the semantic decoder, g1 �ð Þ,
and the channel decoder, g2 �ð Þ, respectively. For clarity, we denote θ as the set of
trainable parameters and f θ �ð Þ as the DNNs in the considered semantic communica-
tion systems. Thus, we have ŝ ¼ f θ sð Þ.

2.2 Semantic importance-gudied design for MIMO transceivers

Regarding the physical layer transceiver, the modules of the transceiver are often
optimized independently. In particular, the modulation, beamforming, and signal
detection modules are designed to minimize the bit-error-rate (BER), and the channel
feedback and estimation aim to optimize the mean-square-error (MSE). In the case of
semantic communications, the MIMO transceiver can be designed by revising the
modules in the traditional transceiver. Next, we will discuss some advancements in
the MIMO transceiver design in semantic communications.

1.Measure of Semantic Importance: In semantic communications, the source
data is mapped into different semantic features by the DNN models. Different
semantic features are of different importance for completing target tasks, where
semantic importance is defined as the correlation between the semantic features
and the target task [36]. The method to measure the importance of semantic
features can be variable in different semantic communication systems.
Specifically, there are gradient-based approaches that draw on ideas related to
the interpretability of DNNs [37], and the entropy-modeling approach that
focuses on the regional complexity in terms of the source data content [38], etc.
In semantic resource allocation, the model distinguishes the importance levels of
different features and adaptively allocates the resource according to channel
conditions and users’ requirements. In particular, the semantic importance has
shown great potential for the designs in DL-based multi-user MIMO systems,
e.g., the design of precoding, the allocation of subcarriers, and various adaptive
schemes.

2.MIMO Precoding: One of the main issues in multi-user MIMO systems is the
mutual interference between the signals of different users. Limited by the
number of receiving antennas, it is difficult for each user to eliminate the
interference from other users alone. It is worth noting that the precoding
algorithms such as singular value decomposition (SVD)-based precoding,
convert the MIMO channel into a set of parallel subchannels with different SNRs.
Intuitively, the performance of the MIMO systems can be significantly enhanced
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by allocating subchannels with high SNRs to features with high importance
levels, as these features would play a more important role in the target task. For
instance, the semantic MIMO system designed in ref. [39] significantly
outperforms traditional MIMO systems by jointly considering the CSI and
entropy distribution of the semantic features, where the entropy can be regarded
as a measure of semantic importance.

3.Allocation of Subcarriers in OFDM Systems: Orthogonal frequency-division
multiplexing (OFDM) technique has been widely employed in MIMO systems to
realize high-speed data transmission. In OFDM, each subcarrier is equivalent to a
subchannel with a certain CSI. The CSI of each subcarrier is instrumental in
power allocation to boost the communication rate. However, in the case of
semantic communications, the CSI can also be exploited to determine the
allocation of subcarriers to different semantic features according to their
importance. A typical example is the dual-attention mechanism proposed in ref.
[40], which employs both channel-wise attention and spatial attention, and
jointly learns to transmit important features with better subcarriers, which
achieves state-of-the-art performance among existing JSCC schemes.

4.Adaptive Design Based on CSI: Semantic importance can also be exploited to
design adaptive schemes for MIMO systems based on CSI. These adaptive
designs consider both CSI and semantic importance in an adaptable manner,
which significantly improves the system performance and reduces the training
overhead. For image transmission over MIMO channels, the authors in ref. [41]
have employed the channel attention module proposed in ref. [42], to distinguish
the importance of different features and adjust their weights according to
different CSI scenarios. Based on feature importance and the complexity of
image, the authors in ref. [43] have proposed an adaptive CSI feedback scheme
for precoding, which improves the effectiveness by adjusting the feedback
overhead.
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Chapter 8

Holographic Beamforming
Ali Araghi and Mohsen Khalily

Abstract

This chapter presents the fundamentals of the holography technique to form the
beam in electromagnetic (EM) structures. The application of holography in leaky-
wave antennas, metasurface reflectors, and reconfigurable intelligent surfaces (RISs)
is explained. Consequently, different methods to analyze and realize an EM hologram
are presented. A comparison is made between forming the beam via holographic-
based radiators, phased-array antennas, and MIMO systems. The thing which is com-
mon between these three is that all of them can contain a number of elements that are
repeated in a fashion. However, the functionality of these elements in the three
mentioned structures is totally different from each other. This concept is explained in
detail in this chapter.

Keywords: holography technique, leaky-wave antenna, metasurface, periodic
structures, MIMO systems, phased-array antenna

1. Introduction

Consider a case where an electromagnetic (EM) aperture with an arbitrary geom-
etry is placed on the xy plane as shown in Figure 1(a). To have the ability to form the
constructed beam, it is required to control both phase constant βð Þ and amplitude αð Þ
of the EM waves at different segments of the aperture. The beam tilt angle can
typically be controlled by regulating β whereas α distribution over the aperture con-
trols side-lobe-level (SLL). Four segments are marked in Figure 1(a) as an illustrative
example. In the case of a conventional phased-array antenna, these four segments
represent four physical elements, i.e. antennas, where β and α of each can be con-
trolled in straightforward approaches by using phase shifters and attenuators respec-
tively, or with a fully passive custom-built feeding network with proper delay lines
and by applying the power-splitting technique. All these elements make the final EM
aperture together with an engineered beam as β and α are governed at different
positions of the aperture.

Now consider the case where these four elements are located in such a way that
they are not able to have a sensible impact on each other to build up a large EM
aperture. Under this circumstance, each element acts as an individual aperture as
shown in Figure 1(b) with its specific radiation properties. This configuration of
elements can be applied in multiple input multiple output (MIMO) systems. With a
dedicated port for each element, this configuration represents space diversity pro-
vided that the cross-correlation between the ports is kept low. It is also possible to use
a single element and connect more than one port to it. In this case, each port belongs
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to a specific radiation state or the so-called mode. Having orthogonal modes in this
scenario will lead to a low cross-correlation between the ports, making the structure a
good candidate for MIMO systems. This orthogonality can be obtained in radiation
patterns (pattern diversity) or polarization (polarization diversity) or a combination
of both.

Let us move back to the large EM-aperture of Figure 1(a). The envision of such a
large aperture is not limited to just phased-array antennas and can be obtained by
several means including but not limited to leaky-wave structures, reflectarrays, and
transmitarrays. Forming the beam in such structures is also fulfilled by regulating β
and α over the aperture but in approaches different from conventional phased arrays.
One approach is to employ the holography technique [1] to govern β on the structure
and to correspondingly control the tilt angle of beam(s) which is known as “holo-
graphic beamforming”.

This chapter presents the principles of the holography technique and then explores
its capability to form the beam. To this end, some background information on leaky-
wave structures and reflectarrays is required.

2. Holographic-based antennas

2.1 Holographic-based leaky-wave antennas

Let us start with the application of holography in leaky-wave antennas. A holo-
graphic leaky-wave antenna is a type of antenna that utilizes the principles of holog-
raphy and leaky-wave propagation to construct the beam and achieve beam scanning
capabilities [2]. A leaky-wave antenna (LWA) operates by “leaking” EM energy along
its length, which leads to the formation of a propagating wave [3]. Unlike conven-
tional resonating antennas that typically radiate energy perpendicular to the antenna’s
length, LWAs emit energy at an angle θm along their length. This tilt angle can be
controlled by regulating the phase constant β of the guided waves across the structure
and formulated as [4]:

θm≈ sin �1 β

k0

� �
, (1)

where k0 being the free-space wavenumber. Considering (1), θm will have a real
answer if and only if ∣β∣ < k0. This means that LWAs support fast waves on the guide.

Holography, which originates from optics, is a technique to achieve a desired β on
the structure by governing the phase distribution on the structure. As β is controlled in
an LWA, the tilt angle of the constructed beam can be specified by (1). This technique
is summarized below:

Figure 1.
Aperture formation. (a) The case where four elements make a large aperture altogether and (b) the case where
four elements create four separated apertures.

172

MIMO Communications – Fundamental Theory, Propagation Channels, and Antenna Systems



Having a dielectric slab on the xy plane to design the aperture on, the first step is to
define two field distributions on the structure known as reference wave Eref and
object wave Eobj, generated by two hypothetical sources. To be more explicit, a source
should be defined somewhere within the slab where it is aimed to place an actual
surface-wave launcher (SWL). For a lossless structure, an ideal hypothetical source
located at x ¼ 0, y ¼ 0ð Þ will generate a radially expanded field distribution on the
slab for both TM and TE surface waves which can be formulated as below [5]:

Eref ¼ Ae�jβrr, (2)

where r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and A is the wave amplitude. This is schematically shown in

Figure 2(a). It is clear that the location and type of this source can be in a variety of
forms. For example, it is possible to place a number of ports at one end of the slab to
generate parallel phase lines as shown in Figure 2(b) with the formulated reference
wave of Eref ¼ Aejβyy. It is also possible to locate the source somewhere out of the slab
as presented in Figure 2(c). Under this circumstance, the final structure will not
recognize as an LWA; this case is explained more in the next section.

The next step is to define an object wave Eobj on the slab. To this end, another
hypothetical source should be defined far from the slab toward the direction of the
desired constructed beam. The slab is illuminated by this source and the
corresponding induced waves should be calculated which represents Eobj. For exam-
ple, for a beam desired to be formed toward θm,ϕmð Þ, the induced Eobj is obtained by
the mapping as below:

Eobj ¼ Bejk0 sin θmð Þ cos ϕmð Þxþ sin θmð Þ sin ϕmð Þyf g, (3)

where B is the amplitude of the object waves.
The next step is to calculate the superposition of Es ¼ Eref � Eobj as an interference

pattern where ∠Es defines the desired EM hologram.
The aforementioned steps of calculating Eref , Eobj, and Es make the “recording”

process altogether which means to record the impact of the influencing parameters on
the slab. For example, consider a case where an ideal source generates Eref as
presented in Figure 3(a) on the slab at a specific frequency. With a defined object
wave toward θm ¼ π=4,ϕm ¼ 2π=3ð Þ, the obtained Eobj on the slab is shown in

Figure 2.
Different forms of reference wave on the slab. (a) Radial reference wave by an ideal single source at the center of the
slab, (b) parallel reference wave formed by a number of sources at one edge of the slab and (c) induced reference
wave from a source located outside the slab.
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Figure 3(b) for the corresponding k0. In this case, the pattern of the EM hologram is
derived as presented in Figure 3(c).

To embody a real-world structure from the calculated EM hologram, it is required to
apply an SWL, exactly at the location where the hypothetical source has been placed in
the recording process to be able to generate a field distribution as much similar to the
derived Eref as possible. Then, a quasi-periodic pattern of scatterers, with the geometry
and lattice inspired by ∠Es must be applied on the slab to locally sample the generated
field distribution of the SWL. The scatterers can be printed metal-strips, sub-wavelength
patches of arbitrary shape, dielectric cubes, or any other component that can scatter the
launched surface waves on the slab. The process of applying the appropriate SWL and
pattern of scatterers on the slab is called “reconstruction”.

When the structure in hand is excited by its SWL, the induced surface waves will
be leaked out to the open environment toward the predefined tilt angle of θm,ϕmð Þ
which makes a holographic-based LWA (HLWA).

As an example, an open-ended coaxial cable presented in Figure 4(a) can be
applied on a grounded dielectric slab to generate TM surface wave distribution similar
to Figure 3(a). The surface-wave sampling can be performed by printing metal strips
on the local maxima of the calculated EM hologram in Figure 3(c) which is presented
in Figure 4(b). When this structure is excited, the simulated normalized radiation
pattern is obtained as presented in Figure 4(c). This shows that the constructed beam

Figure 3.
Recording process: (a) Eref with an ideal source at the center of the slab, (b) Eobj in case of
θm ¼ π=4,ϕm ¼ 2π=3ð Þ, and (c) the obtained EM hologram.

Figure 4.
Reconstruction process: applying (a) surface-wave launcher, and (b) metal strips on the slab. (c) The constructed
normalized radiation pattern.
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is pointed well to the predefined angle of interest at the very first steps of the design
which is θm ¼ π=4,ϕm ¼ 2π=3ð Þ.

2.2 Holographic-based reflectors

As briefly pointed out in Figure 2(c), the holography technique can be expanded
to the case where the initial source is located outside the slab’s body. In this case, the
obtained structure will be a holographic-based reflector (HR) [6].

This time, let us sample the EM hologram by using a number of printed sub-
wavelength squared-shape patches. These patches will form a quasi-periodic
structure where their size is modulated based on the holography technique. In
periodic structures, the smallest geometry that is repeated in a fashion is called a unit
cell. In this case, the unit cell is a small portion of the dielectric slab with a single
printed patch on one side and a full ground plane on the other side as shown in
Figure 5(a). The analysis of structure requires characterizing the surface impedance
Zsurf ¼ Et=Ht with Et and Ht representing the tangential electric and magnetic fields
respectively. The obtained structure is then an artificial impedance surface,
commonly referred to as a metasurface.

The recording process in Section 2.1 is needed to be modified at the outset to
reflect the location of the initial source, i.e. the feeder, on (2).

With an ideal feed located at xf , yf , zf
� �

and the slab on the xy plane in a standard

right-handed coordinate system, Eref is modified as

Eref ¼ Ae�jk0r, (4)

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� xf
� �2 þ y� yf

� �2
þ z2f

r
.

Figure 5.
(a) The applied unit cell, a schema of (b) Eref and (c) Eκ¼1

obj þ Eκ¼2
obj , (d) Zsurf versus patch size variation and

(e) the obtained Z x, yð Þ on the surface [7].
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Figure 5(b) shows the obtained Eref when the feeder is placed at xf , yf , zf
� �

¼
0,0,2:5mð Þ for a 1:65 m � 1:25 m large dielectric sheet at f ¼ 3:5 GHz [7].

In the holography technique, it is possible to define more than one main beam for
the final constructed radiation pattern. Under this circumstance, a summation of the
respective object waves will define the final distribution of Eobj on the slab. Each object
wave is derived by (3) toward the angle of interest. It is aimed in this structure to
obtain two reflected beams to θκ¼1,ϕκ¼1ð Þ ¼ 45∘, 0ð Þ and θκ¼2,ϕκ¼2ð Þ ¼ �45∘, 0ð Þ. The
calculated Eobj ¼ Eκ¼1

obj þ Eκ¼2
obj is presented in Figure 5(c).

In order to derive the EM hologram, it is now required to conduct a study on Zsurf
regarding the unit cell of the structure. This can be calculated by sweeping the phase
delay (ϕD) across the unit cell with periodicity of p as follows [8]:

Zsurf ¼ jZ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕD

k0p

� �2

� 1

s
, (5)

where Z0 is the free-space impedance. This can be fulfilled by using the eigenmode
solver of a full-wave simulator for a specific size of the square patch. Then, the size of
the patch must be varied and the calculation repeated to determine the span range of
surface impedance ΔZ with the mean value Zmean over the range of patch size varia-
tion. This is schematically shown in Figure 5(d).

Having all the above-mentioned information, it is possible to define the EM holo-
gram pattern based on the impedance distribution as below [1]:

Z x, yð Þ ¼ j Zmean þ ΔZ
2m

Re
Xm
κ¼1

Eκ
obj

 !
E ∗
ref

" # !
, (6)

where m is the number of beams which equals 2 in this case study.
It is shown that Zmean ¼ 428:16 jΩ and ΔZ ¼ 566:51 jΩ for the studied range of

patch-size variation [7]. This results in an impedance distribution of Figure 5(e) as
the EM hologram.

The reconstruction process is to use Figure 5(d) and (e) to modulate the size of
patches on each unit cell and print them on the slab. This will lead to a structure
shown in Figure 6(a). When this metasurface reflector is illuminated by a feed horn

Figure 6.
(a) The metasurface reflector and (b) simulated and measured normalized radiation patterns [7].
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located at the position defined during the recording process, the reflected beams from
the surface are formed as presented in Figure 6(b) which is in line with the defined
object waves.

3. Reconfigurable intelligent surface (RIS)

Another possible scenario is the case when the initial source is located outside the
surface, but far from the structure. Assume an ideal initial source located at the angle
of θs ¼ π=6,ϕs ¼ π=4ð Þ with respect to the surface normal far from the structure.
Following the routine explains in Section 2.1 and 2.2, Eref , Eobj, and the EM hologram
patterns are calculated as shown in Figure 7(a), (b), and (c) respectively provided
that the reflected beam is aimed to be pointed to θm ¼ π=3,ϕm ¼ π=6ð Þ.

To translate this mechanism into a practical format, this is the case when the
surface reflects the incoming waves from a far-located source to a desired direction.
This is not a simple mirror reflection where there is no control over the angle of
reflection; indeed, the reflection angle can be engineered in this case using the holog-
raphy technique. This brings a new idea for the future generation of cellular networks.

Consider a case where there is a blind spot within the area under the coverage of a
base station (BS). The conventional approach to providing coverage for this blind spot
is to add a new BS in the network. However, this method can be expensive and
sometimes very challenging regarding the environmental barriers in an area. The idea
is to locate a surface in the line of sight (LoS) of the BS so that it can be illuminated by
the BS. Then the receiving EM waves reflect back to that blind spot to recycle the
waves and provide coverage without adding a new BS. It is possible to reconfigure the
response of the surface by applying some components like Varactor or PIN diodes on
each unit cell and recalculating the EM hologram for each state of reflection. Under
this circumstance, the obtained structure is called a reconfigurable intelligent surface
(RIS) [9]. This scenario is schematically shown in Figure 8(a).

Note that holography is not the only technique to regulate the response of the RIS.
The generalized Snell’s law of reflection (GSR) can also be used in this regard [10]; a
GSR-based RIS prototype [11] is shown in Figure 8(b).

One of the biggest problems for RIS to be industrialized and practically applied in
real-world networks is its very low aperture efficiency ηað Þ. This will be more chal-
lenging for the uplink scenario when the user attempt to connect BS via RIS. To have a
more clear idea about this problem, consider a rectangular reflecting surface with a
planar dimension of X � Y, illuminated by a feed horn, distanced by R as presented in
Figure 9(a). The feeder’s radiation pattern can be expressed by cos qE θð Þ and cos qH θð Þ

Figure 7.
Recording process: (a) Eref with an ideal source at the angle of θs ¼ π=6,ϕs ¼ π=4ð Þ with respect to the surface
normal located far from the structure, (b) Eobj in case the reflected beam is aimed to be pointed to
θm ¼ π=3,ϕm ¼ π=6ð Þ, and (c) the obtained EM hologram.
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at the E-plane and H-plane respectively. Product of the illumination ηillð Þ and spillover
ηsð Þ efficiencies is then defines ηa. In case of rectangular surfaces, ηill can be calculated
by [12]:

Figure 8.
(a) The coverage provisioning via reconfigurable intelligent surface (RIS) for a blind spot and (b) a prototype
example of RIS [11].

Figure 9.
(a) The overall geometry of a reflective surface illuminated by a feeder, (b) the theoretical aperture efficiency when
the feeder is not far from the aperture, (c) a schema of using reflective surfaces to provide the coverage for the user in
the blind spot region of the BS, and (d) the theoretical aperture efficiency when the feeder is located relatively far
from the aperture.
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ηill ¼
I2

sII
: (7)

where s ¼ X � Y and

I ¼
ðX=2
x¼�X=2

ðY=2
y¼�Y=2

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q

0
B@

1
CA

qEþ2

y2

x2 þ y2

2
64

8><
>:

þ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q

0
B@

1
CA

qHþ1

x2

x2 þ y2

3
75

9>=
>;
gdydx,

(8)

with

II ¼
ðX=2
x¼�X=2

ðY=2
y¼�Y=2

Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q

0
B@

1
CA

2qE

y2

x2 þ y2

2
64

þ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q

0
B@

1
CA

2qE

x2

x2 þ y2

3
75 R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ x2 þ y2

q� �3 dydx:

(9)

Under this circumstance, ηs reads:

ηs ¼
II
III

, (10)

with

III ¼ π
1

1þ 2qE
þ 1
1þ 2qH

� �
: (11)

Now consider the rectangular aperture of Figure 6(a). Recall that the physical size of
the aperture is s ¼ 1:65 m� 1:25 m at 3.5 GHz. With a symetrical radiation pattern at the
feeder, q ¼ qE ¼ qH and ηill and ηs are obtained by (7) and (10) respectively, followed by
calculation of ηa ¼ ηill � ηs. The result is shown in Figure 9(b) for different values of q ¼
10 � 80 and R ¼ 0:5 � 3 m. This shows that it is possible to realize optimum values of q
and R to use a specific feed horn and locate it at a specific distance from the surface to
obtain the maximum possible ηa. This is a routine step of designing reflectarray antennas
andmetasurface reflectors. However, in the case of RIS where there is no control on q and
R, it is not possible to customize the structure to reach the optimum ηa.

Figure 9(c) shows a schema of applying the surface of Figure 6(a) for coverage
provisioning purposes. Note that this surface has a very large size comparing to the
operating wavelength which can potentially be a positive factor for ηa. We repeat the
same calculation, but this time the distance range is expanded to R ¼ 0:5 � 50 m. The
result is shown in Figure 9(d). As it is clear, a massive region of this plot shows a very
low ηa which can make the structure impractical for real-world applications. This will
be more challenging when we pay attention to two factors, 1st: in cellular networks,
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the cell radius is much longer than 50 m, this means that the situation is even worse
than Figure 9(d); 2nd: for the uplink connection, the user equipment (UE) will have a
very low gain (or low q) which will make the connection very challenging if not
impossible (see Figure 9(d) for low values of q and high R). Finally, it should be noted
that these are all theoretical calculations; when it comes to practice, the obtained ηa is
expected to be relatively lower than the theory. This is also true even for reflectarray
antennas where the feeder is optimized.

4. Comparison between holographic, MIMO, and phased-array
beamforming

Consider a case when printed patches are used in three different structures, i.e. a
holographic-based metasurface, a phased-array antenna, and a MIMO system. The
only common thing between these three is the repeating geometry of patches across
the structure. The detailed functionality of these patches is as below:

• Holographic-based metasurface: in this case, the printed patches are used to
sample an induced/launched surface wave on the structure. The size of these
patches is in the sub-wavelength scope and varies. This variation in size is known
as modulation which is governed based on the holography technique1. The
obtained structure will be an HLWA or an HR with respect to the location of the
initial feeder. It is possible to form more than one beam by applying the
superposition technique and tilting each of them to the direction of interest.
Figure 10(a) schematically shows a multi-beam HR. With respect to Figure 1,
this structure is a single aperture.

• Phased-array antenna: the size of patches is relatively bigger in the scopes of half-
wavelength. Therefore, each patch is a resonating element. The element spacing
is more than the case of HR metasurface, but should not be more than a
wavelength or half a wavelength to stop forming unwanted grating lobes. Each
element has typically a port where the corresponding amplitude and phase can be
controlled to not only control the tilt angle but also to regulate the obtained SLL.
A 4-element planar phased-array antenna with a tilted beam is schematically
shown in Figure 10(b). Regarding Figure 1, these elements form a single
aperture altogether.

1

Note that this is not just limited to the holography, other methods like GSR can also be used.

Figure 10.
(a) A multibeam metasurface reflector, (b) a tilted-beam phased-array antenna and (c) a 4-element
MIMO system.
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• MIMO system: the size of patches is again in the scopes of half-wavelength to
make a resonating element. However, the spacing between elements is managed
to decrease the coupling between elements. When there is a port for each
element, this low mutual coupling can decrease the cross-correlation between the
ports which can be a good candidate to be used in MIMO systems. As each
element is functionally separated from the others, it is common to be called an
embedded element. In this case, each embedded element has its own radiation
characteristics. A schema of a 4-element MIMO system is presented in
Figure 10(c). This structure has four separate apertures considering Figure 1.

5. Conclusions

The holography technique and its application in forming the beam in electromag-
netic structures are explained in this chapter. Leaky-wave antennas, metasurface
reflectors, and reconfigurable intelligent surfaces (RISs) are assessed in this regard.
The aperture efficiency of RIS is also studied which is one of the main barriers to
industrializing this component in future cellular networks. A comparison is made
between the functionality of the smallest building blocks in holographic-base
metasurfaces, phased array antennas, and MIMO systems.
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Chapter 9

Techniques for Compact Planar
MIMO Antennas
Yiying Wang

Abstract

MIMO Technology has promoted the developments of various antennas, then the
planar antenna will be one of the main directions to satisfy the future compact
requirement of the 5G+/6G communications. This chapter introduces different types
of the planar antenna and summarizes the implicit compact techniques, where the
related techniques like the diversity and the reconfigurable are not included owing to
they are the inherent properties of the MIMO antennas. These antennas contain the
patch antenna, slot antenna, dipole/monopole antenna, loop antenna, cavity antenna,
Yagi-Uda antenna, fractal antenna, UWB antenna, PIFA etc., and their deformations
to the specific purposes. On the contrary, the implicit compact techniques are not so
explicit as the antenna configurations, but they are classified to be the close-spacing
structure without decoupling, owing to the decoupling is not the necessary require-
ment of MIMO application, decoupling technique of spacing reduction, meandered
line technique, multi-element method, co-radiator/co-location design, fractal
antenna, and radiator-cutting antenna. Besides, the corresponding techniques for the
compact design are also concluded, including the mode-cutting method, fractal
technique, characteristic mode analysis, and the optimization algorithms.

Keywords: MIMO, 5G+/6G, planar antennas, compact techniques, integration

1. Introduction

Owing to the prominent advantages compared with the conventional single-input
single-out (SISO) system, the MIMO technology has been extensively applied to many
scenarios, in which the antenna with beamforming is one of the key features in order to
realize the multiple path communications. Consequently, the multi-beam, the multi-
polarization, or the related diversity or the reconfigurable techniques are the inherent
properties of the MIMO antennas. To satisfy the requirement of MIMO communication,
many antenna types have been employed, including the high-profile 3D antennas, such
as the dielectric resonator antenna (DRA) [1–3], helix antenna [4], structure-loaded
antenna [3, 5–7] or multi-element antenna [8, 9], and the other common 2D planar
antennas. On the other hand, the 5G+/6G technology puts forwards the new compact,
easy-fabricated and easy-integrated requirements for the antenna development
resulting in the planar antennas will be one of the main directions in the future.
Therefore, the focus of this chapter is on the introduction of planar antennas and
especially the implicit techniques on how to design the compact structure.
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Many planar antenna types have been proposed for the MIMO applications, but
not all of them will be discussed in this chapter considering the related compact
techniques. The planar antennas involved are patch antenna [10–22], slot antenna
[23–30], dipole/monopole antenna [31–48], loop antenna [49–58], ultrawideband
(UWB) antenna [59–71], Yagi-Uda antenna [72–77], cavity antenna [78–82], fractal
antenna [83–90], and the planar inverted-F antenna (PIFA) [91–104]. These antennas
do not appear in isolation, they often combine with other types for the specific
purpose, such as, both the patch antenna and the dipole antenna were used to realize
the linear and circular polarization design [11], the slot antenna [28] and the
fractal antenna [83] also belong to the UWB antenna, and the radiator of UWB anten-
nas [59–62] is monopole. However, we distinguish them according to their explicit
features in this chapter as the above categories, and the relatively simple antenna
structures are picked up from the similar works. Additionally, though these are planar
structures, they can be used in the 3D situations [27, 43, 102] like in the mobile
application. All selected types are the printed antennas, they will be good candidates for
the future 5G+/6G applications from the view of easy fabrication and integration.

The compact design is always the research focus of MIMO antennas, many tech-
niques have been employed to compress the volume of structure. However, we face a
common problem that the antenna performance is affected because of coupling when
they are close to each other. There are two general ways to solve this problem, one is
that we need not care about the coupling but put them closer if the coupling is not too
significant, which is because the MIMO antenna technique does not require the ele-
ments to work at the same time, the coupling will not affect the work status of MIMO
system; the other is using the decoupling technique to realize the compact design, even
so the antenna performance is also affected when the elements are close enough.

In addition to the above close-spacing compact techniques, changing the antenna
shape is another conventional way to realize the compact design, such as, using
meander line for the dipole/monopole or the slot antenna to save the spacing, and by
the combinations with different antennas to change the shape, like the electric and
magnetic dipoles, the patch and slot, the PIFA and slot etc. Besides, the fractal tech-
nique and the optimization algorithm with constraints are often implemented to
change the antenna shape. And we can physically reduce the antenna size by
performing the corresponding cutting based on the related modes.

In this chapter, we will focus on the introduction of the corresponding compact
techniques of the planar antennas, including the close-spacing and the shape change
methods. Therefore, the rest is organized as follows. Section 2 introduces the
corresponding general compact methods implicit in different antenna types, including
the close-spacing no-decoupling design, decoupling design, meander line method,
multiple antenna structure, co-radiator/co-location design, fractal antenna, and the
mode-cutting technique. The fundamentals for compact designs, including mode-
cutting method, fractal technique, characteristic mode analysis (CMA), and optimi-
zation algorithm, are summarized in Section 3, which will be helpful to the future
compact researches owing to the physical reduction of antenna size. Then, the
conclusions are shown in Section 4.

2. Compact antenna techniques

Though different antenna types have been designed for the compact purpose
depending on the present development trend, the compact techniques are similar
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accompanied by the types. We summarize the corresponding compact techniques in
this section.

2.1 No-decoupling compact designs

The purpose of MIMO antenna is using the multiple path transmissions to realize
the high-efficiency and high-capacity communication, which means the antenna may
not work simultaneously and then the coupling is not a main concerned focus. In other
words, we need not care about the mutual couplings among elements so seriously in
some cases when we want to realize the compact design but put them closer. More-
over, the coupling can be reduced by properly arranging the positions of elements to
form the orthogonal polarization etc.

In [101], even the cross line connected with four elements exists to improve the
isolation, the minimum isolation is up to 9.7 dB. The similar phenomenon happens in
[36, 80] where no-decoupling structures were used. The four-element 90 degrees
rotated structure of [36] is shown in Figure 1, from which we know the coupling is
significant and the authors gave that of about 12 dB. The shorting pins and the 90
degrees rotation also do not reduce the mutual coupling seriously at some frequencies
in [80], which is about 13.3 dB, the corresponding configuration is shown in right
subfigure.

When the spacings become larger, the coupling will be smaller [29, 35] where the
orthogonal polarization techniques were employed as well. Using the shorting pins
[78] or slot [81] to stop the current flowing to the neighbor element in the cavity
antenna is an efficient way to reduce the coupling. And we can obtain the lower
coupling by exciting the neighbor elements with the differential modes instead of
additional decoupling structure [14, 46, 88].

2.2 Compact decoupling techniques

Generally, we should consider the mutual couplings in the MIMO antenna design
which decreases the consequent undesirable problems of the related system. Except
the above differential mode method, we often reduce the mutual coupling for the
close-spacing elements from two aspects, one is from the source and the other in the
transmission process. The decoupling techniques of patch antenna can illustrate these
well [15–18]. When the spacing is large enough, the surface current on the ground
plane affects the mutual coupling rarely so that a proper metamaterial absorber put
between the patch is enough to stop the surface and the radiated waves in the
decoupling process [17]. As the spacing becomes closer, the surface current on the

Figure 1.
No-decoupling MIMO antennas: [36] (left) and [80] (right).
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ground plane diffuses to the neighbor element, and the near-field coupling to the
other patch generates, so the defected ground structure (DGS) and/or resonator
techniques between patches can reduce the couplings significantly [15, 16, 18].
Figure 2 shows the simple decoupling structure in [15], in which the slot through the
substrate and ground plane was curved. The surface current on the ground was cut off
and the resonator was form between patches resulting in the reduction of mutual
coupling. In order to reduce the mutual coupling of patches, literature [18] used
another way, where the parasitic elements are put closer than the spacing between
patches so as to induce the power to the parasitic metal rather than the neighbor
patch. Figure 3 shows the current distributions on the top layer of patch antenna
before and after using parasitic technique. It is clear that the coupling to the neighbor
element is suppressed.

The ideas were implemented into the PIFA antenna [92, 93, 96], loop antenna
[49, 52, 53], slot antenna [69, 70], and UWB antenna [60, 62, 69, 70] and so on.
Figure 4 shows the corresponding antenna and the decoupling structures. Both the
PIFA and the UWB suppress the coupling in the wave propagation process, and the
other two cuts off the surface currents.

The neutral line technique is another normal method to reduce the coupling in the
monopole [45] and UWB [60] antennas. It does not destroy the structure of ground
plane but introduce the neutral line between elements. The decoupling structure of
[60] is shown in Figure 5, where the circular disc of neutral line allows several

Figure 2.
DGS and resonator techniques to reduce the coupling [15].

Figure 3.
The comparisons of current distributions on the top layer [18].
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decoupling paths to cancel the coupling current on the ground so that the UWB
decoupling is realized, and with the help of slot in the circular disc, the highest
decoupling frequency can be tuned to 5 GHz.

If the cavity is cut properly, the antenna can realize the self-isolation without any
additional structure. Such as in [81], the authors cut a slot symmetrically for the
quarter cavity, the consequent 1/8 mode cavity antennas have good isolation. This
self-isolated technique is also applied in the loop antenna, and the size is reduced by
means of the introduction of two vertical stubs in the loop [53].

2.3 Meander line antennas

It is the conventional way to restrict an antenna to a fixed area by meandering the
radiator. It is often adopted in the dipole/monopole, slot, and loop antennas, where the
corresponding method is relatively simple, that is, we just adjust the meandered sections
to resonate at the desired frequency as the straight one. We can find many meander line
techniques employed in the MIMO antenna designs [25, 36, 38–40, 42, 47, 49, 56, 57, 67].

The dual-band is realized by two different length slots, the authors meandered the
longer slot which makes the two slots have the similar length in the horizontal direc-
tion [25]. The arms of dipole/monopole are meandered as well for the compact design
[36, 38–40, 42, 47, 67]. For the loop antenna, the authors put two loops on the
different layers and the smaller one is embedded into the bigger one [49], while the
loops meandered inward are implemented for the rectangular [57] and the Alford [56]
loops, respectively.

2.4 Multiple antenna structures

Multiple antenna structure, or the hybrid structure with different antenna types,
also can obtain the compact design for the MIMO antenna application. This

Figure 4.
The antennas and decoupling structures (from left to right): PIFA [96], loop [52], slot [69], and UWB [62].

Figure 5.
The antennas and the neutral line decoupling structures of [60].
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combination not only saves the spacing, but also suits for the realization of multi-band
or multi-polarization.

In [11], the patch antenna combines with the dipole antenna to realize the polari-
zation diversity design, where the chamfered-edge square patch with an offset feed is
used to obtain the circular polarization and the two dipoles are responsible for the
linearly polarized radiation. Literature [32] also shows the combination of both patch
antenna and the monopole antenna with the same ground, but the patch antenna is
fed by the electromagnetic coupling.

Two pairs of slot antennas are etched in the patch to realize the dual-polarized
radiation, and good isolation is obtained due to the proper feeding positions [19]. The
authors put the IFA and the slot antenna together for different LTE bands in the
mobile application [104]; and two slots with different lengths are put close for the
dual-band radiation [25].

2.5 Co-radiator/co-location antennas

To some extent the co-radiator and the co-location antennas resemble the multiple
antenna structure. For the co-radiator MIMO antenna, there exists one common
radiator but excited by different ports, while the co-location antenna assembles dif-
ferent antennas in the fixed area. These two types are similar to some diversity
antennas of one radiator but different feeds and the multi-band antenna with one
radiator, respectively. In other words, the co-radiator/co-location antennas are not so
unfamiliar things but they just have the common property for a kind of antennas.

The antenna of [105] shown in Figure 6 explain the co-radiator antenna clear,
where four ports excite the common radiator and the slot of ground plane is used to
improve the isolation. The configuration of [106] resembles to this work, but use two
ports to excite the co-radiator, the isolation is improved by means of the T-shape slot
and the irregular stub extended from the ground plane.

Figure 6.
Co-radiator antenna of [105]: (a) Geometry and (b) prototype.
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The circular co-radiated patch is employed in [107], the configuration is shown in
Figure 7. The authors analyzed the two close modes TM02 and TM11 with the
monopole-like and patch-like radiations, respectively, and put several vias around the
center to make sure the resonant frequencies are the same. Then, they used the center
port to obtain the monopole-like radiation, the other two ports excite two orthogonal
patch-like patterns.

The application of the co-radiator technique in the mobile terminal was investi-
gated in [108], we repeat the configuration in Figure 8. The loop is the co-radiator of
port 1 and port 2 as shown in Figure 8c. The two ports are put at the center of loop,
and port 1 feeds the loop directly while port 2 feeds the loop by a microstrip line.
Owing to the odd and even modes appear by the two ports, the high isolation is
achieved in the design.

Figure 8.
Co-radiator antenna applied in mobile terminal [108]: (A) front view, (B) back view, (C) details of the upper
structure, and (D) details of the lower structure.

Figure 7.
Circular co-radiator antenna of [107].
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The co-location antenna is the same as the co-radiator antenna in a way as in [107],
where different radiation patterns are generated by the different ports at different
positions but the radiator is not changed. However, we differentiate them in this
section by introducing the co-location antenna with different radiators [30]. The
corresponding antenna configuration and the current distributions at different fre-
quencies are shown in Figure 9, where the two ports are placed on the top and left
sides. When the lower frequency is excited at any port, the square-ring slot works, the
edge branch radiates for the higher frequency.

2.6 Fractal antennas

The fractal technique is helpful to reduce the antenna size owing to the self-similar
and space filling properties, thus it is used to design the MIMO antenna for the
compact purpose.

In [83, 86, 88], the Koch fractal technique were adopted to design the MIMO
antenna. The iteration process of [83] is shown in Figure 10. The initial shape is the
octagon of Figure 10a, the fractal shape after first iteration is shown in Figure 10b,
and the second iteration has satisfied the requirement of the UWB band. The
corresponding MIMO antenna is shown in Figure 11. The C-shape slot is sliced on the

Figure 9.
Antenna configuration (left: (a) Top view and (b) cross-sectional view) and current distributions at different
frequencies (right: (a) Port 1 excited at 3.4 GHz, (b) Port 2 excited at 3.4 GHz, (c) Port 1 excited at 3.8 GHz,
and (d) Port 2 excited at 3.8 GHz) of [30].

Figure 10.
Iteration process of Koch fractal [83]: (a) initiator, (b) first iteration, and (c) second iteration.
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fractal octagon to realize the rejection band, the orthogonal arrangement and a
L-shape stub connected with the ground plane are used to increase the isolation.

The hybrid fractal technique is also used to design the UWB antenna [85], where
both the Sierpinski and Koch fractal were applied, and a U-shape slot etched in the
radiating element to notch the WLAN band. For the MIMO antenna design, the two
antennas are put parallel, but the isolation is increased by both the stepped ground
plane and the reflecting ground stub in between.

Using the similar idea as in [85], the authors in [87] combine the Koch and the
Minkowski to get the dual-bandMIMO antenna. The corresponding hybrid fractal idea
and theMIMOantenna are shown inFigure 12. There is an initiator and a generator for the
Minkowski fractal technique as shown in the left subfigure of Figure 13. This structure
meets the dual-band requirements of 1.65–1.90 GHz and 2.68–6.25 GHz, and the high
isolation is achievedwith the help of the T-shape stub connected to the ground plane.

In contrast, the hybrid Quadric–Koch fractal antenna was designed in [89] for the
multi-band requirement where the circular polarizations were obtained for the bands
of 3.66–3.7 GHz and 5.93–6.13 GHz and the rest five bands are linear polarization. No
additional structure was used in the MIMO antenna, where two elements are put
symmetrically, and the isolation is better than 17 dB over the entire bands.

Figure 12.
Hybrid fractal MIMO antenna of [85].

Figure 11.
Fractal MIMO antenna of [83].
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The Hilbert fractal technique was employed in [90] to realize the dual-band prop-
erty, the correlation coefficients lower than 0.1 when the two orthogonal-arranged
antennas are put close.

2.7 Radiator-cutting antennas

Though the fractal technique reduces the antenna size significantly in physical,
there is another way to reduce the antenna size physically, that is, by cutting the
original antenna into a small piece. This method is suitable for the antenna with the
symmetrical structure or the cavity antenna who has the symmetrical modes.

In theworks of [109, 110], the radiator is cut into two pieces and leave one for the
radiation. The corresponding element structures of theMIMO antennas are shown in
Figure 13. It is clear that the antennas have no complete structures. It is the quasi-self-
complementarymonopole in [109] owing to themonopole has the semi-circle patchwhile
the slot in the ground is not complete half-complementary structure. This cutting struc-
ture keeps theUWBproperty as that of the completemonopole. Through the symmetrical
arrangement of two elements, theMIMO antenna has high isolationwithout any addi-
tional structure due to the asymmetry structure.While in [110], the rectangularmonopole
is not only cut into two pieces, but also a semi-circle slot is etched in the half-monopole to
improve the optical transparency.However, the groundplane ismodified by etching a slot
and adding staircase stubs resulting in the improvement of the impedance bandwidth.

The non-integer order mode cutting technique is also adopted to reduce the antenna
size physically. It is the same as the radiator-cutting method. That is because the
complete structure has the integer mode, if we want to use its non-integer mode we
have to cut the structure. In other words, the structure cutting means the mode cutting.

The non-integer mode structure of rectangular cavity in [80] has been shown in
Section 2.1, where the length of the patch is half of the complete one so that the
TM1=2,0 mode etc. form. The same idea appears in [82], but one 1/8 mode is used for
the circular cavity. While the semi-taper slot is etched on the top lay of the cavity in
[111] in order to radiate the related power, where the four CPW-fed MIMO antenna is
shown in Figure 14. The metallic vias are set to form five cavities, the outer four with
the semi-taper slots are responsible for the radiation. The half mode of TM110 will
generate by the proper feeding, and this MIMO antenna has high isolation owing to
the orthogonal arrangement and the existence of the metallic vias.

Figure 13.
The elements of MIMO antennas in [109] (left) and [110] (right).
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3. Fundamentals of compact design

Section 2 has discussed the specific antennas and the corresponding compact
techniques implicit in the design, but there are some methods leading to the compact
design not only suit for one fixed structure, but also will be used into other types in
the future. Thus, we discuss their applications in MIMO antennas and the related
techniques in this section, including the detailed explanation of mode-cutting method,
the fractal technique, the theory of characteristic mode, and the optimization
algorithms.

3.1 Mode-antenna analyses

In Subsection 2.7, the mode-cutting methods for different antenna types has been
shown, however, the cited references did not discuss the detailed modes so clear. Now
we discuss the mode distributions according to the specific antenna types which have
been studied in the MIMO antenna.

Figure 15.
Current distributions of complete slot of [112]: (a) without CSR, (b) CSR at position 1, (c) CSR at position 2,
and (d) CSR at position 3.

Figure 14.
MIMO antenna of [111]: (A) geometry and (B) unit.
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If the mode-cutting method is implemented, the corresponding antenna has at
least one integral modes, or we can say that the cutting method suits to the integral
order mode of the related structures.

For the cutting of the semi-circle slot antenna, the authors in [112] discussed the
current distribution of the complete slot as shown in Figure 15. Whether the comple-
mentary slot reflector exists or not, the current distributions are symmetrical. By
optimizing the size and position of CSR, the cutting method can be implemented to
get the half-loop slot, and the corresponding performances are affected rarely. Then,
the two-element MIMO antenna is formed by symmetrical arrangement whose isola-
tion less than 12 dB is achieved without any additional decoupling structure.

The literature [113] provides another way to design the cavity MIMO antenna
which excites each sub-mode generated by the different shape cavities. The authors
started the analysis for the closed circular cavity, then analyzed the characteristic
modes for the open and sector cavities, and consequently obtained the methodology
that the whole cavity can be divided into N sub-cavities. If a T-shape monopole is put
at the proper position for each sub-cavity, the N-port MIMO antenna forms and high
isolation is obtained. They took the 4-port circular open cavity as an example and
fabricated an antenna prototype shown in Figure 16, whose measurements agree well
with those of simulations. Thus, they continue discuss the related design for other
shape cavity antennas.

3.2 Fractal techniques

The fractal technique has been employed in the MIMO antennas as in subsection
2.6 owing to it can reduce the size for the compact design. As we know the fractal
technique needs several iterations, it is effective to reduce the size in finite iterations,
but when the iteration reaches to a certain number, the size reduction will not so
obvious until it does not work. That’s because as the iteration increases, the length of
fractal shape will become smaller and can not be comparable with the wavelength.
Therefore, we have to consider the iteration number depending on the specific
requirement. In this subsection, we introduce two common simple fractal techniques,
the Koch and the Sierpiński fractals [114, 115].

Figure 16.
4-Port MIMO antenna of [113].

194

MIMO Communications – Fundamental Theory, Propagation Channels, and Antenna Systems



1.Koch Fractal

The Figure 12 has presented the 2nd iteration process for the line segment, we do
not repeat here. The detailed iteration method is, (1) the line segment is selected as
the initiator, (2) divide the segment into three equal portions, then rotate the
middle portion�60 degrees to form another two new subsegments, and (3) repeat
the process of last step. The length will increase 1/3 times for each iteration.

2.Sierpiński Fractal

The Sierpiński iteration process of isosceles triangle is shown in Figure 17 [114].
The coordinates for the next iteration can be obtained by
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This iteration process described by formulas (1)–(3) can be summarized as, find
the midpoint of each segment and connect them to form four same isosceles triangles,
then remove the middle triangle, we will get the final iteration shape.

3.3 Characteristic mode analysis

The CMA permits the researcher to know the antenna performance at the initial
stage without considering the specific excitations so that the user can have an insight
into the radiation essence, which is extensively used in the application of mobile
handset antenna where the large metal chassis exists [116]. And the MIMO antennas
are also extensively investigated for the mobile terminal application, there are a lot of
works using the CMA [47, 117, 118].

In [47], a meandered dipole working at 3.5 GHz was studied by using the CMA.
The first 10 modes are compared and the symmetrical reverse modal currents are

Figure 17.
Iteration process of Sierpiński fractal [114]: left is initiator and right is the 1st iteration.
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excited to get the low SAR, and the isolation of 16 dB is achieved. On the contrary, the
CMA is implemented on both the ground plane and the antenna in [117], but only on
the chassis ground plane in [118]. The first four modes of [118] are shown in
Figure 18. With the help of the current distributions, the antennas are put intensity-
weak position of the corners for the MIMO antenna design.

Depending on the extensive application in MIMO antenna designs, we simply
introduce the corresponding theory of the electric-field boundary conditions as fol-
lows [116, 117].

The related scattering field expression satisfy:

L Jð Þ½ �tan ¼ Ei
tan rð Þ, r∈ S (4)

where L ∙ð Þ is the intetro-differential operator.
Owing to L ∙ð Þ features with the impedance property, thus the formula (4) is

rewritten as:

Z Jð Þ ¼ L Jð Þ½ �tan (5)

where Z ∙ð Þ represent the tangential component of electric field related with J.
The impedance matrix Z has the real and imaginary parts, we get the following

related formulas:

Z ¼ Rþ jX (6)

R ¼ Z þ Z ∗ð Þ=2 (7)

X ¼ Z � Z ∗ð Þ=2j (8)

By means of Poynting’s theorem, we get the straightforward relation for R and X,
which has clear physical meaning, as

XJn ¼ λnRJn (9)

where Jn and λn are the real eigenvector and eigenvalue of nth mode, respectively.
The orthogonality of modal currents is defined by:

< Jm,R∙Jn > ¼ < J ∗m,R∙Jn > ¼ δmn (10)

< Jm,X∙Jn > ¼ < J ∗m,X∙Jn > ¼ λnδmn (11)

Figure 18.
First four modes at 2.2 GHz of [118].
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< Jm,Z∙Jn > ¼ < J ∗m ,Z∙Jn > ¼ 1þ jλnð Þδmn (12)

where δmn ¼ 1,m ¼ n or δmn ¼ 0,m 6¼ n.
Depending on the theory of characteristic mode, we get the induced currents on

the PEC body and the resultant fields:

J ¼
X
n
αnJn (13)

By using the Z impedance operator, formula (13) becomes:

X
n
αnZ Jnð Þ ¼ Ei

tan rð Þ (14)

Taking the inner product by the current Jm for (14), we have:

X
n
αn <Z Jnð Þ, Jm > ¼ <Ei

tan rð Þ, Jm > (15)

Applying the orthogonality of currents, we will get under the condition of m = n:

αn 1þ jλnð Þ ¼ <Ei
tan rð Þ, Jm > (16)

so we know:

αn ¼ <Ei
tan rð Þ, Jm >
1þ jλn

(17)

where <Ei
tan rð Þ, Jm > is called the modal excitation coefficient and the modal

significance MS is defined as:

MS ¼ 1
1þ jλn

����
���� (18)

3.4 Optimization algorithms

The optimization algorithms are often used to reduce the antenna size, but for the
MIMO antenna it becomes a multi-objective optimization problem due to we have to
consider other parameters, like the effect of mutual coupling and the related position
change etc. of antenna element. If we use the single optimization algorithm to optimize
the MIMO antenna, it will take more time, so the hybrid algorithms are employed to
process the complicated discrete and continuous mixed parameters [119–121].

In [119], both the antenna shape and the decoupling structure were considered,
thus the hybrid algorithm of both the multiobjective evolutionary algorithm based on
decomposition combined with differential evolution (MOEA/D-DE) and MOEA/D
combined with genetic operator (MOEA/D-GO) were used, where the MOEA/D-DE
is adopted to optimize the radiator while the MOEA/D-GO optimizes the isolated area
shown in Figure 19. They divided the circle into 8 areas of the same size, each has the
45 degrees angle and divided into several small pieces. In the optimization process, “1”
represents the existence of metal while “0” not. Literature [120] Integrates the particle
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swarm optimization (PSO) and binary PSO into multi-objective evolutionary algo-
rithm based on decomposition (MOEA/D) to realize the optimization of antenna size
and isolation, while the surrogate-based optimization was employed in [121].

Though different algorithms have been proposed to improve the optimization
result, the corresponding optimization process is similar as in [119].

The optimized problem can be expressed as:

min F Xð Þ ¼ f 1 Xð Þ, f 2 Xð Þ, … , f n Xð Þ� �
s:t:X ∈Ω (19)

where f i Xð Þ i ¼ 1, 2, … , nð Þ indicates the corresponding optimized objective, X is a
decision variable, and Ω is the design space.

The authors of [119] presented three optimized objectives due to the four-port
MIMO antenna so that they have to consider the mutual coupling of different ports.
We can simplify the optimized objectives by two ports, they are:

f 1 Xð Þ ¼ max Q1 � min S11ð ÞdB
�� ��, 0� �

ω∈ ω1,ω2½ � (20)

f 2 Xð Þ ¼ max Q2 � min S12ð ÞdB
�� ��, 0� �

ω∈ ω1,ω2½ � (21)

where ω1,ω2½ � indicates the frequency band, Q1 is the desired minimum of return
loss, which is set to be 10 dB, and Q2 desired minimum isolation.

With these optimized objectives and the constraints, the iteration process can be
implemented by the hybrid utilization of EM simulator and the proposed algorithm.

4. Conclusions

Depending on the development trend of 5G+/6G, we focused on the summaries of
the planar MIMO antennas and the related compact techniques in this chapter owing to
they are easily fabricated and integrated into a system. These planar antennas contain
several common antenna types, including the patch, dipole/monopole, slot etc. Even so,
they still can be designed into the 3D structure and there are specific applications like in
the mobile terminal. The compact techniques implicit in the designs are dug up and
summarized into seven categories, including the no-decoupling and the decoupling
designs, multiple antenna structure, meander line technique, co-radiator design, and
the fractal and radiator-cutting antennas. Then, in Section 3, we discussed the related
fundamentals for the compact designs though the antenna types are conventional, and

Figure 19.
Fragment-type isolation of [119]: (a) split method, (b) discretization and assignment of “0” or “1”, and (c)
frqgment-type structure.
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showed the corresponding simple design methods, they are mode analyses, fractal
techniques, characteristic analysis, and the optimization algorithms.
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Chapter 10

Recent Advances in the mm-Wave 
Array for Mobile Phones
Yan Wang and Xiaoxue Fan

Abstract

With the development of communication system to the mm-wave band, the 
antenna design in the mm-wave band for mobile phones encounters new requirements 
and challenges. The mm-wave characteristics of short wavelength, high free-space 
path loss, and easy-to-be-blocking usually require mm-wave antennas with high gain 
and beam-scanning capability. Also, considering the very limited space occupied by 
antennas in mobile phones and the massive production of consumer electronics, small 
size, low cost, multiband, multi-polarization, and wide beam steering becomes the 
main key point of mm-wave array performance. In addition, as a special situation of 
the mobile antenna, the analysis of effect of the human tissue on the antenna perfor-
mance is also important. So, in this chapter, a comprehensive summary on the recent 
advances in the mm-wave array for mobile phones including single-band, dual-band, 
and reconfigurable design of broadside array, horizontal polarized, vertical polarized, 
and dual-polarized design of endfire array, co-design of mm-wave array with lower 
band antenna, and user influence are summarized.

Keywords: mm-wave array, mobile phones, broadside array, endfire array, 
reconfigurable array, shared-aperture, beam steering, user influence

1. Introduction

Mobile communication has been updated greatly from the first-generation (1G) 
to recent fifth-generation (5G) and future promising sixth-generation (6G) mobile 
communication systems to meet the requirement of high data rate, large capacity, low 
latency, et al. for consumers [1]. As one of the key techniques for 5G and 6G commu-
nication system, millimeter-wave (mm-wave) frequency band with large bandwidth 
is adopted [2, 3]. Comparison with the centimeter-wave or decimeter-wave, the 
frequency band of mm-wave is much higher and thus shorter wavelength. However, 
due to its high frequency with short wavelength, the free-space loss of mm-wave is 
higher than that of lower frequency bands, and the mm-wave beam is usually blocked 
[4]. To mitigate the path loss and beam blockage, a high-gain antenna with wide-angle 
beam scanning is usually adopted to catch the strongest signal and ensure effective 
radiation in a 5G mm-wave system [5].

To ensure the wireless connection using mm-wave frequency band, the mm-wave 
array antenna should be applied in mobile phones. Besides the requirements of 
frequency bands, maximum output power, additional spectrum emission mask, 
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and spurious emission from the 3GPP [6], four additional key difficulties should be 
considered for mm-wave array in mobile phones:

• Array size: Because most of the spaces are reserved for the displays, cameras, 
battery, printed circuit board (PCB), motor, speaker, and so on [7] for better 
user experience, the mm-wave array in mobile phones should only occupy a very 
small space. In addition, most of the antenna space in mobile phones has been 
occupied by the antennas working at the lower frequency band. The space for 
mm-wave arrays in mobile phones is extremely limited.

• Beam coverage: Because the posture of mobile phones is usually arbitrary in 
realistic scenarios [8], the mm-wave array in mobile phones should cover as wide 
as possible beam coverage with the required performance to catch the strongest 
signal for an effective signal connection. In practical applications, 2 or 3 mm-
wave arrays are usually deployed in mobile phones to achieve the desired beam 
coverage.

• Integration with the mobile phones: Because of the requirements of mobile phones 
for the full-display, curved-display, metal-bezel, glass back cover, metal back cover 
[7], the mm-wave array in mobile phones should fit the industry design (ID) of 
mobile phones. In practical applications, the geometry, layout, thickness, and 
deployment of the mm-wave array are determined by the ID of the mobile phone.

• User influence: Because mobile phones are usually held by the human hands [8], 
the mm-wave array in mobile phones might also be covered by the human band. 
In practical applications, the effect of the human hands or human fingers on the 
antenna impedance, bandwidth, gain, and beam coverage should be studied.

Figure 1. 
Conceptual diagram of the mm-wave array with desired spherical coverage for mobile phones. (a) Front view. 
(b) Side view [11].
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Since the first mm-wave array was designed for mobile phones in 2014 [9] and the 
first commercial mm-wave array module was adopted in Samsung Galaxy S20 in 2020 
[10], significant progress has been achieved in addressing the above difficulties in 
recent years. The desired beam coverage as shown in Figure 1 should be achieved with 
mm-wave arrays.

In this chapter, a comprehensive summary of the recent advances in the mm-wave 
array for mobile phone, such as broadside mm-wave array, endfire mm-wave array, 
co-design of the mm-wave array with metal-bezel and lower frequency band antenna, 
and user influence is conducted. Figure 2 illustrates the block diagram of the mm-
wave array for mobile phones. For the broadside mm-wave array, we focus on the 
single-band, dual-band, and reconfigurable designs. For the endfire mm-wave array, 
single-polarization and dual-polarization designs are summarized. For the co-design 
of the mm-wave array, integrating metal-bezel with mobile phone design and shared-
aperture with lower band antenna design are summarized.

This chapter is organized as follows. In Section 2, the common antenna element 
types of broadside radiation are introduced, and the design challenges of mm-wave 
broadside arrays are analyzed. Then, the broadside arrays are divided into three 
parts: single-band design, dual-band design, and reconfigurable design, to be sum-
marized respectively. In Section 3, the challenges of endfire mm-wave array design 
are first analyzed. Then, the typical horizontal polarized, vertical polarized, and 
dual-polarized mm-wave endfire arrays are summarized. In Section 4, the co-design 
of the mm-wave array in the mobile phone with a lower frequency band antenna is 
introduced, including an integrated design with metal-bezel and shared-aperture 
design, respectively. In Section 5, the user influence on the mm-wave array in the 
mobile phone is illustrated. Finally, conclusions are drawn in Section 6.

2. Broadside mm-wave array for mobile phone

Broadside array antenna is the array with the direction of maximum radiation, 
which is vertical to the array. As shown in Figure 3, the broadside array is achieved 

Figure 2. 
Block diagram of the mm-wave array for mobile phones.
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with the array element in the xy-plane and maximum radiation direction along the 
z-axis. As shown in Figure 4(a), when the array is placed horizontally with the 
mobile phone, the desired beam directions 5 and 6 in Figure 1 can be achieved. In 
Figure 4(b), when the array is placed vertically with the mobile phone, the desired 
beam directions 1, 2, 3, and 4 in Figure 1 can be achieved. Usually, due to the 
thickness limitation of the mobile phone, beam directions 1, 2, 3, and 4 are mainly 
achieved by endfire arrays, which will be explained in detail in Section 3. The broad-
side arrays are mainly used to achieve beam directions 5 and 6.

For broadside array, the typical antenna elements are patch antenna [12], slot 
antenna [13], printed dipole antenna [14], dielectric resonant antenna [15], substrate 
integrated waveguide (SIW) cavity antenna [16], and so on. For the above antenna 
types, dual polarization can be achieved simply by quadrature feeding or by placing 
a pair of quadrature elements. The main challenge of broadside array design is how 
to achieve the array with the superior performance of small size, wide bandwidth, 
multiband, and wide beam coverage. In this section, the broadside arrays are classi-
fied into three parts: single-band, dual-band, and reconfigurable to summarize. At the 
same time, several solutions to the above challenges are also summarized.

2.1 Single-band broadside mm-wave array

The patch antenna is one of the most commonly used antenna elements in the broad-
side mm-wave wave array. The bandwidth of patch antennas is usually narrow, covering 
only a portion of the commercial mm-wave band. For example, as shown in Figure 5(a), 
an optically invisible common patch antenna on display only has a bandwidth of 9% 
(27.1–29.7 GHz) [17]. As shown in Figure 5(b)-(d), in order to improve the bandwidth of 

Figure 4. 
Conceptual diagram of the broadside mm-wave array and desired beam directions. (a) Array placed horizontally 
with the mobile phone. (b) Array placed vertically with the mobile phone.

Figure 3. 
Conceptual diagram of the antenna array with broadside radiation pattern.
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the patch antenna element, slotting on the patches [18], using parasitic patches [19], and 
using parasitic branches [20] are used to obtain more than 20% impedance bandwidth. 
Although the optimized patch antenna in [19] can cover the mm-wave band from 23 to 
30.5 GHz (N257/258) band, it cannot cover the N259/N260 near 40GHz. In contrast, 
printed dipole antennas have a wider bandwidth. For example, the printed dipole 
antenna in [21] achieves a 50% (24–40 GHz) impedance bandwidth. In addition, as 
shown in Figure 5(f) and (g), dual polarization can be easily achieved by placing a pair 
of antenna elements orthogonally [22] or by quadrature feeding [23].

The patch antenna is one of the most commonly used antenna elements in the 
broadside mm-wave wave array. The bandwidth of patch antennas is usually narrow, 
covering only a portion of the commercial mm-wave band. For example, similar 
to the common patch antenna element shown in Figure 5(a), an optically invisible 
common patch antenna on display only has a bandwidth of 9% (27.1–29.7 GHz) [17]. 
As shown in Figure 5(b)-(d), in order to improve the bandwidth of the patch antenna 
element, slotting on the patches [18], using parasitic patches [19], and using parasitic 
branches [20] are used to obtain more than 20% impedance bandwidth. Although the 
optimized patch antenna in [19] can cover the mm-wave band from 23 to 30.5 GHz 
(N257/258) band, it cannot cover the N259/N260 near 40GHz. In contrast, printed 
dipole antennas have a wider bandwidth. For example, the printed dipole antenna 
in [21] achieves a 50% (24–40 GHz) impedance bandwidth. In addition, as shown in 
Figure 5(e) and (f ), dual polarization can be easily achieved by placing a pair of 
antenna elements orthogonally [22] or by quadrature feeding [23].

Figure 5. 
Typical design schematics of single-band broadside mm-wave array. (a) Common patch antenna element. (b) 
Slotting on the patches. (c) Using parasitic patches. (d) Using parasitic branches. (e) Printed dipole antenna, 
dual-polarized realized by orthogonal placement. (f) Dual-polarized. Realized by quadrature feeding.
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2.2 Dual-band broadside mm-wave array

With several mm-wave bands around 28, 38, 45, and 60 GHz have been assigned 
for 5G development [24], mm-wave ultra-wideband antennas or multiband anten-
nas are widely investigated to cover two or more frequency bands simultaneously to 
expand the available spectrum, improve antenna space utilization, save fabricated 
cost, and achieve high integration. And this part mainly focuses on dual-band broad-
side mm-wave array.

There are usually two ways to achieve dual-band antennas. One general way to 
achieve dual-band antennas is to combine two different structures operating at differ-
ent frequency bands together [15, 25, 26]. For example, a hybrid antenna consisting 
of three resonators of strip, slot, and dielectric resonant antenna is proposed [15]. The 
strip and slot modes are used to cover the lower frequency band of 26.41–30.42 GHz, 
while the TE111 and TE131 modes of the DRA are employed to cover the upper-fre-
quency band of 36.05–40.88 GHz. Two pairs of dipole antennas are proposed in [25]; 
the low-band radiation is generated by the pair of dipole arms along co-polarized 
direction, while the high-band radiation is realized by the dipole arms along cross-
polarized direction.

Another way to achieve dual-band antennas is to adjust different modes of 
the same antenna structure to achieve dual resonance [14, 27–29]. For example, a 
compact dual-wideband magnetoelectric dipole is proposed in [14], the lower band 
of 24–29.3 GHz is achieved by 0.5λ mode, and the higher band of 35.5–43.5 GHz is 
achieved by 1λ mode. Also, the TM10 mode and TM20 mode of the gridded patches 
antenna are used to achieve dual-band coverage [27] .

2.3 Reconfigurable broadside mm-wave array

Considering the massive production of consumer electronics, the cost of each 
mobile antenna should be as low as possible. The reconfigurable design enables 
multiple operating modes of the mm-wave array through simple p-i-n diodes control 
and switching, which is one of the effective ways to save cost.

The reconfigurable design can be divided into two categories: direct control of the 
pattern reconfiguration, and control of the phased array excitation phase difference 
reconfiguration. As direct control of the pattern reconfiguration usually requires 
a large antenna design space and is not applicable for mobile phones [30], this part 
focuses on the reconfigurable design of the phase shifter. For the mm-wave arrays, the 
phase shifter is usually designed with the feeding network, and the excitation phase 
difference between elements is set by switching p-i-n diodes to achieve different 

Figure 6. 
1-bit reconfigurable broadside mm-wave design [31].
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directions. As shown in Figure 6, in [31], a low-cost reconfigurable 1-bit patch 
antenna is designed with moderate performance. What is more, a series-fed beam-
steerable 2-bit reconfigurable design is proposed in [32].

3. Endfire mm-wave array for mobile phone

Endfire array antenna is the array with the direction of maximum radiation, which 
lies along the line of the array. As shown in Figure 7, the endfire array is achieved 
with array element along the y-axis and maximum radiation direction in the x-axis. 
Compared with the broadside array, for the mobile phone with desired beam directions 
1, 2, 3, and 4 in Figure 1, endfire array can be directly integrated into the PCB and 
save the thickness of the mobile phone. So, for mobile phones with a specific geometry 
of thin thickness, endfire array is preferable. However, due to the thin thickness of 
the mobile phone and thus the thin thickness of the endfire array, how to achieve the 
endfire array with the superior performance of thin thickness, small clearance, wide 
bandwidth, multiple polarization, and wide beam coverage is challenging. This section 
summarizes the typical design methods of horizontal-polarized endfire mm-wave array 
first. Then, the typical design methods of vertical-polarized endfire mm-wave array are 
summarized. Finally, the dual-polarized endfire mm-wave arrays are summarized.

3.1 Horizontal-polarized endfire mm-wave array

To better summarize the horizontal polarization endfire mm-wave array for 
mobile phones, Figure 8 shows the conceptual diagram of some typical horizontal 
polarization endfire mm-wave arrays. As shown in Figure 9(b), the simplest method 
to achieve the endfire radiation is to deploy the mm-wave array vertical to the system 
ground. As the radiation element is horizontal polarization, horizontal polarization 
endfire mm-wave array is achieved. A similar idea can be found in [33] where the 
broadband magnetoelectric dipole antenna is applied as the element where 109.5% rel-
ative bandwidth is achieved. However, the critical drawback of this method is that the 
width of the mm-wave array should be enough to achieve proper performance. Thus, 
the thickness of the mobile phone is affected by the mm-wave array. A dipole antenna 
closing to the system ground, as shown in Figure 9(c), has endfire radiation with 
horizontal polarization. The system ground can redirect the radiation to achieve a high 
gain. The parallel double line [34] or the slot line with balun [35] can be applied to feed 

Figure 7. 
Conceptual diagram of the antenna array with endfire radiation pattern.
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the dipole. To achieve the wide bandwidth, the distance between the dipole antenna 
ground should be large. In [36], the arm length of the dipole antenna is tuned to 
different values to widen the bandwidth. Similar to the Yagi antenna, several directors 
are applied in [37–39] to further enhance the array gain and bandwidth. The monopole 
antenna of half-wavelength mode can also be placed near the system ground to achieve 

Figure 9. 
Conceptual diagram of the typical horizontal polarization endfire mm-wave array. (a) Mm-wave array on 
the mobile phone. (b) Vertical deployment for endfire radiation. (c) Dipole element for endfire radiation. (d) 
Monopole element for endfire radiation. (e) Open slot element for endfire radiation.

Figure 8. 
Typical design schematics of dual-polarized endfire mm-wave array. (a) Vertical deployment of dual-polarized 
element. (b) Horizontal-polarized dipole with vertical-polarized dipole. (c) Horizontal-polarized dipole with 
vertical-polarized horn. (d) Horizontal-polarized slot with vertical-polarized horn. (e) Two SIW horns with a 
polarizer. (f) Dual-polarized slot antennas.
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the horizontal polarization endfire radiation, as shown in Figure 9(d). This structure 
has been studied in [40], working at 60 GHz with a bandwidth of 6 GHz. Also, the 
open-ended slot antenna can radiate the horizontal polarization endfire pattern, as 
shown in Figure 9(e). This structure has been studied in [41] working at 28 GHz with 
a bandwidth of 5 GHz. To achieve good performance with wide bandwidth, the space 
of the monopole antenna and slot antenna in Figure 8 should be large.

3.2 Vertical-polarized endfire mm-wave array

To better summary the vertical polarization endfire mm-wave array for mobile 
phone, Figure 10 shows the conceptual diagram of some typical vertical polarization 
endfire mm-wave arrays. As shown in Figure 10(b), the simplest method to achieve the 
endfire radiation is to deploy the mm-wave array vertically to the system ground. As the 
radiation element is vertical polarization, vertical polarization endfire mm-wave array 
is achieved. A similar idea can be found in [42, 43] where the slot, dielectric, and cavity 
resonators are applied simultaneously to achieve a wideband width of 47.1% [42] and 
94.1 [43]. However, the critical drawback of this method is also that the width of the 
mm-wave array should be enough to achieve proper performance. Thus, the thickness 
of the mobile phone is affected by the mm-wave array. As shown in Figure 10(c), the 
cavity slot element can be applied to radiate the vertical polarization pattern. Although 
the cavity slot element can achieve a low profile, the key technical difficulty is to achieve 
wide bandwidth. In [44], a substrate-integrated waveguide (SIW) endfire antenna array 
with zero clearance is designed. Three arbitrary pad-loading metallic vias are investi-
gated to match the impedance within a relative bandwidth of 60%. Also, the slot on the 
SIW [45], taper slot [46], and the metasurface structure [47] can be applied to achieve 
a wide bandwidth of the SIW slot antenna. For the dipole element in Figure 10(d) and 
the monopole element in Figure 10(e), vertical polarization with endfire radiation 
can be achieved. In [30], the monopole element with the parasitic element is applied 
to achieve the endfire radiation with steering beams. In [48], the compact vertically 
polarized endfire monopole-based Yagi antenna-in-package is proposed with a relative 
bandwidth of 16%. For the dipole or monopole element, the height should be large for 
a large bandwidth. By combing the cavity slot element and dipole/monopole element, 
the endfire magnetoelectric antenna with stable performance within a wide bandwidth 
can be achieved. For example, the SIW cavity slot antenna and dipole antenna in [49, 50] 

Figure 10. 
Conceptual diagram of the typical vertical-polarized endfire mm-wave array. (a) mm-wave array on the mobile 
phone. (b) Vertical deployment for endfire radiation. (c) Cavity slot element for endfire radiation. (d) Dipole 
element for endfire radiation. (e) Monopole element for endfire radiation.
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and the SIW cavity slot antenna and monopole antenna in [51] are combined to achieve 
the wideband endfire magnetoelectric antenna. Also, to achieve good performance with 
wide bandwidth, the profile of the dipole element or the monopole element in Figure 11 
should be large.

3.3 Dual-polarized endfire mm-wave array

With the horizontal-polarized endfire mm-wave array and vertical-polarized end-
fire mm-wave array, the dual-polarized endfire mm-wave array can be easily achieved. 
For example, if the mm-wave array vertical to the system ground in Figure 9(b) and 
Figure 10(b) can radiate dual-polarized patterns, dual-polarized endfire mm-wave 
array can be easily achieved. This idea can be found in [52], where a dual-polarized 
slot antenna is vertically deployed on a mobile phone, as shown in Figure 8(a). Thus, a 
dual-polarized endfire mm-wave array with a − 10 dB impedance bandwidth from 23.2 
to 29.7 GHz is achieved in [52]. This method also has the drawback of being high pro-
file. Also, if the horizontal dipole element in Figure 8(c) and vertical dipole element in 
Figure 10(d) can be designed in the near space, dual-polarized mm-wave dipole array 
can also be achieved. In [40, 53], the dual-polarized endfire mm-wave dipole array is 
achieved by combing the vertical dipole and horizontal dipole as shown in Figure 8(b). 
The dual-polarized endfire mm-wave array antenna should have a large profile to 
achieve the good performance. To reduce the profile, the horizontal-polarized dipole 
element in Figure 9(c) and the vertical-polarized horn element in Figure 10(c) can be 
combined to achieve the low-profile dual-polarized endfire mm-wave array. In [54], 
the low-profile dual-polarized endfire mm-wave array is realized by co-designing a 
horizontal-polarized yagi-uda antenna and a vertical-polarized SIW horn antenna, as 
shown in Figure 8(c). Also, the horizontal-polarized dipole antenna with balun feed-
ing can replace the yagi-uda antenna to achieve a wide bandwidth [55]. In addition, 
the clearance of the combination of horizontal-polarized dipole element and vertically 
polarized horn element can be further reduced by using the transition plates [56, 57] 
or the overlapped apertures [58]. The dual-polarized endfire mm-wave array antenna 
with horizontal-polarized dipole element and vertically polarized horn element 
usually has a large clearance to achieve a good performance. To reduce the clearance, 
the horizontal-polarized open slot element in Figure 9(e) and vertical-polarized horn 
element in Figure 10(c) can be applied. In [59], the dual-polarized endfire mm-wave 
array with a small clearance is realized by co-designing a horizontal-polarized open 

Figure 11. 
Typical design schematics of integrating the mm-wave array in the mobile phone. (a) Using a window to reduce 
the blockage from metal-bezel. (b) Using the metal-bezel to design the mm-wave array antenna.
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slot antenna and a vertical-polarized horn element, as shown in Figure 8(d). The 
horizontal-polarized open slot antenna consists of two metal blocks with a slot, and 
the vertical-polarized horn element is a SIW horn antenna. In [60, 61], the horizontal-
polarized open slot antenna is realized by using two SIW structures. In [41, 62], the 
horizontal-polarized open slot antenna and the vertical-polarized horn are integrated 
into a single SIW structure. Besides, two SIW horns with a polarizer can be applied to 
achieve the dual linearly polarized endfire antenna [63, 64] or 45° dual linearly polar-
ized endfire antenna [65], as shown in Figure 8(e). Also, in [66], the orthogonal slot 
can be excited simultaneously to achieve the dual-polarized mm-wave endfire chain-
slot antenna, as shown in Figure 8(f).

4.  Co-design of the mm-wave array in the mobile phone with lower 
frequency band antenna

The broadside mm-wave arrays in Section 2 and the endfire mm-wave arrays in 
Section 3 have achieved superior performance which can cover the desired beam 
directions 1–6 in Figure 1. The commercial mm-wave array module has been adopted 
in Samsung Galaxy S20 in 2020 [10]. However, because the full-display, curved-
display, metal-bezel, glass back cover, metal back cover requirement of the mobile 
phone, the mm-wave array in mobile phone should fit the ID of mobile phones. Also, 
because most of the spaces are reserved for the displays, cameras, battery, PCB, 
motor, speaker, and so on for better user experience, the antenna in mobile phones 
should only occupy a very small space. So, the co-design of the mm-wave array in the 
mobile phone with a lower frequency band antenna is also widely studied. In this sec-
tion, we first analyze the design of integrating the mm-wave array with metal-bezel 
in mobile phones. Then, the shared-aperture design of the mm-wave array with the 
lower frequency band antenna is summarized.

4.1 Integrating the mm-wave array with metal-bezel in the mobile phone

As the mm-wave array is deployed in the mobile phone, the modules of the mobile 
phone might have a significant effect on the performance of the mm-wave array. In 
[67], the effect of different kinds of mobile phone housing on the performance of four 
canonical types of mm-wave antennas is studied. The effective beam-scanning efficiency 
is proposed to evaluate the coverage performance. In [68], the effect of the metal-bezel 
of the mobile phone on the radiation pattern of the mm-wave array is studied. The 
blockage of the metal-bezel to the horizontal-polarized antenna is more severe than for 
the vertical-polarized antenna. And the coupling metal strips [68, 69] can be applied to 
reduce the blockage from metal-bezel. Also, the slots on the metal-bezel [70, 71] can be 
also used to reduce the blockage from the metal-bezel. In [72], a rectangle window in 
the metal-bezel was used to install the mm-wave array so that the mm-wave array could 
radiate the power through the rectangle window directly as shown in Figure 11(a). This 
practical solution has been adopted in some commercial 5G mobile terminals such as 
Apple iPhone 12 with a wee mm-wave window [73]. Apart from reducing the effect from 
the metal-bezel, in [74], the metal-bezel can be applied to design the mm-wave leaky-
wave array as shown in Figure 11(b). In addition, the mm-wave array antenna could be 
directly implemented via the slot on the metallic bezel of the mobile terminals [75, 76]. 
Thus, the blockage effect from the metal-bezel is solved.
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4.2  Shared-aperture design of the mm-wave array with the lower frequency  
band antenna

To integrate the mm-wave array with the lower frequency band antenna, a 
low pass (or high pass) filter can be applied [77, 78]. As shown in Figure 12(a), a 
3.5 GHz lower band antenna is directly connected to a 28 GHz mm-wave antenna 
with a low-pass and high-stop (3.5 GHz pass and 28 GHz stop) filter [77]. Thus, the 
mm-wave antenna and the lower frequency band can be designed in a near space 
with a single feeding port. To reduce the occupied space of the mm-wave array and 
lower frequency band antenna, the mm-wave array can be integrated into the lower 
frequency band antenna [11, 79–83]. As shown in Figure 12(b), the mm-wave slot 
array antenna is integrated into the clearance of the lower frequency band inverted-F 
antenna [79]. In addition, a notch on the lower frequency band can be applied to 
integrate the mm-wave array antenna [81, 82]. Also, the mm-wave array antenna can 
be deployed on the lower frequency band antenna [83]. To further reduce the occu-
pied space of the mm-wave array and the lower frequency band antenna, the metal 
pattern of the lower frequency band antenna can be applied to design SIW structure 
for the mm-wave array antenna [84–87]. As shown in Figure 12(c) [84], the lower 
frequency band antenna is a simple patch antenna. To integrate the mm-wave array 
on the patch antenna, the patch of the lower frequency band antenna is designed as 
a SIW slot array. Thus, the mm-wave array antenna and the lower frequency band 
antenna is designed in the same aperture. In addition, the mm-wave SIW slot array 
can be integrated into the monopole antenna [85] or inverted-F antenna [86, 87] of 
the lower frequency band. Besides using the SIW structure, the higher order mode of 
the lower frequency band antenna can also be directly applied to design the mm-wave 
array [88–91]. Also in [88], the half-wavelength slot mode of the lower frequency 
band antenna has the higher order mode of the slot. And multiple feedings are applied 
to excite the higher-order mode of the slot, which is the connected slot array. Thus, a 
single slot is designed to work at the mm-wave frequency band and lower frequency 
band simultaneously. In [89], a single microstrip grid array is designed to cover the 
mm-wave frequency band and lower frequency band simultaneously. In [90], a 
surface is the integration of a metasurface at the lower frequency band and a partially 
reflective surface (PRS) at the higher frequency band. In [91], a single slot is designed 
to function as a decoupling slot at the lower frequency band and the taper slot antenna 
at the mm-wave frequency band.

Figure 12. 
Typical design schematics of co-design of mm-wave array with lower frequency band antenna. (a) Using the filter 
to integrate the mm-wave and lower frequency band antennas. (b) Using the clearance of the lower frequency 
band antenna to deploy the mm-wave array. (c) Using the SIW structure to integrate the mm-wave and lower 
frequency band antennas.
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5. User influence

As a special situation for the mobile antenna, the effect of the human tissue on the 
antenna performance should be considered when designing the mobile antenna. Also, 
the electromagnetic field (EMF) exposure to the mobile antenna for the human tissue 
should also be studied for safety considerations. This is because the mobile antenna 
is usually close to the human head, body, or hands, as is used in practical situations. 
In this section, the mutual effect of the mm-wave array and the human tissue in the 
open literature is summarized.

The human body is electronically large at the mm-wave frequency band. To 
evaluate the mutual effect of the human tissue and the mm-wave array effectively and 
accurately, [92] developed the numerical and physical phantoms of a human body 
for evaluation of mobile antennas at 28 GHz. Thus, the ability to design antennas 
under practical operational conditions involving body effects is achieved. As for the 
EMF exposure to the mm-wave array, [93] compares the power density of a single 
antenna element, a four-element linear array, and an eight-element linear array at the 
near field region and the far field region. Zhao et al. [93] finds that, at the near field 
region, the power density is extremely high and it can be reduced as the number of 
array elements increases. At the far field region, the power density increases as the 
array elements increase.

As for the effect of the human on the mm-wave array, [76] shows that, for an 
eight-element mm-wave array located alongside the side edge of the mobile phone, 
the human hand results in a gain reduction of about 7.5 dB. However, for a four-
element mm-wave array, if the human hand covers the mm-wave array, the loss 
from hand blockage on the antenna gains can be up to 20 to 25 dB [94]. To reduce 
the effect from the human hand, the mm-wave array should be deployed away from 
the human hand. Ojaroudiparchin et al. [95] illustrates that, if the mm-wave array is 
not close to the human hand, the gain loss from the human hand can be reduced to 
about 1.5 dB. Therefore, to achieve a good performance, multiple mm-wave arrays 
should be deployed in the mobile phone at different positions. In [96], it is concluded 
that, in the talk mode, the mm-wave array should be placed at the top of the mobile 
phone (close to the index finger). Also, it the talk mode, the user hand shadowing 
can be significantly reduced by placing the mm-wave array at the bottom of the chas-
sis (close to the palm). In the data mode, the mm-wave array achieves less gain loss 
when deployed at the top of the mobile phone.

For the human body shadowing, [97] illustrates that the shadowing by the user’s 
body might decrease the gain about 20–30 dB if the mm-wave array is close to the user. 
Zhao et al. [98] also observes a strong shadowing effect from the human body in the 
mm-wave band, which is around 20–25 dB at 15 GHz. Zhao et al. [99] finds that the 
equivalent isotropic radiated power (EIRP) values at cumulative distribution function 
(CDF) of 50% drop about 5–10 dB compared to the case that without the user body. To 
reduce the shadowing from the human body, the effect of the displacement of the mm-
wave array on the shadowing from the human body is studied [100]. Syrytsin et al. 
[100] finds that the corner positions of the mobile phone achieve the best performance 
in terms of spatial coverage. Syrytsin et al. [101] compares the coverage efficiency and 
user shadowing from the mm-wave phased array and mm-wave switch diversity array 
and finds that the mm-wave phased array has superior performance. Also, in [102], it 
is found that, for the difference between the user and free-space cases, the circularly 
polarized array coverage efficiency is relatively less sensitive to user effects.
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6. Conclusions

In this chapter, we summary recently mm-wave arrays for mobile phones. For 
broadside mm-wave array, the state-of-the-art single-band, dual-band, and reconfig-
urable designs are proposed in small size, low cost, and have moderate performance. 
For endfire array, the typical designs of horizontal-polarized, vertical-polarized, and 
dual-polarized arrays are analyzed, providing good reference solutions for endfire 
array design. For co-design of mm-wave array in the mobile phone, several inge-
nious solutions and practical solutions adopted in some commercial terminals are 
introduced that will contribute to the integrated design of mm-wave antennas with 
lower band antenna. In addition, the human body model evaluation, the effect of the 
human body on the mm-wave array, and the human body shadowing are also illus-
trated. Various designs are being used to solve the mm-wave array challenge in mobile 
phones, with promising applications.
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Chapter 11

Interferometric Phase
Transmitarray for Millimeter-Wave
MIMO System
Yu Luo and Xiaoxuan Guo

Abstract

A millimeter-wave (mmW) interferometric phase transmitarray for the
multiple-input multiple-output (MIMO) system is proposed, and its phase distribu-
tion is the interference superposition of electromagnetic waves radiated by two patch
antennas at different locations. Its characteristic is that when multiple EM waves
illuminate the center of the array, the transmitted waves are formed into high-
directivity beams. In addition, when the plane wave illuminates the interference phase
transmitarray vertically, the transmissive plane wave will be scattered and focused to
two different positions. A novel MIMO system can be implemented based on the
above two characteristics. Compared with the conventional lens MIMO, the advantage
of the MIMO system integrated by the interferometric phase transmitarray is that
multiple antennas can share one transmitarray, which is beneficial to the miniaturi-
zation of the MIMO transceiver. More critically, all channels can efficiently transmit
information and increase channel capacity.

Keywords: interferometric phase, transmitarray, MIMO, miniaturization, channel
capacity

1. Introduction

Recently, mmW technology has been the top priority of the fifth-generation (5G)
wireless network [1]. Multiple-input multiple-output (MIMO) has been recognized as
the most effective application of 5G technology since it can increase the data trans-
mission rate by expanding channel capacity [2]. Generally, elements in MIMO anten-
nas are with wider beamwidth to ensure that each receiving antenna can receive the
signals from each transmitting antenna. However, for mmW antennas, high-gain and
narrower beamwidth antennas are employed to overcome channel fading. With high
gain elements, conventional lens-based 2 � 2 MIMO systems are investigated [3–6] as
shown in Figure 1. This kind of MIMO system requires multiple lenses, which is not
conducive to the miniaturization of the MIMO transceiver. Moreover, the signals of
Channel 1 and Channel 2 are robust and easy to be received, but the signals of Channel
3 and Channel 4 are weak and unable to transmit information effectively due to the
narrow beamwidth of the elements. Besides, MIMO systems in the mmW band have
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high requirements for antenna and circuit performance, which leads to high costs and
complexity [7–9].

Current metamaterials have the characteristics of flexible control of electromag-
netic (EM) waves and are widely used in mmW systems, such as radar, satellite
communications, and imaging [10]. Metamaterials and their derivatives also have the
advantages of thin thickness, small size, and lightweight, which can effectively solve
problems such as cost and loss [11–13]. More importantly, metamaterials are widely
used in transmitting and reflective arrays to realize beamforming and beam steering
[14–21], which lays the foundation for realizing the miniaturization of the MIMO
transceiver.

This paper proposes an interferometric phase transmitarray for the MIMO system.
Its characteristic is that when multiple EM waves radiate toward the array, all the EM
waves are beamforming into beams with high directivity. When the plane wave
illuminates the interference phase transmitarray vertically, the transmissive plane
wave will be scattered and focused to two different positions. Based on the above two
characteristics, a novel MIMO system can be implemented, as shown in Figure 2.
Compared with the MIMO system in Figure 1, the advantage of this novel MIMO
system is that two antennas can share one transmitarray, which is beneficial to the
miniaturization of the MIMO transceiver. All four channels can efficiently transmit
information and increase channel capacity.

Figure 1.
The 2 � 2 MIMO system integrated by the conventional lens.

Figure 2.
The MIMO system integrated by the proposed lens.
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2. Theoretical study

The theoretical study focuses on the phase distribution and incident field of the
interferometric phase transmitarray.

2.1 The phase distribution

The ideal model of interferometric phase transmitarray is shown in Figure 3.
Assuming the interferometric phase transmitarray is an N � N square array. When
two EM waves are radiated by two feeds toward the array, the two transmitted EM
waves are formed into a high-directivity beam.

For quantitative analysis, it is assumed that Omn (xm, yn, 0) is the position of the
unit cell in row m and column n. The coordinate of the Feed 1 (x1, y1, z1). Here, for the
convenience of calculation, the ideal point source model is selected for Feed 1. The
phase distribution caused by the propagation path of the EMWave 1 radiated by Feed
1 to the array is calculated by Eq. (1),

ϕ1 xm, yn
� � ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xm � x1ð Þ2 � yn � y1

� �2 þ z12
q

(1)

where k0 = 2π/λ0 is the wavenumber. To make the phase distribution of EM waves
consistent passing through the transmitarray, the phase of the array itself should be -
ϕ1(xm, yn). Similarly, the phase distribution caused by the propagation path of the EM
Wave 2 radiated by Feed 2 to the array is calculated by Eq. (2),

ϕ2 xm, yn
� � ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xm � x2ð Þ2 � yn � y2

� �2 þ z22
q

(2)

When Feed 1 and Feed 2 are excited together, the phase distribution of the array
aperture is interferometric superimposed by Eq. (3),

Δϕ xm, yn
� � ¼ arg A1 xm, yn

� �
exp jϕ1 xm, yn

� �� �þ A2 xm, yn
� �

exp jϕ2 xm, yn
� �� �� �

(3)

Figure 3.
The theoretical model of interferometric phase transmitarray. Reprinted with permission from Ref. [22]; copyright
2022 IEEE.

235

Interferometric Phase Transmitarray for Millimeter-Wave MIMO System
DOI: http://dx.doi.org/10.5772/intechopen.112468



where A1(xm, yn) and A2(xm, yn) are the amplitudes of E-field. To make the phase
distribution of EM waves consistent through the transmitarray, the phase of the array
itself should be -Δϕ(xm, yn).

Establishing a MATLAB model. The two ideal point sources are set at (�1.5 λ0, 0,
�2 λ0) and (1.5 λ0, 0, �2 λ0), and the phase distribution of the transmitarray is shown
in Figure 4.

2.2 The incident field

Assume fm, n (θ, φ) is the radiation pattern of the element in row m and column n,
the radiation pattern of the transmitarray can be expressed as Eq. (4),

F θ,φð Þ ¼ f m,n θ,φð ÞSa θ,φð Þ (4)

where θ and φ are the elevation and azimuth angles. Sa(θ, φ) is expressed as
Eq. (5),

Sa θ,φð Þ ¼
XN
m¼1

XN
n¼1

exp �i ϕ xm, yn
� �þ kD sin θ � m� 1=2ð Þ cosφþ n� 1=2ð Þ sinφð Þ� �� �

(5)

where l represents the length of the element. The phase ϕ(xm, yn) contains the
phase of the unit itself ϕp(xm, yn) and the phase difference caused by the propagation
distance ϕq(xm, yn). Furthermore, the directivity Dir(θ, φ) can be expressed as
Eq. (6),

Dir θ,φð Þ ¼ 4π F θ,φð Þj j2=
ð2π
0

ðπ=2
0

F θ,φð Þj j2 sin θdθdφ (6)

Figure 4.
The phase distribution of the interferometric phase transmitarray. Reprinted with permission from Ref. [22];
copyright 2022 IEEE.
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According to the above derivation, Figure 5 shows the incident field of Feed 1.
Figure 5a shows the phase distribution of the array itself, Figure 5b shows the phase
distribution caused by the propagation distance, Figure 5c shows the superposition of
Figure 5a and 5b, Figure 5d shows the amplitude distribution, Figure 5e shows the 3-
D pattern. Compared to Figure 5b, the phase distribution of Figure 5c is improved.
Therefore, the beam shown in Figure 5e can achieve high directivity, and the peak is
18.8 dB.

Figure 6 shows the incident field analysis of Feed 2. Figure 6a shows the phase
distribution of the array itself, Figure 6b shows the phase distribution caused by the
propagation distance, Figure 6c shows the superposition of Figure 6a and 6b,
Figure 6d shows the amplitude distribution, Figure 6e shows the 3-D pattern. Com-
pared to Figure 6b, the phase distribution of Figure 6c is improved. Therefore, the
beam shown in Figure 6e can achieve high directivity, and the peak is 18.8 dB.

3. Realization of the interferometric phase transmitarray

The unit of the interferometric phase transmitarray is shown in Figure 7. The
metal layer contains a square ring and patch as shown in Figure 7a. The overall
structure is five dielectric and six metal layers arranged alternately, as shown in
Figure 7b.

Figure 5.
The incident field analysis of Feed 1: (a) the phase distribution of the transmitarray itself, (b) the phase
distribution caused by the propagation distance, (c) the superimposed phase distribution, (d) the amplitude
distribution, and (e) the 3-D pattern. Reprinted with permission from Ref. [22]; copyright 2022 IEEE.
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The substrate adopts F4B, and its dielectric constant is 2.65. The thickness of the
substrate is h = 1.5 mm. p = 4 mm is the unit period, and t equals 0.05 mm. Size a
represents the side length of the square metal patch, which is related to the transmis-
sion characteristics of the unit. Eight units with different a are for comparison.
Figure 8a shows that the phase change of the unit contains 300°. It can be seen from

Figure 6.
The incident field analysis of Feed 2: (a) the phase distribution of the transmitarray itself, (b) the phase
distribution caused by the propagation distance, (c) the superimposed phase distribution, (d) the amplitude
distribution, and (e) the 3-D pattern. Reprinted with permission from Ref. [22]; copyright 2022 IEEE.

Figure 7.
The view of the unit. (a) Top view. (b) Overall view. Reprinted with permission from Ref. [22]; copyright 2022
IEEE.
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Figure 8b that the transmission amplitude of the unit is higher than �2 dB, which
indicates the EM waves can pass through the unit efficiently.

Utilize s a patch antenna as the feed. The substrate adopts RuiLong, and its
dielectric constant is 2.2. Figure 9a shows the physical structure of the patch antenna.
The parameters are pa = 4.5 mm, pb = 3.4 mm, and pl = 14 mm. To connect the
adapter, two air holes with a radius of 1 mm are drilled on the substrate. Figure 9b
shows the radiation pattern of the patch antenna at 25 GHz, and the realized gain is
7.3 dBi.

Establishing a CST Microwave Studio model. Figure 10a shows the phase distri-
bution of the interferometric phase transmitarray, and Figure 10b shows the simula-
tion model. Figure 10c and d illustrate the 3-D radiation patterns when the two feeds
are excited respectively, and the realized gain of the proposed transmitarray antenna
is 18.4 dBi at 25 GHz. Moreover, the radiation patterns shown in Figure 10c and d are
symmetric about the yoz-plane.

The above results show that when multiple EM waves radiate toward the array, all
the transmitted waves are formed into high-directivity beams. This process is charac-
teristic of the transmitter of the MIMO system integrated by interferometric phase
transmitarray. Next, analyze the characteristics of the receiver. When the plane wave
illustrates the interferometric phase transmitarray vertically, the transmitted plane

Figure 8.
Transmission characteristics of the unit: (a) phases, (b) amplitudes. Reprinted with permission from Ref. [22];
copyright 2022 IEEE.

Figure 9.
(a) The physical structure of the patch antenna. (b) The simulated radiation pattern. Reprinted with permission
from Ref. [22]; copyright 2022 IEEE.
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wave will be scattered and focused to two places. The proposed transmitarray is
discretized and simulated using CST Studio Suite with the setup illustrated in
Figure 11. Set the plane wave radiated along the z-axis to illuminate the transmitarray.
A xoz plane square vacuum without thickness, as shown in Figure 11a, is set above the
transmitarray to observe the focuses.

Figure 10.
(a) The Phase distribution of the interferometric phase transmitarray, (b) the CST Microwave Studio model,
(c) when the right feed is excited, the 3-D pattern at 25 GHz, (d) when the left feed is excited, the 3-D pattern at
25 GHz. Reprinted with permission from Ref. [22]; copyright 2022 IEEE.

Figure 11.
Simulation setup in CST time-domain solver. (a) xoz plane view. (b) 3D view.
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Set up the e-field monitor and the simulated result is shown in Figure 12. It can be
seen that when the plane wave illustrates the interferometric phase transmitarray
vertically, the e-field will form two focuses, and its central coordinates are (�18 mm,
0, 24 mm) and (18 mm, 0, 24 mm).

In summary, when multiple EM waves radiate toward the transmitarray, all the
EM waves are beamforming into high-directivity beams. When the plane wave illus-
trates the interferometric phase transmitarray vertically, the e-field will form two
focuses, and its relative positions are consistent with the relative positions of the two
feeds. These characteristics successfully enable the interferometric phase
transmitarray to achieve the MIMO system, as shown in Figure 2.

4. Fabrication and experiment

To verify, a transmitarray and two patch antennas were fabricated. Figure 13
shows that the prototype is verified in the anechoic chamber.

Figure 12.
The E-field distribution of the interferometric phase transmitarray under plane wave illumination.

Figure 13.
The prototype is verified in the anechoic chamber. Reprinted with permission from Ref. [22]; copyright 2022 IEEE.
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Figure 14a shows the patterns at 25 GHz of the patch antenna, and the simulated
and measured curves are similar. Figure 14b shows the simulated and measured |S11|
of the interferometric phase transmitarray excited by the patch antenna.

Figure 15 shows the simulated and measured patterns at 25 GHz of the interfero-
metric phase transmitarray excited by the patch antenna. The simulated realized gain
is 18.4 dBi, which is 0.9 dBi higher than the measured realized gain. In addition, the
simulated and measured sidelobe level is around -15 dB, within a reasonable
range. Minor differences between curves are mainly caused by the measurement
environment.

5. MIMO behavior

To evaluate the performance of the proposed interferometric phase MIMO system,
a same-size unifocal transmitarray antenna with a focus on (18 mm, 0, �30 mm) is
introduced for simple comparison. Figure 16 shows the simulated pattern.

Figure 14.
(a) The simulated and measured patterns of the patch antenna at 25 GHz. (b) The simulated and measured |S11|
of the interferometric phase transmitarray excited by the patch antenna. Reprinted with permission from Ref. [22];
copyright 2022 IEEE.

Figure 15.
The simulated and measured patterns at 25 GHz of the interferometric phase transmitarray excited by the patch
antenna. (a) xoz-plane. (b) yoz-plane. Reprinted with permission from Ref. [22]; copyright 2022 IEEE.
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Figure 17 shows the 2 � 2 MIMO system integrated by four unifocal transmitarray. It
is assumed that the distance between two unifocal transmitarrays on one side is 100 mm
and the transmission distance is 1000 mm, then the angle of the cross weak channels is
θ = 6°. Figure 18 shows the simulated xoz-plane pattern of the unifocal transmitarray
antenna at 25 GHz. It can be seen from Figure 18 that when θ = 6°, the gain is 15.2 dBi.

The channel capacity can be calculated by Eq. (7) as follows

C ¼ B log 2 1þ S=Nð Þ (7)

where B is bandwidth, and S/N represents signal noise ratio. In MIMO links, the
higher the receiving power, the greater the S/N, and the larger the channel capacity.
The receiving power can be expressed as Eq. (8).

Pr ¼ Pt
GtGrλ0

2

16π2d2
(8)

Figure 16.
The simulated pattern of the unifocal transmitarray antenna at 25 GHz.

Figure 17.
The simulated 3D pattern of the unifocal transmitarray antenna at 25 GHz.
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where Pr and Pt represent receiving power and transmitting power, Gr and Gt

represent the gain of the receiving antenna and the transmitting antenna, λ0 is the
wavelength in free space, and d is the distance between transmitter and receiver.

Therefore, the channel capacity is positively correlated with the gain of the
receiving antenna and transmitting antenna. To compare the two MIMO systems in
Figures 1 and 2, it is assumed that all environments are the same, except for antenna
gain differences. The gains of the receiving and transmitting antennas in the 2 � 2
MIMO system integrated by interferometric phase transmitarray are all 18.4 dBi.
Normalize the channel capacity of each link to 1, and the channel capacity of the 2 � 2
MIMO system is 4. By comparison, there are two strong channels and two weak
channels in the 2 � 2 MIMO system in Figure 17. The gains of the receiving and
transmitting antennas are 19.5 dBi in strong channels and 15.2 dBi in weak channels. In
the 2 � 2 MIMO system in Figure 17, the 18.4 dBi of the antenna gain is still used to
normalize the channel capacity. After normalization, the channel capacity of the
strong channel is 1.056, and the weak channel is 0.823 in Figure 17. Therefore, the
channel capacity of the 2 � 2 MIMO system in Figure 17 is 3.758, which is lower than
the 2 � 2 MIMO system integrated by interferometric phase transmitarray. In addi-
tion, the distance between transmitter and receiver d will also affect the channel
capacity of the MIMO system in Figure 17. Since when d decreases, the angle of the
cross weak channels θ increases, resulting in a decrease in antenna gain in weak
channels. When d increases, the result is the opposite.

Therefore, through simple comparison, it can be found that the channel capacity of
the 2 � 2 MIMO system integrated by interferometric phase transmitarray is higher
than the 2 � 2 MIMO system integrated by unifocal transmitarray.

6. Conclusions

The proposed interferometric phase transmitarray can adjust two EM waves to the
boresight of the transmitarray. When the plane wave illustrates the proposed
transmitarray, the transmitted plane wave will be scattered and focused on two

Figure 18.
The simulated xoz-plane pattern of the unifocal transmitarray antenna at 25 GHz.
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positions. The MIMO system integrated by the interferometric phase transmitarray
breaks the limitations of weak channels in conventional lens MIMO. In addition, the
proposed method of the MIMO system can be extended to more channels.
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Chapter 12

Multi-Cluster-Based MIMO-OFDM
Channel Modeling
Xin Li and Kun Yang

Abstract

In this chapter, the physical propagation environment of radio waves is
described in terms of scattering clusters, in which each cluster could include many
scattering objects. We use each single distant scattering cluster to study the charac-
teristics of channel second-order statistics (CSOS) and build the multiple-input and
multiple-output (MIMO) radio channels in accordance with the correlation properties
of the channel. In this approach, each distant scattering cluster contributes a portion
to the Doppler spectrum and corresponds to a state-space single-input and single-
output (SISO) channel model. A MIMO channel model is then constructed by
connecting multiple SISO channel models in parallel, in which a coloring matrix is
used to adjust the channel spatial correlation properties between the SISO channels. A
MIMO-OFDM (orthogonal frequency-division multiplexing) channel model is
obtained in the same manner. This time, however, another matrix is used to adjust
the channel spectral correlation properties between the MIMO channels. This
approach has three advantages: Simple, the entire Doppler power spectrum can be
formed from multiple uncorrelated distant scattering clusters, and the channels con-
tributed by these clusters can be obtained by summing up the individual channels. In
this way, we can reassemble the radio wave propagation environment in a simulated
manner.

Keywords: channel second-order statistics, Cauchy-Rayleigh cluster, Rayleigh
cluster, AOA, AOD, TOA, AR model, phase-shift method, SISO, MIMO,
MIMO-OFDM, state-space model

1. Introduction

IN radio communications, from the traditional voice telephony to the current
communication multimedia, to the future augmented reality (AR), virtual reality
(VR), mixed reality (MR), and Internet of everything (IoE), the historical process
shows that the increasing demand for higher data rates is the fundamental factor
driving the development of communication technologies and methods.

One of the biggest challenges in radio communications is how to model radio
channels. A radio channel refers to the influence of the propagation medium of
electromagnetic (EM) waves on the signal from a transmitter to a receiver.
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Figure 1 depicts a typical terrestrial radio propagation environment. The basic
characteristic of radio channels is fading, large-scale, and small-scale fading1, which
can be classified as distance loss, shadowing, and multi-path fading. Among them,
multi-path fading is known as small-scale fading, and its characteristics vary with
time, and change over frequency and space. That is, due to the multi-path propagation
of EM waves, power-limited transmitted signals will be distorted at a receiver over
time, frequency, and space simultaneously.

To better understand the mechanism behind the distortion, this physical phenom-
enon needs to be studied. Geometry-based stochastic multiple-input and multiple-
output (MIMO) radio channel modeling was a hot topic [1–4]. The idea of this
approach is to map the spatial location of scatterers in a cluster to an angular distri-
bution of power through the trigonometric relationship among the scatterers, cluster
center, and receiver or transmitter. Furthermore, the angular distribution of power
has certain statistical properties if the cluster obeys a specific probability distribu-
tion [1, 2]. Hence, from an intuitive point of view, this approach is simple and
straightforward.

A distant scattering cluster results in small variation in the angle-of-departure/
angle of arrival (AOD/AOA) and produces a narrowband Doppler spectrum both at
the base station (BS) and at the mobile station (MS) [5]. This can be used to explore
the computation of the channel second-order statistics (CSOS) with a small angular
approach, and this approach is suitable for the decomposition of the Doppler power
spectrum into small uncorrelated portions.

Radio wave measurements indicate that the power azimuth spectrum
typically has sharp, narrow peaks over a small range of angles [3, 4, 6, 7]. Each
measurement has been modeled as a Laplace angular distribution [3, 4, 8–10].
Some measurements display smooth peaks [6, 11], which could be modeled by other
distributions.

Figure 1.
A typical mobile radio scenario for multi-path propagation in a terrestrial radio propagation environment.

1 It refers to the concept of distance described in terms of wavelengths.
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In this chapter, the sharp peaks in the angular spectrum are modeled as Cauchy
angular distributions of power and the smooth peaks are modeled as Gaussian angular
power distributions. Other distributions can be approximated as weighted sums of
Gaussian angular distributions of power or the combination of Gaussian and Cauchy
angular distributions of power [5].

Although the Cauchy power distribution function (PDF) has fat tails as compared to
the Laplace PDF, it could be used to achieve our goal if most of the power (such as 90%
or more) is concentrated in a smaller angular range. Geometrically, it can be interpreted
as that most of the scattering objects are located around the center of a cluster, while the
rest contributes a much smaller amount of power to the antennas, which can be ignored.
This idea can be used for truncated Gaussian angular power distributions as well.

It has been identified that, for a Cauchy angular power distribution function
(APDF), the corresponding cluster has the following property: The distance between
the cluster center and the scattering objects should obey the Cauchy-Rayleigh distri-
bution [12], and for a Gaussian APDF, the corresponding cluster has the property that
the distance between the cluster center and the scatterers should follow the Rayleigh
distribution [13]. They are named as the Cauchy-Rayleigh cluster and Rayleigh clus-
ter, respectively (Figure 2).

Based on the trigonometric relationship among transmitter, scatterers, and
receiver, the APDFs of these two types of scattering clusters can be derived. In
addition, the spatial-temporal correlation function is integrable according to the
obtained APDF. The analytical solution, or closed-form solution, will be
associated with a distant scattering cluster, i.e., the solution will depend on the
characteristics of a given geometrical cluster. Furthermore, to be able to model a
state-space MIMO channel, the correlation function needs to be separated into
disjoint two parts, a temporal term over the movement and a spatial term over the
antenna.

Figure 2.
Laplace power distribution function (PDF) gx xð Þ ¼ 1

2 e
�∣x∣ and Cauchy PDF f x xð Þ ¼ 1

π
η

η2þx2, where η ¼ 0:634,
special case of parametrization.
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The beauty of this approach is that the expression of the channel second-order
statistics can eventually be integrable. This analytical solution can be broken
down into the temporal dynamics and spatial correlation parts of the channel.
Depending on the type of cluster, the temporal dynamics part will be
approximately modeled as an autoregressive order one (AR(1)) or an
autoregressive order three (AR(3)) model, and the spatial correlation part will be
described using the Kronecker matrix. An autoregressive order two (AR(2)) model
can also be used if the requirement for approximation is acceptable. Therefore, one
can construct the state-space MIMO/massive MIMO channel models, as well as
the multi-cluster state-space MIMO-OFDM (orthogonal frequency-division
multiplexing) channel models.

2. MIMO system

Figure 3 depicts a Mr �Mt MIMO system, where Mr and Mt denote the
numbers of receiving and transmitting antennas, respectively. This system has a total
of MtMr links between the BS and MS, in which each link is referred to as a radio
channel.

Without loss of generality, a narrow-band, time-invariant channel model is used to
compute the spatial correlation matrices. In this case, the channel matrix can be
represented by [14].

H ¼

h11 h12 ⋯ h1Mt

h21 h22 ⋯ h2Mt

⋮ ⋮ ⋱ ⋮
hMr1 hMr2 ⋯ hMrMt

2
6664

3
7775 (1)

Figure 3.
A MIMO system, Mt antenna elements at the BS and Mr antenna elements at the MS.
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where the elements hij are the amplitude and phase change over the link between
the ith MS antenna and the jth BS antenna.

To obtain the channel spatial correlation coefficients at the MS, we choose two
arbitrary elements from a certain column of H, hik, hjk, here and calculate the expec-

tation value of the product of these two gains, i.e., E hikh
∗
jk

h i
.

Usually, the distance between a transmitter and a receiver is quite large, so both
transmitter and receiver will only be affected by scatterers in their vicinity. Therefore,
the scatterers around the transmitter are uncorrelated with the scatterers around the
receiver. That is, the spatial correlation between two arbitrary antennas at the MS
does not depend on the transmitter antennas at the BS, but only depends on the

antenna pair. Hence, the value, E hikh
∗
jk

h i
, can be assumed to be independent of k.

All coefficients are then defined by

rMS
i,j ¼ E hikh

∗
jk

h i
(2)

Obviously, rMS
i,j ¼ rMS ∗

j,i by this definition. Therefore, the corresponding spatial
correlation matrix, a square matrix of order Mr, is represented by [14].

RMS ¼

rMS
1,1 rMS

1,2 ⋯ rMS
1,Mr

rMS
2,1 rMS

2,2 ⋯ rMS
2,Mr

⋮ ⋮ ⋱ ⋮
rMS
Mr,1 rMS

Mr,2 ⋯ rMS
Mr,Mr

2
66664

3
77775

(3)

Similarly, the channel spatial correlation coefficients at the BS can be given by

RBS ¼

rBS1,1 rBS1,2 ⋯ rBS1,Mt

rBS2,1 rBS2,2 ⋯ rBS2,Mt

⋮ ⋮ ⋱ ⋮
rBSMt,1 rBSMt,2 ⋯ rBSMt,Mt

2
66664

3
77775

(4)

where all elements rBSm,n are defined by

rBSm,n ¼ E hlmh
∗
ln

� �
(5)

in terms of the channel gains hlm and hln, which are selected from a certain row of
H, here m, n∈ 1, 2,⋯,Mtf g, l∈ 1, 2,⋯,Mrf g.

Finally, based on the assumptions that Eqs. (2) and (5) are independent of k
and l, respectively, the spatial correlation matrix of the MIMO channels is given
by [14].

RMIMO ¼ E vec Hð Þvec Hð ÞH
h i

¼ RBS ⊗RMS (6)

where ⊗ denotes the Kronecker product, vec �½ � represents the vectorization of a
matrix, which converts all elements of the matrix into a column vector.
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3. Channel second-order statistics

Consider a MIMO system in which the BS has Mt antennas, the MS has Mr anten-
nas, and the BS is fixed, while the MS is moving. Then, the spatial-temporal-spectral
correlation function of a MIMO-OFDM channel can be expressed as [15, 16].

Ch Δt, dt, dr, df
� � ¼

ð

α,β,τ
f α,β,τ α, β, τð Þej2πdt cos βþβ0ð Þ

�ej2π drcos αþα0ð Þþf DΔt cos αþα0�γð Þð Þe�j2πdf τdαdβdτ

(7)

where f D is the Doppler frequency, Δt is total time separation, and f DΔt is the
MS moving distance. β is the AOD and β0 is its mean, α is the AOA and α0 is its
mean, and γ is the angle between the moving direction and the antenna array, as
shown in Figure 4. dt ¼ mtΔdt is the antenna spacing at the BS,
mt ∈ 0, 1,⋯,Mt � 1f g,Δdt is the spacing between two adjacent antenna sensors.
dr ¼ mrΔdr is the antenna spacing at the MS, mr ∈ 0, 1,⋯,Mr � 1f g,Δdr is the
spacing between two adjacent antenna sensors. df ¼ mfΔf is frequency separation,
Δf denotes the frequency difference between two adjacent sub-carriers, and the
sub-carrier frequencies are defined by f i ¼ f c þ iΔf , for all i∈ 0,1,2,⋯,Mf � 1

� �
,

here f c is the frequency range and Mf denotes the number of sub-carrier
frequencies required for transmission. The difference between two frequencies f i and
f j is denoted by mf ¼ j� i: Hence, mf ∈ 0,1,2,⋯,Mf � 1

� �
: When mf ¼ 0, it repre-

sents a single-carrier modulation system, the so-called MIMO system. f α,β,τ α, β, τð Þ
denotes the joint angular-delay power distribution function, here, τ denotes the
time delay.

By assuming the independence of α, β, and τ, the joint angular-delay PDF
f α,β,τ α, β, τð Þ is separated into f α,β,τ α, β, τð Þ ¼ f α αð Þf β βð Þf τ τð Þ, here f α αð Þ is the APDF of

Figure 4.
A distant cluster with an Mr �Mt MIMO antenna array, lk is the distance between the scattering object Sk and the
cluster center O.
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the AOA, f β βð Þ denotes the APDF of the AOD, and f τ τð Þ is the delay power distribu-
tion function (DPDF) of the time-of-arrival (TOA).

This assumption is reasonable because usually radio signals pass through more
than one scatterer in a cluster from a transmitter to a receiver, which means that α, β
are independent. τ denotes the TOA, which is independent of α and β: Therefore,
Eq. (7) becomes,

Ch Δt, dt, dr, df
� � ¼

ð

α,β,τ
f α αð Þf β βð Þf τ τð Þej2πdt cos βþβ0ð Þ

�ej2π drcos αþα0ð Þþf DΔt cos αþα0�γð Þð Þe�j2πdf τdαdβdτ

(8)

which two special cases are highlighted below,

• the channel temporal dynamic function is denoted by Rh Δtð Þ

Rh Δtð Þ ¼ Ch Δt,0,0,0ð Þ ¼
ð

α
f α αð Þej2πf DΔt cos αþα0�γð Þdα (9)

• the spatial-temporal correlation function is denoted by Ch Δt, dt, dr, 0ð Þ

Ch Δt, dt, dr, 0ð Þ ¼
ð

α,β
f α αð Þf β βð Þej2πdt cos βþβ0ð Þej2π drcos αþα0ð Þþf DΔt cos αþα0�γð Þð Þdαdβ (10)

A distant scattering cluster causes the AOA and AOD to vary over a small angular
range. This motivates us to approximate the CSOS in Eq. (8) and allows us to study its
characteristics in a small angular range. Using the Taylor expansion2, for all angles α
and β close to zero, the following approximate trigonometric identities are obtained,

cos αþ α0ð Þ ¼ cos αð Þ cos α0ð Þ � sin αð Þ sin α0ð Þ
≈ cos α0ð Þ � α sin α0ð Þ

cos β þ β0ð Þ ≈ cos β0ð Þ � β sin β0ð Þ
cos αþ α0 � γð Þ ≈ cos α0 � γð Þ � α sin α0 � γð Þ

(11)

Substituting Eq. (11) into Eq. (8), an approximate channel spatial-temporal-spec-
tral correlation function is obtained. This is the first time to approximate this expres-
sion. The notation Ch Δt, dt, dr, df

� �
is used to represent this approximation,

Ch Δt, dt, dr, df
� �

≈ Ch Δt, dt, dr, df
� �

¼
ð

α,β,τ
f α αð Þf β βð Þf τ τð Þej2πdt cos β0ð Þ

�e�j2πdt sin β0ð Þβej2π drcos α0ð Þþf DΔt cos α0�γð Þð Þ
�e�j2π drsin α0ð Þþf DΔt sin α0�γð Þð Þαe�j2πdf τdαdβdτ

(12)

2 For small ϵ, cos ϵð Þ ¼ 1þ O ϵ2ð Þ and sin ϵð Þ ¼ ϵþO ϵ3ð Þ.
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Considering the channel spatial-temporal correlation function Ch Δt, dt, dr, 0ð Þ, the
separation of antenna spacing and motion into disjoint parts is an essential step to
model a MIMO channel with a state-space representation.

However, the Cauchy angular distribution-based analytical solution contains an
absolute sum of terms in the exponent related to antenna spacing and movement, in
which the sign of the absolute value needs to be removed, while the Gaussian angular
distribution-based solution has a cross-term that is related to the antenna spacing and
motion, which can neither be classified as channel temporal dynamics nor as spatial
correlation [12, 13].

To separate antenna spacing and motion (channel dynamics) while avoiding errors
caused by unnecessary further approximations [12, 13], a linear transformation is
introduced to handle this separation. Since this linear transformation eventually
affects the phase of the CSOS, it is called the phase-shift method.

4. Linear transformation

Mathematically, the linear transformation approach implies converting the current
Cartesian system to another system. In the new system, the antenna spacing and
movement can be separated into error-free disjoint parts, and the channel character-
istics can then be modeled using a state-space representation. Finally, an inverse linear
transformation is performed to convert the channel properties back to and represent
them in the original system.

To study the channel correlation properties caused by distant scattering clusters,
the correlation related to the MS was approximated by the AOA near zero degrees
around the angles α0 and α0 � γ, as expressed in Eq. (12).

As depicted in Figure 5, this approximation means decomposing the
movement and antenna spacing into a phase change on OA and a damping change

Figure 5.
The motion vector is decomposed into a phase change on OA and a damping change on AW, where AB and EF
denote the antenna arrays, and a, B, E, F are antenna sensors.
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on AW in accordance with the moving direction, in which the lines OA and AW
are orthogonal.

Let AG ¼ dAG,GH ¼ dGH,AU ¼ dAU, and UW ¼ dUW, then,

dAG þ dGH ¼ s cos α0 � γð Þ þ dr cos α0ð Þ
dAU þ dUW ¼ s sin α0 � γð Þ þ dr sin α0ð Þ (13)

Geometrically, Eq. (13) interprets the meaning of the approximate expression in
Eq. (12). Alternatively, AW can be considered as the result of AD projection.

Let AD ¼ dAD ¼ κ, then the right triangle relationship shows that,

κ ¼ s sin α0 � γð Þ þ dr sin α0ð Þ
cos 90o � α0 þ γð Þ ¼ sþ dr

sin α0ð Þ
sin α0 � γð Þ (14)

This can be regarded as that antenna A moves to D, but its real position is at E.
Hence, the changed phase will cause Eq. (12) to become

C
κ
h Δtκ, dt, dr, 0ð Þ ¼ e�j2πdr sin γð Þ= sin α0�γð Þej2πdt cos β0ð Þej2πf DΔtκ cos α0�γð Þ

�
ð

α,β
f α αð Þf β βð Þe�j2πdt sin β0ð Þβe�j2πf DΔtκ sin α0�γð Þαdαdβ

(15)

in the new system.
Obviously, in the new system, the spatial correlation of the MS-related channels is

represented by a phase rotation. In this way, we do separate the movement and
antenna spacing into disjoint parts.

Moreover, this phase rotation is not related to the antennas at the BS. Thus, the
Kronecker product can be used to construct the state-space MIMO channels [17].

The phase-shift approach provides an alternative way to study the same problem.
By changing variables, an error-free and simple method is found to separate the
movement and antenna spacing, in which the channel spatial-temporal correlation
function can be regarded as the product of the phase rotation and channel temporal
dynamics shifted by a value along the moving direction.3

5. Geometry-based approach

In this section, two APDFs are presented. They are obtained based on Cauchy-
Rayleigh and Rayleigh clusters. This geometric approach provides an intuitive way to
map scattering objects in a cluster as an angular distribution of power.

5.1 Cauchy-Rayleigh cluster

Given a distant Cauchy-Rayleigh cluster, the Cauchy APDFs are obtained
according to the geometric relations shown in Figure 4 [12],

f α αð Þ≈f cα αð Þ ¼ 1
π

ηr
η2r þ α2

, f β βð Þ≈f cβ βð Þ ¼ 1
π

ηt
η2t þ β2

(16)

3 It can also be considered as the time delay of the channel dynamics.
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where �½ �c indicates that the APDF is obtained in terms of the Cauchy-Rayleigh
cluster, the parameters, ηt ¼ ζ=dOB1 and ηr ¼ ζ=dOM1, dOB1 ¼ OB1, dOM1 ¼ OM1, are
used to control the angular width of these two distributions, respectively. ζ>0 is the
dispersion of the Cauchy-Rayleigh distribution.

Obviously, both f cα αð Þ and f cβ βð Þ in Eq. (16) are defined on �π, π½ �, and they are
not proper Cauchy angular power density functions because the Cauchy probability
density function is defined over the infinite interval �∞, ∞ð Þ. Hence, it is necessary
to extend the integral from �π, π½ � to �∞, ∞ð Þ to use them to participate in the
calculation of the integral.

Since f cα αð Þ and f cβ βð Þ in Eq. (16) represent the angular powers of the MS and BS,
which are similar, the discussion will focus only on the AOD. The same conclusions
can be obtained for AOA.

Clearly, f cβ βð Þ is truncated tails, which lead to

ðπ
�π

f cβ βð Þdβ≲1 (17)

However, if the intervals �∞, �πð Þ and π, ∞ð Þ contain much less power, then
f β βð Þ in Eq. (16) is a suitable approximation.

Assuming that in the interval �βy%, βy%

h i
,Pc

β contains y% power, then the fol-

lowing equation describes the relationship among the critical angle, the power, and
the width of the distribution,

Pc
β ¼

ðβy%
�βy%

f cβ βð Þdβ ¼ 2
π
arctan

βy%
ηt

� �
(18)

i.e., βy% ¼ tan πPc
β=2

� �
ηt: Assuming Pc

β ¼ 90%, then β90% ¼ 6:3138ηt: Similarly,

α90% ¼ 6:3138ηr for P
c
α ¼ 90%.

Moreover, 90% of power within the angular interval 2β90% means that the intervals
�∞,�β90%ð Þ and β90%,∞ð Þ contain at most 10% of the transmitted power. With this
in mind, the possibility of extending the angular interval from �π, π½ � to �∞, ∞ð Þ is
explored next.

Based on the formula,

Pc ηtð Þ ¼
ðπ
�π

f cβ βð Þdβ ¼ 2
π
arctan

π

ηt

� �
(19)

and β90% ¼ 6:3138ηt, the following table is obtained.
Table 1 indicates that for each critical angle β90%, the interval �π, π½ � contains

almost all the power contributed from the cluster. Therefore,

2
π
arctan

π

ηt

� �
¼
ðπ
�π

f cβ βð Þdβ≈
ð∞
�∞

f cβ βð Þdβ ¼ 1 (20)

Moreover, the assumption of a small angular range with most of the power will
help one to obtain the following characteristic function as well,

Φc
β ωð Þ ¼

ð∞
�∞

f cβ βð Þe�jωβdβ≈
ðπ
�π

f cβ βð Þe�jωβdβ (21)
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Eq. (21) indicates that if some power is left out in one domain, then the same small
amount will be missing in the other.

Therefore, Eq. (21) can be used to solve the integrals in Eq. (15) as

Φc
β 2πdt sin β0ð Þð Þ≈

ð

β
f cβ βð Þe�j2πdt sin β0ð Þβdβ (22)

which is known,

~C
cκ
h Δtκ, dt, dr, 0ð Þ ¼ e�2πηtdt∣ sin β0ð Þ∣ej2πdt cos β0ð Þe�j2πdr sin γð Þ= sin α0�γð Þ

�e�2πηrf DΔtκ ∣ sin α0�γð Þ∣ej2πf DΔtκ cos α0�γð Þ (23)

and the channel dynamic function,

~R
cκ
h Δtκð Þ ¼ ~C

cκ
h Δtκ,0,0,0ð Þ ¼ e�2πηrf DΔtκ ∣ sin α0�γð Þ∣ej2πf DΔtκ cos α0�γð Þ (24)

According to Eq. (23), a specific expression of each element of RBS in Eq. (4) is
assigned,

rc,BSm,n dtð Þ ¼ e�2πηtdt∣ sin β0ð Þ∣ej2πdt cos β0ð Þ (25)

and the notation Rc
BS is to replace RBS: Furthermore, all elements of RMS in Eq. (3)

will have the following specific expression,

rMS
i,j drð Þ ¼ e�j2πdr sin γð Þ= sin α0�γð Þ (26)

Eq. (26) indicates that the spatial correlation between MS channels will depend only
on the antenna spacing dr but not on the cluster type. Thus, the notationRMS will be kept.

5.2 Rayleigh cluster

Similarly, given a distant Rayleigh cluster, the following approximate Gaussian
APDFs are derived [13],

f rα αð Þ ¼ 1ffiffiffiffiffi
2π

p
σr

e
� α2

2σ2r , f rβ βð Þ ¼ 1ffiffiffiffiffi
2π

p
σt
e
� β2

2σ2t (27)

where �½ �r indicates that the APDF is obtained from the Rayleigh cluster,
σt ¼ σ=dOB1 , σr ¼ σ=dOM1, and σ is obtained from the Rayleigh distribution.

As described in the previous section, the truncated Gaussian APDFs can also be
extended from π to infinity, and the analytical solution of the CSOS, denoted by the
notation ~C

rκ
h Δtκ, dt, dr, 0ð Þ, is obtained by substituting Eq. (27) into Eq. (15) [13],

β90% 1o 5o 10o 15o 20o 30o

ηt 0.003 0.0134 0.028 0.042 0.055 0.083

Pc ηtð Þ 0.999 0.997 0.994 0.991 0.989 0.983

Residue 0.1% 0.3% 0.6% 0.9% 1.1% 1.7%

Table 1.
The widths ηt and the corresponding powers.
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~C
rκ
h Δtκ, dt, dr, 0ð Þ ¼ e�2π2σ2t d

2
t sin

2 β0ð Þej2πdt cos β0ð Þe�j2πdr sin γð Þ= sin α0�γð Þ

�e�2π2σ2r sin
2 α0�γð Þf 2DΔt2κ ej2π cos α0�γð Þf DΔtκ

(28)

and the channel temporal dynamic function is

~R
rκ
h Δtκð Þ ¼ e�2π2σ2r sin

2 α0�γð Þf 2DΔt2κ ej2π cos α0�γð Þf DΔtκ (29)

Thus, each element of Rr
BS can be given by

rr,BSm,n dtð Þ ¼ e�2π2σ2t d
2
t sin

2 β0ð Þej2πdt cos β0ð Þ (30)

and all elements of Rr
MS are also given by Eq. (26).

6. AR-based state-space channel model

In the previous sections, two types of scattering clusters were introduced to obtain
the analytical solutions of the CSOS. These two analytical solutions were decomposed
into the product of channel temporal dynamics and spatial correlation. In this section,
the channel temporal dynamics will be approximated as an AR(p) model, by which, a
state-space MIMO channel model can be constructed for fitting the channel spatial-
temporal correlation function.

A state-space model describes a dynamic system associated with the input, state
variables, and output. The system input and output are linked by a state vector which
is determined by a state transition matrix, and the last variable in the state vector will
be the contribution from the cluster to the channel.

That is, for each scattering cluster, an AR(p) model is used to describe the MIMO
radio channel temporal dynamics, and the Kronecker correlation matrix is employed
to characterize the channel spatial correlation.

A coloring matrix is used to drive input Gaussian noise innovations to create
channel spatial correlations, and the coloring matrix is determined by the channel
correlation properties of the BS and MS described by the Kronecker product.

6.1 AR(p) model

An AR(p) model specifies that the output variable depends linearly on its previous
values. It is a very ordinary model and has a wide variety of applications in time series.
One of the significant features of an AR(p) model is that it can be transformed into a
state-space representation. Therefore, a large number of approaches in the control
domain can potentially be applied to MIMO channel modeling and be used to study
radio channels.

An AR(p) model can be represented by [18].

xk ¼
Xp

i¼1

ϕixk�i þ wk (31)

where ϕ1,⋯,ϕp ϕp �¼ 0
� �

are complex coefficients and wk is a complex Gaussian

sequence N 0; σ2w
� �

. That is, the stochastic variable xk is defined as a linear combi-
nation of its previous p values of the series plus an innovation noise.
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In this section, Eq. (24) will be described by an AR(1) model, while Eq. (29) will be
approximated by an AR(3) model. Since Eq. (24) is itself an AR(1) model, its coeffi-
cient ϕ and standard variance σAR 1ð Þ can be obtained directly from equations [12, 19].
The coefficient ϕi and standard variance σAR 3ð Þ of an AR(3) model can be estimated
using the least-squares (LS) method [20] or computed using the spectral-equivalent
(SE) method [13].

In this way, a single peak on the Doppler spectrum corresponding to the contribu-
tion from a distant scattering cluster is modeled by an AR(p) model.4 The advantage
of using an AR(p) model is that it can be directly parameterized by the properties of
the cluster, and it allows changing the angles in the simulation, which corresponds to
changing the directions of the mobile receiver.

6.2 SISO channel model

The AR(p) model given by Eq. (31) can be transformed into the controllable
canonical form [18, 21, 22] to obtain a state-space representation,

xkþ1 ¼ Axk þ Bwk

hk ¼ Cxk
(32)

where B ¼ 0 0⋯ 0 1½ �T is a p� 1,C ¼ 0 0 ⋯ 0 1½ � is a 1� p vector, the out-
put hk ¼ xk is a scalar, the channel, and

xkþ1 ¼

xk�pþ1

xk�pþ2

⋮

xk

xkþ1

2
666666664

3
777777775
,A ¼

0 1 0 ⋯ 0

0 0 1 ⋯ 0

⋮ ⋮ ⋮ ⋱ ⋮

0 0 0 ⋯ 1

ϕp ϕp�1 ϕp�2 ⋯ ϕ1

2
666666664

3
777777775

xk ¼ xk�p xk�pþ1 ⋯ xk�1 xk
� �T

(33)

The input vector B ¼ 0 0 ⋯ 0 σAR pð Þ
� �T is redefined, i.e., the noise input will be

scaled by σAR pð Þ, then the variance of xk is 1, i.e., σ2x ¼ 1 [13]. It makes a lot of sense to
let xk have unit variance before C and let C scale be the contribution from a cluster,
including path loss to hk.

It must be noted that, in reality, the matrices A and B are time-variant because
both of them have angle-dependent elements. The angle α0 � γ is used to describe the
moving direction to the cluster center, which may change all the time during the
movement.

However, these matrices are assumed to be time-invariant due to small movements
compared with the distance from the MS to the center of a scattering cluster. That is,
within some time slots, all matrices are approximately constant. This implies that

4 The channel dynamics due to the Cauchy-Rayleigh clusters is modeled as an AR(1) model and it

approximately represents the channel dynamics due to the Rayleigh clusters by an AR(3) model.
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constant angles toward clusters, constant speed during the movement, and hence a
time-invariant environment is satisfied. This assumption is related to the stationarity
of xk and hk sequences as well.

The block diagram corresponding to the singe-input and single-output (SISO)
channel model in Eq. (32) is shown below,

Figure 6 is also known as the AR(p)-based state-space SISO channel model block.
In the block diagram, the inputs and outputs are scalars, described by a single line, and
double lines are used to represent vectors.

This is the simplest state-space model used to describe the channel temporal
dynamics and will be employed to construct state-space single-input and multiple-
output (SIMO) and MIMO channel models.

6.3 SIMO channel model

Based on the SISO channel model block shown in Figure 6, a state-space SIMO
channel model is constructed by connecting multiple SISO channel model blocks in
parallel, in which a correlated innovation process is employed to adjust the spatial
correlation between these SISO channel blocks, the SIMO channels, as shown in
Figure 7. This can be done by introducing ΦMr, an Mr �Mr coloring matrix. The
number of SISO channel model blocks required for the SIMO channels will depend on
the number of receiving antenna elements Mr.

Mathematically, this parallel connection can be interpreted as the following
state-space representation,

Figure 6.
Block diagram of the AR(p)-based state-space SISO channel model.

Figure 7.
Block diagram of the AR(p)-based state-space SIMO channel model.
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xkþ1 ¼ Γsimoxk þΨsimowk

hsimo
k ¼ Ωsimoxk

(34)

where the state vector xk ∈pMr ,wk � N 0; σ2wIMr

� �
∈Mr are independent and

identically distributed (i.i.d), the channel vector and the driving noise vector are
expressed as

hsimo
k ¼ hk 1½ � hk 2½ � ⋯ hk Mr½ �½ �T ∈Mr

wk ¼ wk 1½ � wk 2½ � ⋯ wk Mr½ �½ �T ∈Mr
(35)

Moreover, the matrices Γsimo,Ψsimo, and Ωsimo are defined by

Γsimo ¼ IMr ⊗A ¼

A 0 ⋯ 0

0 A ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ A

2
666664

3
777775
pMr�pMr

Ψsimo ¼ IMr ⊗Bð ÞΦMr ¼

B 0 ⋯ 0

0 B ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ B

2
666664

3
777775
pMr�Mr

ΦMr

Ωsimo ¼ IMr ⊗C ¼

C 0 ⋯ 0

0 C ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ C

2
666664

3
777775
Mr�pMr

(36)

where IMr is the identity matrix of size Mr,Ψsimo is a pMr �Mr matrix, and ΦMr is
the coloring matrix employed to control the spatial correlation properties between the
channels.

To acquireΦMr, we need to study the system output in Eq. (34). By definition, the

auto-covariance matrix of channels Rh equals E hsimo
k hsimoH

k

h i
: Simple algebra gives

Rh ¼ ΦMrΦH
Mr

¼ RMS.
The Cholesky decomposition method can be employed to solve the equation

ΦMrΦH
Mr

¼ RMS numerically. This results in a lower triangular matrix with
strictly positive diagonal entries. For small Mr, however, a lower triangular
matrix ΦMr can be found analytically [12]. Therefore, it significantly reduces the
computational complexity of getting all the elements in a closed-form representation.

The key idea of modeling the SIMO channel using the state-space representation is
the modular approach, i.e., just add the required number of SISO channel blocks to
form another bigger block called an AR(p)-based state-space SIMO channel model
block. This constructed block has an i.i.d. Gaussian noise input vector and a correlated
output vector, i.e., the SIMO channels.
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6.4 MIMO channel model

To build an AR(p)-based state-space MIMO channel model, the spatial correlation
properties at the BS will be added. Thus, based on the Kronecker matrix given in
Eq. (6), a correlated innovation matrix, a coloring matrix, is employed to characterize
the spatial correlation of the channels.

Similar to modeling the state-space SIMO channel model, a state-space MIMO
channel model is constructed by connecting multiple SIMO channel blocks in parallel,
as Figure 8 illustrates, in whichΦMrMt is the coloring matrix, and the number of SIMO
channel blocks needed for the MIMO channels will depend on the number of trans-
mitting antenna elements Mt.

Mathematically, this block diagram can be implemented as the following state-
space representation,

xkþ1 ¼ Γmimoxk þΨmimowk

hmimo
k ¼ Ωmimoxk

(37)

where xk ∈pMrMt ,wk � N 0; 1ð Þ∈MrMt and hmimo
k ¼ vec Hkð Þ, here

Hk ¼

hk 1, 1½ � hk 1, 2½ � ⋯ hk 1,Mt½ �
hk 2, 1½ � hk 2, 2½ � ⋯ hk 2,Mt½ �

⋮ ⋮ ⋱ ⋮

hk Mr, 1½ � hk Mr, 2½ � ⋯ hk Mr,Mt½ �

2
6666664

3
7777775

(38)

and Ψmimo,Ωmimo,Γmimo are defined by

Figure 8.
Block diagram of the AR(p)-based state-space MIMO channel model.
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Γmimo ¼ IMrMt ⊗A ¼

A 0 ⋯ 0

0 A ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ A

2
666664

3
777775
pMrMt�pMrMt

Ψmimo ¼ IMrMt ⊗Bð ÞΦMrMt ¼

B 0 ⋯ 0

0 B ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ B

2
666664

3
777775

ΦMrMt

Ωmimo ¼ IMrMt ⊗C ¼

C 0 ⋯ 0

0 C ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ C

2
666664

3
777775
MrMt�pMrMt

(39)

where ΦMrMt is defined as a lower triangular matrix, which fulfills the condition,

ΦMrMtΦH
MrMt

¼ RMIMO ¼ RBS ⊗RMS (40)

Similarly, the Cholesky decomposition method can be used to solve Eq. (40)
numerically. However, for a small size matrix ΦMrMt , like a 2� 2 MIMO channel
model, an analytical solution of a lower triangular matrix Φ4 is obtained [13, 19].

7. MIMO-OFDM channel model

The demand for multimedia services requires high data rates for communications.
However, in a single-carrier modulation system, this is limited by inter-symbol inter-
ference, which occurs due to time dispersion of channel caused by multi-path propa-
gation [23, 24]. A multi-carrier modulation technique, OFDM, is proposed to
overcome this problem. That is, OFDM is employed to the channels that exhibit a time
delay spread, or equivalently, have the characteristic of frequency selectivity.

Notice that the MIMO channel model presented earlier is used for narrow-band
and single-carrier frequency. In this section, as a promising strategy, a combination of
MIMO and OFDM technology is proposed to deal with the frequency-selective fading
channels, i.e., a wide-band MIMO channel model and a MIMO-OFDM channel model.

To this end, the so-called time delay factor is introduced to describe the delay
spread due to the two-dimensional (2D) scattering clusters, which will focus on the
spatial-temporal-spectral correlation properties of the channel and not only on the
spatial-temporal correlation characteristics of the channel.

7.1 Spectral correlation matrix

Let us define the elements of the channel spectral correlation matrix below,

rf df
� � ¼

ð

τ
f τ τð Þe�j2πdf τdτ (41)
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then the spectral correlation matrix of size Mf �Mf can be represented by the
sequence rf mf

� �
,

Cf ¼

rf 0½ � rf 1½ � ⋯ rf Mf � 1
� �

r ∗f 1½ � rf 0½ � ⋯ rf Mf � 2
� �

⋮ ⋮ ⋱ ⋮
r ∗f Mf � 1
� �

r ∗f Mf � 2
� �

⋯ rf 0½ �

2
66664

3
77775

(42)

where the diagonal element rf 0½ � ¼ Ðτ f τ τð Þdτ ¼ 1: The above matrix will be used to
derive the coloring matrix for the MIMO-OFDM channels.

7.2 Building a MIMO-OFDM channel model

Similarly, based on the MIMO channel model block, a MIMO-OFDM channel
model can be constructed. This time, however, a colored input noise vector for the
MIMO-OFDM channels is generated using the spectral correlation matrix Cf .

The vector h t, f 0
� �T h tð , f 1ÞT ⋯ h t, fMf�1ÞT

� iT�
is used to represent all of the

MIMO-OFDM channels. This results in the channels that are characterized by a
spatial-temporal-spectral correlation function.

In Figure 9, h[k, i] is a discretized representation of the continuous-time channel
vector h kΔt, f i

� �
, each dotted box represents a MIMO channel model, which includes

a total of MrMt state-space SISO channel blocks and one spatial correlation matrix
ΦMrMt : Moreover, each block involves a single-carrier frequency, and this parallel

Figure 9.
Block diagram of the MIMO-OFDM channel model.
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connection will generate Mf frequency-selective channels. In addition, the block dia-
gram D is a square matrix of order Mf obtained from the spectral correlation matrix
Cf in Eq. (42). This matrix is employed to adjust the spectral correlation properties
between the MIMO channel blocks.

Mathematically, this state-space MIMO-OFDM channel model can be represented by

xkþ1 ¼ Γxk þΨwk

hk ¼ Ωxk
(43)

where h k, 0½ �T h k½ , 1�T ⋯ h k,Mf � 1�T� �T ∈MfMrMt

h
is denoted by

hk,xk ∈pMfMrMt , wk ∈MfMrMt ,Γ is a complex square matrix of order pMfMrMt,Ψ is
a pMfMrMt �MfMrMt complex matrix, and Ω is a MfMrMt by pMfMrMt real matrix.
The matrices Γ,Ψ, and Ω are given by

Γ ¼ IMf ⊗Γmimo,Ψ ¼ D⊗Ψmimo,Ω ¼ IMf ⊗Ωmimo (44)

where p is the order of the AR model, Γmimo,Ψmimo
, and Ωmimo are given by

Eq. (39), and D is defined as a lower triangular matrix that satisfies,

DDH ¼ Cf (45)

As mentioned earlier, the Cholesky decomposition method can also be used to
obtain all of the elements of the lower triangular matrix D. However, in the case of
two sub-carriers, simple algebra will result in the following closed-form solution.

D ¼
1 0

r ∗f mf
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� rf mf
� ��� ��2

q
" #

(46)

Therefore, given a DPDF, the corresponding spatial-temporal-spectral correlation
function can be obtained. This will be presented next.

7.3 Cauchy delay PDF

Similarly, given a distant Cauchy-Rayleigh cluster, the delay PDF of TOA is
approximately equal to Cauchy [25],

f cτ τð Þ ¼ f τ τð Þ≈ 1
π

η

η2 þ τ � τð Þ2 (47)

where τ denotes the average time delay,

τ ¼ dOB1 þ dOM1

vc
, η ¼ ζ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2 cos θ0ð Þp

vc
, cos θ0ð Þ ¼ d2OB1

þ d2OM1
� d2B1M1

2dOB1dOM1

(48)

and vc is the speed of light, θ0 is the angle between the two edges B1O and OM1, as
illustrated in Figure 4. Notice that the time delay τ is a non-negative variable. Hence,
Eq. (47) is valid only if the main area under the curve is in the positive direction of the
delay axis. In other words, the area under the tail in the negative direction of the delay
axis is small and can be ignored.
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Since ζ ¼ α90%dOM1=6:3138, from Eq. (48), we get,

η ¼ α90%
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2 cos θ0ð Þp
6:3138

dOM1

vc
(49)

Notice that the ratio of dOM1 and vc is very small, the width of the delay power
distribution function η will be a very small value. Therefore, the integration of Eq. (47)
will be approximately equal to 1 over the interval 0, τϵ½ �, and it can thereby be extended
to 0, ∞½ Þ: Here, τϵ ≫ τmax is a number and τmax denotes the maximum delay.

Adding the spectrum df to the expression, the following equation is obtained by
substituting f cα αð Þ, f cβ βð Þ. and f cτ τð Þ into Eq. (15),

C
κ
h Δtκ, dt, dr, df
� �

≈ ~C
cκ
h Δtκ, dt, dr, df
� �

¼ ~R
cκ
h Δtκð Þrc,BSm,n dtð ÞrMS

i,j drð Þrcf df
� � (50)

where ~R
cκ
h Δtκð Þ is the channel dynamics given in Eq. (24), rc,BSm,n dtð Þ, rMS

i,j drð Þ are
spacing correlations given in Eqs. (25) and (26), respectively, and rcf df

� �
is the spectral

correlation given by

rcf df
� � ¼ e�2πηdf e�j2πdf τ (51)

7.4 Gaussian delay PDF

Given a distant Rayleigh cluster, the approximate Gaussian DPDF of TOA is
obtained [26],

f rτ τð Þ ¼ f τ τð Þ≈ 1ffiffiffiffiffi
2π

p
σ0

e
� τ�τð Þ2

2σ2
0 (52)

where

σ0 ¼ σ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2 cos θ0ð Þp

vc
(53)

and cos θ0ð Þ and τ are defined in Eq. (48). Therefore, for Gaussian distributed
TOA, we have,

C
κ
h Δtκ, dt, dr, df
� �

≈ ~C
rκ
h Δtκ, dt, dr, df
� �

¼ ~R
rκ
h Δtκð Þrr,BSm,n dtð ÞrMS

i,j drð Þrrf df
� � (54)

where ~R
rκ
h Δtκð Þ is defined in Eq. (29), rr,BSm,n dtð Þ, rMS

i,j drð Þ are spacing correlations

defined in Eqs. (30) and (26), respectively, and rrf df
� �

is the spectral correlation
given by

rrf df
� � ¼ e�2π2σ20d

2
f e�j2πτdf (55)
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Thus, an AR(p)-based state-space MIMO-OFDM channel model has been
constructed. However, this approach is only applicable to a single scattering cluster.
Next, the method for constructing a multi-cluster MIMO-OFDM channel model is
described.

8. Multi-cluster MIMO-OFDM channel model

According to previous studies, Eqs. (50) and (54) are two key functions for build-
ing the MIMO-OFDM channel model based on a single scattering cluster. Combining
these two types of channel models, a multi-cluster MIMO-OFDM channel model is
constructed. In this way, a physical propagation environment of radio waves is
reconstructed by simulations.

Considering a radio wave propagation environment with K distant
Cauchy-Rayleigh and Rayleigh scattering clusters, as shown in Figure 10, it is
assumed that the BS is fixed while the MS is moving with speed v, and there
is noline of sight (LOS) between the BS and MS, all of the signals transmitted
and received are via these K uncorrelated scattering clusters. Each cluster is
grouped into resolvable multi-path components. Besides, within a cluster, the trigo-
nometric relationship among the BS, scatterers, and MS has been introduced, as
shown in Figure 4.

For this model, only a single scattering event along each path between the transmit
and receive antenna arrays is considered. That is, it is assumed that the contribution to
the power due to multiple scattering events is much lower and will be ignored.

In addition, the radio waves contributed from different scattering clusters can be
added to obtain the contributions of all.

The power contributed from each cluster is dedicated in a portion to the Doppler
power spectrum. From this point of view, under the assumption of uncorrelated
scattering clusters, the summation of the radio waves can be regarded as adding up
each individual portion of power. These contributions will result in a K-cluster MIMO-
OFDM channel model if the delay factor is taken into account.

Figure 10.
Multiple distant scattering clusters, cluster no. 1 to cluster no. K, in a radio wave propagation environment, in
which each cluster is grouped into resolvable multi-path components.
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8.1 Multi-cluster angular-delay Spectrum

The joint angular-delay spectrum associated with K scattering clusters can be
written as

f α,τ α, τð Þ ¼
PK

k¼1Pkf αk,τk αk, τkð Þ
PK

k¼1Pk

¼
PK

k¼1Pkf αk αkð Þf τk τkð Þ
PK

k¼1Pk

(56)

where Pk denotes the power contributed from the kth cluster. Taking summation
over the angles, the marginal distribution represents the PDP, f τ τð Þ, of the clusters.
The sum over the delays stands for the angular power distribution, f α αð Þ, of the
clusters.

8.2 Building a multi-cluster MIMO-OFDM Channel model

Connecting multiple MIMO-OFDM channel model blocks in parallel, a multi-
cluster MIMO-OFDM channel model is constructed, as shown in Figure 11, and the
number of blocks required depends on K.

The connection illustrated in Figure 11 can be transformed into the following
mathematical representation,

xkþ1 ¼ Γxk þΨwk

hk ¼ Ωxk
(57)

where Γ,Ψ, and Ω are given below,

Figure 11.
Block diagram of a K-cluster MIMO-OFDM channel model, where the input noise vector wk ∈ℂKMfMrMt , the
output channel vector h k, 0 : Mf � 1

� �
means that there are Mf sub-carriers from mf ¼ 0 to mf ¼ Mf � 1, and

the AR(p)-based MIMO-OFDM channel model block is shown in Figure 9.
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Γ ¼

Γ1 0 ⋯ 0

0 Γ2 ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ ΓK

2
666664

3
777775
,Ψ ¼

Ψ1 0 ⋯ 0

0 Ψ2 ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ ΨK

2
666664

3
777775

Ω ¼

Ω1 0 ⋯ 0

0 Ω2 ⋯ 0

⋮ ⋮ ⋱ ⋮

0 0 ⋯ ΩK

2
666664

3
777775

(58)

where Γi,Ψi, and Ωi are defined in Eq. (44), which represent the matrices either
from the AR(1)-based MIMO-OFDM channel model or from the AR(3)-based
MIMO-OFDM channel model.

9. Conclusions

This chapter presents a state-space-based simulation model for MIMO-OFDM
channels. Based on this model, a physical propagation environment of radio waves can
be reconstructed by simulations.

In this approach, for each distant scattering cluster, the received power renders a
narrow peak, which contributes a portion to the Doppler power spectrum. The entire
Doppler power spectrum is obtained by summing the contributions of all these
uncorrelated scattering clusters.

One of the fundamental assumptions in this chapter is the probability distribution
of scattering clusters. The AOD, AOA, and TOA due to distant Cauchy-Rayleigh
scattering clusters can be approximately modeled as the Cauchy angular and delay
power distribution functions, while distant Rayleigh clusters result in the Gaussian
angular and delay power distribution functions.

Another underlying assumption is that more than 90% of the power is within a
small angular spread. The narrow distribution enables us to study the CSOS using
approximations for small angles. This implies that both the upper and lower limits of
the integral of the channel spatial-temporal correlation function can be extended
from �π, π½ � to �∞, ∞ð Þ without losing its main features. Meanwhile, the assump-
tion of independence of the AOD and AOA makes the channel correlation function
integrable.

One of the main results is the decomposition of the spatial-temporal
correlation function caused by a single cluster. The CSOS can be decomposed
into disjoint antenna spacing and movement parts using the phase-shift method.
Thus, an AR(p) model can be employed to describe the temporal dynamics of the
channel.

A major result is that the radio channels can be built modularly. A state-space-
based MIMO-OFDM channel model is another major result. A distant scattering
cluster contributed to each antenna at a mobile receiver is associated with an AR(1)-
or AR(3)-based state-space SISO channel model block. The beauty of using state-space
representation is that a MIMO-OFDM channel model can be constructed using multi-
ple SISO channel blocks. Meanwhile, a correlated innovation process is employed to
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adjust the channel spatial correlation within each MIMO block and spectral correlation
between the MIMO blocks. Following the same process, it is easy to extend this model
to the multi-cluster case.

Therefore, the spatial-temporal-spectral correlation characteristics of the channel
are achievable in the simulated channels.

10. Future work

Future work may include:

• AOD/AOA Measurement

The angular-delay spectrum is an important parameter in the modeling of the
state-space-based MIMO-OFDM channels. In practice, how to measure the
directional information will directly affect the results of a realistic channel
correlation accuracy. On the other hand, the effective channel modeling largely
relies on well-defined correlation functions.

• AOD/AOA Estimation

Extracting or estimating AOD/AOA from measurements is another issue. This is
a hot research topic that attracts people. Many results have been published in the
literature, for example, the multiple signal classification (MUSIC) algorithm
[27, 28], the estimation of signal parameters via rotational invariance techniques
(ESPRIT) algorithm [28, 29], the expectation-maximization (EM) algorithm
[30, 31], and the space-alternating generalized expectation-maximization
(SAGE) algorithm [31, 32].

Several issues related to these algorithms need to be addressed, for example, how
to estimate the number of signal sources and estimate the arbitrariness of the
DOA. In addition, these algorithms do not work when the number of signal
sources is larger than the number of antennas. The recurrent neural network
(RNN) and convolutional neural network (CNN) may be suitable to solve this
problem.

• Reduce Simulation Complexity

In simulations, the computation complexity depends on the size of the antenna
arrays Mr �Mt, the number of sub-carriers Mf , and the number of uncorrelated
scattering clusters K.

For each Mr �Mt block, we may assign a small number to Mf and use the
interpolation technique to increase the size of the channels. This idea makes sense
because the contributing channels have high coherence bandwidth, which
renders close to flat fading.

In this way, the size of a spectral correlation matrix and the computational
complexity in a simulation will be highly reduced. Hence, the problem of
decomposition of the spectral correlation matrix using the Cholesky
decomposition method may be avoided. For the large size of the matrix, the
Cholesky decomposition method may lead to numerical problems.
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• Massive MIMO

The massive MIMO technology uses a large number of antennas at the BS to serve
multiple users simultaneously. It is proposed to improve the performance of
wireless communication systems, such as higher data rates, improved spectral
efficiency, and better link reliability. Due to the large number of antennas, the
propagating wave will no longer be a plane wave. That is, the spherical wave
model for near-field should be taken into account. In this case, a mathematical
model describing the radio channel characteristics is needed.

• Channel Generators

The spatial channel model (SCM) [33] and the WINNER II [34] are channel
models used in wireless communication systems. They are designed to simulate
the propagation of radio waves in different environments and are used for
evaluating and testing the performance of wireless communication systems.

They are good channel models and have been used in many radio propagation
scenarios [35–37]. However, the scatterers in both SCM and WINNER II are
limited and they cannot be used to describe situations such as the propagation of
a large number of signal sources, i.e., the presence of a large number of scatterers
in the propagation environments.

The channel model presented in this chapter can be employed to describe the
situations of a large number of scattering objects in the radio wave propagation
environment and to evaluate the performance of the designed wireless
communication systems.
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Autonomous Driving  
and Cybersecurity by Design
Cecil Bruce-Boye, Thomas Eisenbarth, Moritz Krebbel, 
Andreas Fechner, Robert Luyken and Telse David

Abstract

So far, real-time requirements for the overall autonomous driving (AD) have been 
addressed only in a few cases. Cybersecurity and real-time capability are usually 
addressed separately. However, with regard to a justifiable mobility quality, these 
requirements are in direct interaction with each other. Therefore, as suggested here, it 
makes sense to consider the provision of a suitable IT infrastructure with cybersecu-
rity, QoS (Quality of Service) and simultaneous real-time IoT capabilities. The early 
integration of security and real-time by design, as well as the architecture concepts 
mentioned, are measures that limit development costs, make the solution modular, 
scalable and thus sustainable. We introduce the adaptive-real-time-manager (ARM), 
an innovative concept for continuous assessment and optimization of the real-time 
capability of autonomous driving systems. The paper also proposes a cloud-broker-
concept and simulation as essential building blocks to accelerate the integration of the 
ARM into an autonomous driving system (ADS). Furthermore, we discuss aspects of 
multisensory data acquisition and processing, addressing the integration of various 
data sources and their qualities. Finally, we highlight the importance of driveability 
for autonomous vehicles, emphasizing its role in comfort, safety, and user acceptance.

Keywords: autonomous driving, cybersecurity, real-time, adaptive real-time, real-time 
management multisensory data, driveability

1. Introduction

1.1 General thoughts about autonomous driving

The transition from self-driving individual transport to driverless on-demand 
mobility with ADS is a major challenge for both people and technology. Innovative 
mobility concepts such as Mobility-as-a-Service (MaaS) and Transport-as-a-Service 
(TaaS) are being developed to bring safe, environmentally friendly, cost-effective and 
convenient solutions to the market [1].

As the mobility market evolves, companies will need to offer diverse hardware, 
software, and services portfolios to meet the expectations of their customers. 
Among the top priorities is Level 4 safety: Today’s vehicles are already equipped with 
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numerous safety and assistance systems, making driving very safe. On average, a 
human driver causes a fatal accident every 600 million kilometers [2]. Self-driving 
systems are expected to further reduce the number of accidents. To achieve this, the 
system needs to be extremely robust, which is not only challenging in terms of design, 
but also in terms of verification.

1.2 A new approach: real-time IoT and cybersecurity

ADS-based mobility requires a secure, uninterrupted connection between all 
traffic participants. It therefore relies on a smooth and fast flow of data for each 
individual information chain between all relevant participants. This also means 
that these chains must be protected from attack. All possible attack vectors must be 
secured, regardless of the point of attack. At the same time, it must be ensured that 
the acquisition and response times of all data in the relevant information chains are 
reliable, deterministic and predictable. A suitable computing infrastructure with 
cybersecurity—QoS (Quality of Service) and real-time IoT capabilities—is therefore 
required [3].

The ADS system must ensure both cybersecurity and real-time IoT capabilities 
across all information chains of the entire system. While these requirements may 
seem contradictory at first, it is essential to perform the necessary analysis during 
the design phase to develop concepts, architectures and strategies that resolve this 
contradiction. By doing so, we can avoid the costly and often unattainable process of 
implementing security and real-time capabilities in an ADS after the fact.

1.3 Cybersecurity for autonomous driving system

With the increase in connectivity and communication between vehicles, traffic 
management systems and other elements of the transport infrastructure, the attack 
surface and potential vulnerabilities are also increasing. One of the main challenges 
in implementing cybersecurity in autonomous systems is that security mechanisms 
such as encryption, authentication and integrity checks require time and computing 
resources. These additional requirements can potentially impact the real-time capa-
bilities of the systems by increasing latency and slowing the response time of autono-
mous vehicles. However, with careful planning and innovative solutions, it is possible 
to achieve both cybersecurity and real-time performance without compromising the 
safety and reliability of autonomous driving systems.

The importance of cybersecurity has been acknowledged by lawmakers, leading 
to the introduction of UNECE Regulations R.155 and R.156 [4, 5]. These regulations 
establish requirements for the cybersecurity of vehicles and their systems, and require 
the automotive industry to take appropriate security measures to ensure the cyber 
resilience of their vehicles.

The combination of cybersecurity and real-time capability requires close collabo-
ration between the various disciplines involved in the development of autonomous 
driving systems, such as vehicle engineering, software development and IT security. 
An appropriate IT infrastructure that provides both cybersecurity QoS and real-time 
IoT capabilities is crucial for the safety and reliability of autonomous vehicles. To 
achieve this, the following concepts and ideas are presented, which enable an effi-
cient combination of cybersecurity and real-time capability to ensure the safety and 
functionality of autonomous driving systems.
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1.4 Multisensory input information

In addition to vehicle data, a variety of external sensor-generated data, server-
based environmental data and even satellite-based positioning information are used 
as input variables in the ADS. External sensor-generated data includes Car2Car com-
munication. This ensures that the speed and distance of autonomous road users in the 
vicinity are monitored.

The real-time requirements in the immediate vicinity of autonomous vehicles 
are obviously higher than those in the superimposed environments, from which, for 
example, spatial or environmental data are obtained. Decentralization (edge comput-
ing) in the IoT network allows the next action decision to be made as close as possible 
to the distributed sensors. This decision is then made available to higher-level intel-
ligent instances for further coordination and regulation of the overall process. As a 
result, there are multiple levels of interaction in the IoT network. During the software 
development process, it is important to consider the transitions between the different 
interaction levels.

In Section 6, we will consider velocity and position control. It is important to note 
that the time to acquire data, calculate the next action and provide instructions must 
be at least twice as fast as the process speed or constant to control the current process 
in real-time [6]. In addition, certain safety requirements for the ADS can only be 
ensured by guaranteeing real-time conditions in the information chain. It is obvious 
that there is some interplay between cybersecurity and safety in terms of real-time 
requirements. However, this issue is not addressed in this article.

We assume that both cascaded and cross-layer control loops are likely to become 
necessary to meet the varying requirements of the different layers of the hierarchical 
model, e.g. hardware, operating system, software, Car2Car, server and cloud. In order 
to calculate the continuous autonomous driving speed for all collision-free positions, 
the information chains require the processing of multisensory input information, 
resulting in a MIMO (multiple input, multiple output) system [7, 8]. We consider the 
multiple antenna approach on the transport level as given. We also want to evaluate 
the driving behavior of the AD, and for this purpose we introduce the term “ADS 
driveability” in Section 7. We want to encourage an objective evaluation of the driving 
experience of an AD, as this can ultimately be a decisive factor in the competitive use 
of ADS services.

2. Information chain according to the shell model

In order to achieve real-time control, it is essential that the data acquisition, com-
putation, and provision of the next instruction occur at a speed that is at least twice as 
fast as the process being controlled [6].

Accordingly, all interaction levels in IoT must be measured for their QoS (Quality 
of Service) in addition to Round-Trip Times (RTT). Only then can a reliable decision 
be made as to which processes can be controlled in real-time. Alternatively, the process 
speeds can be adjusted to the determined real-time characteristics (or real-time limits) 
of the respective interaction levels. The speed at which the autonomous vehicle performs 
over the measured interaction level should not exceed half of its real-time capability.

Figure 1 gives a rough overview of the information flow to the IoT interaction 
levels and back.
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Our objective is to propose a software development methodology for real-time IoT 
interactions. The term “propose” implies that this is a sketch that does not claim to be 
complete, but rather represents one of many possible solutions. Given the enormous 
complexity of the subject, it cannot be fully represented within the scope of this 
framework.

3. Cybersecurity and real-time

In the context of autonomous driving, ensuring cybersecurity and real-time 
capability is crucial. With the increasing networking and automation of vehicles, new 
challenges and questions arise that will be discussed in this section.

A central problem is ensuring end-to-end cybersecurity under real-time condi-
tions. To do this, security measures must be implemented at all levels of the system, 
starting with the sensors and extending to communications and the cloud.

Examples include authentication and key exchange under real-time conditions. 
The typical use of asymmetric crypto methods is problematic for key renewal during 

Figure 2. 
Challenges of parallelizability in key exchange with asymmetric cryptography.

Figure 1. 
Shell model for the IoT interaction levels [9].
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runtime due to their slow runtime. So, if you want to still have real-time  capability, 
you must consider parallel key renewal during runtime (Figure 2). In addition, 
the use of parallelizable crypto algorithms can be an important building block; 
for example, authentication procedures, such as the Message Authentication Code 
(MAC) procedure, can be parallelized to guarantee real-time capability (Figure 3).

Another component is edge computing, where data processing and analysis take 
place in the vehicle instead of in the cloud, which can help optimize latency and data 
rates. This supports real-time guarantees by reducing the amount of data transmitted 
over the network and increasing the speed of response to events.

A major challenge arises from the fact that vehicles are in the field for a long period 
of time, so future systems should be prepared for changing crypto computing power 
and key length requirements by considering or balancing newer crypto techniques 
such as post-quantum cryptography etc. For example, the ongoing development 
of quantum computers poses a particular challenge by challenging the security of 
traditional asymmetric key exchange methods [10].

In summary, ensuring cybersecurity and real-time capability in autonomous 
driving is a challenging task that requires a combination of different technologies 
and concepts. The integration of edge computing, parallel key renewal and authen-
tication, as well as the adaptation to future crypto requirements are key elements to 
ensure the security and performance of autonomous vehicles in the connected world.

4. Real-time management

Our adaptive-real-time-manager (ARM) is an innovative concept that aims 
continuously assessing and optimizing the real-time capability of autonomous driv-
ing systems. This section discusses the basic design of the ARM and its advantages 
compared to existing solutions.

Factors such as vehicle environment, traffic conditions, visibility, and network 
connection quality influence the real-time capability of autonomous driving systems. 
The ARM constantly evaluates these factors and adjusts driving speed and strategy 
accordingly (Figure 4).

A crucial aspect of the ARM concept is the Round Trip Time (RTT) of the closed 
information chain from the vehicle’s sensors and actuators to the cloud and back. 
The RTT varies depending on the preferred cybersecurity mechanisms, which can be 
selectively integrated at different security levels.

The ARM assesses the real-time capability of the respective closed information 
chain by considering the RTT and, if necessary, other system parameters. This enables 
optimal adjustment of driving speed and strategy to the respective conditions.

Figure 3. 
Example of parallelizing a MAC calculation.
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The ARM can reduce the impact of traffic control systems on the real-time 
capability of autonomous driving systems. This is achieved by continuously adapt-
ing driving strategies and speeds to the current conditions and, if necessary, to the 
information provided by traffic control systems.

A real-world scenario illustrates this benefit of ARM: An autonomous vehicle stops 
before a green light at an intersection. One possible explanation for this behavior is 
that the intelligent traffic light has informed the autonomous driving system of the 
time remaining in the green phase. However, the ARM has suggested a driving speed 
that is not sufficient to cross the intersection without a collision, so in this case the 
vehicle waits for the next full green phase.

Compared to existing solutions, the ARM offers a more dynamic approach to 
real-time assessment and optimization of autonomous driving systems. The continu-
ous analysis of influencing factors and the adaptation of driving speed and strategy 
increase the safety, efficiency and flexibility of these systems.

Another advantage of the ARM is the ability to selectively incorporate cyberse-
curity mechanisms at different security levels. This ensures data security and system 
integrity without unnecessarily compromising the real-time capability of the autono-
mous driving system.

In summary, the automITe Adaptive Real-time Manager offers a promising 
approach for addressing the challenges related to autonomous driving and cyberse-
curity. Continuous real-time assessment and optimization, selective incorporation of 
cybersecurity mechanisms, and enhanced interaction with infrastructure make the 
ARM a unique and forward-looking solution in this field. It remains to be seen how 
the ARM will prove itself in real application scenarios and what further developments 
and optimizations are possible in the future (Figure 5).

Together with the ARM there are two essential building blocks that can accelerate 
the integration into an ADS system:

• Cloud-Broker-Concept: This ensures independence from the cloud provider and 
a uniform interface on the ADS side to the cloud. An essential step here is the 

Figure 4. 
The ARM might suggest a speed of 50 km/h when the connection quality is good and the vehicle environment is 
favorable, but only 30 km/h when the connection quality is poor or the vehicle environment is more complex.
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integration and the interface management of the cloud broker into the system of 
the ARM (see Figure 6).

• Simulation of the Adaptive Real-time Manager and the Cloud Broker: For this 
purpose, we are currently designing a driving simulator that can be used and 
extended to simulate the driving of a vehicle in a city, with all driving informa-
tion obtained from the cloud. By using the simulator, the effort required for 
testing in the field can be reduced, as many shortcomings are already revealed by 
simulations.

Figure 5. 
Typical vehicle architecture without middleware and adaptive-real-time-manager.

Figure 6. 
Vehicle architecture with middleware and adaptive-real-time-manager in place.
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5. Aspects of multisensory data acquisition and processing

Data necessary for driving a car comprised of various sources:

• Physical measurements such as location and speed;

• Events like states of traffic lights

• Linguistic variables like human descriptions of traffic congestion. A linguistic 
variable gives an imprecise description of some perceived value like high, 
medium, low.

Physical measurements can be direct and indirect. The direct measurements are 
performed by various sensors while indirect measurements estimate values from 
other measurements, events, linguistic variables. The same physical value can be 
measured by different ways each characterized by different qualities of:

• Accuracy, how close a given set of measurements (observations or readings) are 
to their true value;

• Precision, how fine measured values can be specified;

• Confidence, the level of trust in the measurement source quantified in some 
measure like probability or possibility;

• Availability of the measurement source, e.g. in the cases of remote services like 
satellites, cloud servers, neighbor traffic participants;

• Latency, the time needed for the measurement to become accessible;

• Time span and spatial location of the measurement point.

The events and linguistic variables are characterized by:

• Confidence

• Availability

• Latency

• Time span and spatial location.

Thus the same physical value can be measured by different sensors and estimated 
indirectly with a great variety in accuracy, confidence, availability. For example, the 
car speed can be estimated using the car wheels with high availability and low preci-
sion; or from the GPS system with low availability, precision and high latency; or 
from a radar with high precision; or queried from other traffic participants with low 
confidence etc.

The wide variety of sources must be integrated using plausibility checks and infer-
ence based on the reliability and availability of the sources.
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Since the sources may contradict each other, the inference model must support 
conditional reasoning. This is necessary when the confidence measure of a measure-
ment is conditional on some event or other measurements, such as in the case of 
computed values. At the same time driving has mission critical aspect. Therefore it 
should allow reasoning under contradiction when different events and measurements 
contradict each other since so that contradictions be resolved using information from 
other sources available.

The confidence measure may describe either or both kind of uncertainty:

• Probabilistic resulting from a stochastic measurement process;

• Fuzzy incoming from human estimations and processes of ill-defined nature.

In addition to uncertainty the confidence measure also needs to describe contra-
diction allowing combination of erroneous sources.

Furthermore, the inference process is a subject of real-time constraints. Therefore 
the choice of must consider:

• Support of fine-grained parallelism, e.g. when walking down a decision tree of 
alternatives;

• Gradual refinement of the estimation in order to be able to get an answer even if 
the deadline was prematurely reached at the cost of accuracy and certainty loss;

• Using conditionals in reasoning and decision making.

The latencies imposed on the measurement process consideration of the time aspect, 
such as the time stamps and time intervals of the values, events and linguistic variables.

6. AD-velocity and position control

The performance of WLAN communication of multiple antennas is an important 
aspect in this context, especially as a MIMO system, to improve the channel capacities 
[11]. However, it essentially concerns the transport level. We consider it as a given 
[12]. And on the other hand we focus on the MIMO concepts for the control of the 
driving behavior of an ADS via the information chain [9]. For the present ADS with 
MIMO (multiple input, multiple output) characteristics [7, 8], we define the multi-
sensory input information in a simplified way as follows:

• Vehicle board data

• External sensor-generated near-field data

• Server and satellite-based information.

The following should be considered as output variables:

• Driving speed and the collision-free

• Current position of the autonomously driving vehicle.
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To control the driving behavior of the ADS, the RTT of the information chain 
plays a crucial role.

Suitable methods for controller synthesis are available according to (Ackermann). 
For digitization, the choice of sampling time is

 =
2

RTTT                                                                    (1)

or sampling angular frequency is

 πω =
2

T T
                                                                    (2)

where ωT , according to the Shannon theorem, is the largest angular frequency 
occurring in the information chain. However, the angular frequencies of the distur-
bance signals, the multisensory input variables, and the bandwidths of the controls 
must also be considered in this context. These considerations apply to both control 
variables, ADS velocities and the continuous determination of collision-free positions.

7. AD-driveability

Initially, driveability refers to a vehicle’s driving dynamics, particularly in terms of 
power, throttle response, engine, transmission, braking and steering control. It is an 
important aspect of the overall ride quality of a vehicle and has a significant impact 
on driver experience and customer satisfaction.

Good driveability means that the vehicle responds smoothly and predictably in 
all driving situations. Driveability is particularly important in modern vehicles with 
electronic controls, as it ensures precise and responsive control of the engine and 
other systems.

Driveability is of high importance for both comfort and safety. For example, in 
critical situations such as emergency braking or quick evasive maneuvers, good drive-
ability can help the vehicle remain stable and the driver to maintain control.

Autonomous vehicles are not driven by human drivers. Therefore, the term 
driveability should be redefined as AD-driveability. This creates a basis for objectively 
evaluating different MaaS and TaaS concepts in terms of driving style and experience.

As far as comfort is concerned, passengers should not be impaired in their activi-
ties (working, reading, sleeping...) during the journey. For example, by braking too 
hard, accelerating too fast or driving in a jerky manner.

Good and safe driving behavior “AD-driveability” will become a competitive factor 
for autonomous vehicles, as the purchase decision will essentially depend on it. It is 
expected that the MaaS, TaaS concept, which reaches the destination faster with smooth 
driving comfort, will achieve a higher acceptance in the MaaS and TaaS service market.

The solutions outlined here, for the correlation of real-time and cybersecurity and 
adaptive real-time managers can make a decisive contribution to this.

8. Conclusion

This paper has presented a comprehensive overview of various challenges and 
potential solutions related to autonomous driving and cybersecurity by design. 
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Ensuring real-time control, end-to-end cybersecurity, and driveability are criti-
cal aspects of developing successful autonomous driving systems. The proposed 
adaptive-real-time-manager (ARM) concept is a promising approach to addressing 
these challenges by continuously assessing and optimizing the real-time capability 
of autonomous driving systems while considering various influencing factors and 
selectively integrating cybersecurity mechanisms.

The integration of edge computing, parallel key renewal, and authentication, as 
well as the adaptation to future crypto requirements, are essential elements for ensur-
ing the security and performance of autonomous vehicles in the connected world. The 
Cloud-Broker-Concept and simulation of the Adaptive Real-time Manager and the 
Cloud Broker further support these efforts by facilitating the integration into an ADS 
system and allowing for more effective testing and optimization.

Aspects of multisensory data acquisition and processing have also been explored, 
emphasizing the importance of integrating a variety of data sources and managing 
uncertainties and contradictions in the inference process. Speed and position control 
have been addressed as crucial aspects of autonomous driving, highlighting the 
significance of considering the round trip time of the information chain in controller 
synthesis.

Finally, the concept of driveability has been discussed in the context of autono-
mous vehicles, underlining its importance for passenger comfort, safety, and overall 
user experience. As the field of autonomous driving continues to evolve, the strategies 
and concepts presented in this paper serve as valuable building blocks for developing 
secure, efficient, and adaptable autonomous driving systems that meet the demands 
of an increasingly connected world. Future research and development efforts will 
undoubtedly reveal new challenges and opportunities for further enhancing the 
safety, performance, and acceptance of these innovative transportation solutions.
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Chapter 14

MIMO Radar
Motoyuki Sato

Abstract

We show the concept of multiple-input multiple-output (MIMO) radar and introduce
practical applications, which include ground based synthetic aperture radar (GB-SAR)
and ground penetrating radar (GPR). As an example, a 17 GHzMIMO GB-SAR system to
be used for landslide monitoring and infrastructure measurement is described. We also
show that a MIMO GPR system “Yakumo” can achieve dense three-dimensional (3D)
subsurface imaging compared to conventional GPR.We also explain that MIMOGPR can
be used for common midpoint (CMP) measurement, which can be used for the estima-
tion of the vertical profile of EM velocity, which is related to soil moisture.

Keywords: GPR, GB-SAR, MIMO radar, multi-static radar, DInSAR

1. Introduction

Ground based synthetic aperture radar (GB-SAR) has been used for the observation of
the displacement of ground surface and can be applied, for example, to remote landslide
monitoring.GPR is a usefulmethod for shallow subsurface imaging andwidely used for the
detection of buried pipes. Conventional GB-SAR systems andGPR systems are equipped
with a pair of a transmitting antenna and receiving antenna, and synthetic aperture radar
(SAR) processing is applied to the data sets acquired bymoving the pair of antennas.

Instead of moving antennas for radar imaging, we introduce MIMO technique,
where we use fixed multiple antennas for equivalent SAR imaging. In both GB-SAR
and GPR systems, we use multiple transmitting and receiving antennas equivalent to
multiple-input and multiple-output (MIMO). This radar configuration is referred as
multi-static radar. However, we acquire all the combination of transmitting and
receiving antennas, which is not common in the conventional multi-static radar. This
is the reason why we call it MIMO radar, and we show that it expands the potential of
radar drastically. The targets of MIMO GB-SAR and MIMO GPR such as land slope
and buried pipes are stational, and we can acquire radar signal from these targets by
switching all the transmitting and receiving antenna combinations. We do not need
orthogonal signal transmission for the identification of the transmitted signal by
receiver, because signals can be separated by the time sequence.

2. GB-SAR

Differential interferometric synthetic aperture radar (DInSAR) by GB-SAR is used
to measure the displacement of the target surface [1]. This method has been used for
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monitoring landslide slopes [2–4], volcanic lava domes [4, 5], and inspection of
large-scale infrastructure facilities such as dams and bridges [6, 7]. However, by
conventional GB-SAR, the data for SAR processing is acquired by physically moving a
radar unit equipped with a pair of transmitting and receiving antennas on a rail. The
size of the rail determines the synthetic aperture length, which is typically about 2 m
for 17 GHz GB-SAR. The data acquisition takes several tens of seconds to several
minutes for one SAR image. Recently, MIMO radar [8–11], which does not have to
move a radar unit, has been proposed to use for GB-SAR applications.

MIMO radar is a multi-static array type radar that has multiple transmitting and
receiving antennas. However, MIMO radar transmits electromagnetic wave from one of
the transmitting antennas, and the reflected signal is received by all the receiving anten-
nas. Consequently, for a radar system with M transmitting and N receiving antennas,
M � N independent radar signals can be measured. This is equivalent to acquire radar
signal by using M � N independent antenna pairs. This concept is called virtual array.

Compared to conventional GB-SAR, MIMO radar can acquire data in a short time
by using electronic switches for multiple transmitting and receiving antennas. Since
MIMO radar has no mechanical moving parts, it can improve the reliability of long-
term operation.

3. MIMO GB-SAR

MIMO radar uses multiple transmitting and receiving antennas independently to
form a single SAR image, and a virtual array replaces the physical transmitting and
receiving array which is equivalent to an array composed of monostatic radar capable
of transmitting and receiving.

Figure 1 shows the relationship between a physical bistatic radar consisting of a
pair of transmitting and receiving antennas and a monostatic radar with a virtual

Figure 1.
The relationship between a physical bistatic radar consisting of a pair of transmitting and receiving antennas and a
monostatic radar with a virtual array.
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array. Here, O is the coordinate origin, P is the target position, Tx and Rx are the

transmitting and receiving antenna positions, a!n and b
!
m are the position vectors of

the transmitting and receiving antennas, and r! is the target position vector. The path
length Rn,m is that of the EM wave propagating from the n-th Tx antenna to the target
and to the m-th Rx antenna is given as:

Rn,m ¼ r! � a!n

���
���þ r! � b

!
m

���
��� (1)

When the target is far enough from the origin compared to the wavelength, it can
be approximated by

Rn,m ¼ 2 r! � a!n þ b
!
m

2

�����

����� (2)

The condition for this approximation [11] is determined by the total length of the
transmitting and receiving array LTx, LRx as shown in (3). If (3) is satisfied, the array
factor generated by the virtual array will be given by the product of the physical
transmitting array factor (4) and the receiving array factor (5), where λ is the wave-

length, k is the wavenumber, and l
!
is the directional r! vector given by (6).

∣ r!∣ ≥ 1:24

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L3
Tx þ L3

Rx

λ

s
(3)

FTx θ,ϕð Þ ¼ 1
N
e�jk∣ r!∣

XN
n¼1

e�jka!n� l
!

(4)

FRx θ,ϕð Þ ¼ 1
M

e�jk r!j jXM
n¼1

e�jkb
!

m� l
!

(5)

l
! ¼

sin θ cosϕ

sin θ sinϕ

cos θ

0
B@

1
CA (6)

To prevent the generation of grating lobes in a basic concept for designing array
antenna, and the antenna spacing dmust satisfy the condition d< λ=2. In MIMO radar,
we consider this condition for the virtual array, but not for the physical antenna
positions.

Back-projection algorithm is used to reconstruct the SAR image from data acquired

by MIMO GB-SAR. The SAR image I r!
� �

is obtained by (7), where, sn,m is the radar

waveform (range profile) measured by the combination of the n-th transmit antenna
and the m-th receive antenna.

I r!
� �

¼
XM
m¼1

XN
n¼1

sn,m tð Þej4πRn,m=c (7)

To estimate the surface displacement of the imaged objects, DInSAR is performed
using the phase difference of a pair of SAR images acquired at different times.
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Assuming two SAR images acquired at different time as master and slave images,
the phase difference Δϕ between the master image I M and the slave image I S is
given by (8).

Δϕ r!
� �

¼ arctan
Im IM r!

� �
I ∗S r!
� �� �

Re IM r!
� �

I ∗S r!
� �� �

0
@

1
A (8)

The actual displacement Δd is obtained by (9), where λc is the wavelength at the
center frequency.

Δd r!
� �

¼ λc
4π

Δϕ r!
� �

(9)

4. 17 GHz MIMO radar design

By the recommendation of ITU, 17 GHz is one of the standard frequencies used for
GB-SAR all over the world, and it is suitable for the measurement of bare soil ground
surface. We use 17 GHz for our system, and the specifications of the MIMO radar that
we designed are shown in Table 1. The designed antenna arrangement is shown in
Figure 2. By using these technical specifications, the antenna array factors are simu-
lated and shown in Figure 3. Figure 3 shows the array factors of the transmitting
antenna array and the receiving antenna array and the virtual array. The separation of
adjacent transmitting antennas is 17.5 mm, which is one wavelength at 17 GHz, and
the separation of the adjacent receiving antennas is 131.3 mm, which corresponds to
7.5 wavelengths, and the separation of the adjacent virtual antennas is 4.4 mm, which

Center frequency fc 17.1 GHz

Frequency bandwidth B 200 MHz

FM-CW sweep time T 100 μs

Number of transmitting antennas N 15

Number of receiving antennas M 15

Table 1.
The technical specification of the 17 GHz MIMO radar.

Figure 2.
The antenna arrangement of the 17 GHz MIMO radar. 15Tx, 16Rx and 240 virtual antennas.
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is the 1/4 wavelength. The transmitting and receiving equidistant arrays are separated
by 150 mm vertically.

In Figure 3, we find that the grating lobes are generated in the physical receiving
antenna array. However, since the null points of the transmitting antenna array
overlap it and cancel in the virtual array and the radar system has no grating lobes. We
should note that the number of physical antennas can drastically be reduced from
M � N to M + N by MIMO GB-SAR.

5. Evaluation of 17 GHz MIMO radar

A prototype MIMO radar based on the above design was built and evaluated. We
used a patch antenna for the array antenna element [12], which has a wide beam in the
horizontal direction and sharp beam in the vertical direction, to avoid the ground
surface clutter. We adopt FMCW radar system, and the antennas were connected
with coaxial cables through a 16ch semiconductor switch.

Experiments were conducted to evaluate the MIMO radar system. Figure 4 shows
the MIMO radar facing the targets. A 15 cm trihedral square metal corner reflector is
placed at 5 m from the center of the radar. In addition to the corner reflectors, there
are also some targets. Figure 5 shows the reconstructed SAR intensity image. In
Figure 5, we can find the image of the corner reflector at X,Z½ � ¼ 0, 5½ �. The images of
other targets are also formed accurately; we think the system works properly.

Figure 3.
The antenna factor of the 15 � 16 17 GHz MIMO radar.

Figure 4.
The 17 GHz MIMO radar and targets.
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We will use the prototype MIMO GB-SAR for ground surface displacement mea-
surement. In order to evaluate the capability of DInSAR, we made a wooden wall having
10 m width and 2 m height, with 20 cm � 20 patches, which will be displaced from the
flat surface. This wall has five displacement patches at 2.5 m intervals. The wall has a
rough surface to suppress the specular reflection. In this experiment, the distance from
the radar to the wall was 10 m. Figure 6 shows SAR interferograms when the displace-
ment of all five patches is –4 mm. At this time, pixels below�35 dB were masked in the
SAR intensity image in order to extract the displacement on the wall surface. Also, the
squares in Figure 6 indicate the position of each displacement plane.

We can confirm that the displacement was detected at the position of each dis-
placement plane in Figure 6; Figure 7 shows a comparison of displacement and

Figure 5.
The reconstructed SAR intensity image of the 17 GHz MIMO radar.

Figure 6.
SAR interferograms when the displacement of all five patches is –4 mm. The positions of the displacement are also
shown.

Figure 7.
A comparison of displacement and estimated displacement in each displacement plane.
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estimated displacement in each displacement plan, and we can see that the displace-
ment is correctly estimated.

6. GPR

Ground penetrating radar (GPR) is a useful method for shallow geophysical
exploration and is widely used for the detection of buried objects such as pipes and
cables and voids under pavement. GPR basically has a pair of transmit and receive
antennas. By scanning the GPR unit, GPR profiles along the survey line can be
obtained. In order to extend the swath width in the direction perpendicular to the
survey line, we can set multiple radar units and measure simultaneously. If the multi-
ple radar devices are synchronized, it is a multi-static radar and can greatly improve
the quality of radar data. And if we use all the combinations of the transmit and
receive antennas, we can configurate MIMO GPR.

7. MIMO-GPR “Yakumo”

We developed a MIMO GPR system “Yakumo” shown in Figure 8, for scanning a
large area [13–15]. Yakumo was developed for surveying 1–2 m in depth, which is
relatively deep compared to the similar multi-static GPR systems. Yakumo is a SF-CW
radar that uses 50 MHz–1.5 GHz, which is a relatively low frequency compared to
MIMO-GPR for pavement inspection. Since this device operates in a wide frequency
bandwidth, it can select optimal frequency.

Figure 8.
MIMO GPR system “Yakumo”.
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Figure 9 shows the antenna arrangement of this system, which is equipped with
eight transmitting and receiving antennas, and Table 2 shows the technical specifica-
tions. Antenna feeding point separation in the same row is 240 mm but a minimum of
120 mm in the transverse direction between transmit and receive antenna by the
staggered position.

Yakumo is a multi-static radar, but by measuring the radio waves transmitted from
one transmitting antenna with all receiving antennas, it is possible to acquire complete
three-dimensional (3D) subsurface information by looking at the target from differ-
ent angles. This leads to advanced 3D imaging.

8. Measurement example

An example of C-scan imaging by Yakumo is shown in Figure 10, which was
acquired in a rice paddy field in winter time [14]. The radar was scanned in the
horizontal direction of the figure, and six images of 2 m swarth width are
superimposed vertically. The two white lines that can be seen in the C-scan image are
agricultural drainage. Due to the high accuracy of the position control, the water pipes
for drainage are correctly visualized in a straight line.

9. CMP measurement

Common midpoint (CMP) technique is used for estimating vertical profile of the
velocity of electromagnetic wave in subsurface geological layers. In order to acquire

Figure 9.
The antenna arrangement of the MIMO GPR system “Yakumo”.

Frequency 50 MHz–1.5 GHz

Radar system SF-CW

Antenna element Bowtie antenna

Number of antenna element Tx 8, Rx 8

Data acquisition interval 1 cm

Data acquisition speed 7 km/h (1 cm interval)

Table 2.
The technical specifications of the MIMO GPR.
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the CMP data by using a conventional GPR system, we move the transmit and receive
antenna simultaneously to the opposite direction so that the reflection from the CMP
point stays at one position. We fit theoretical arrival time of the reflected wave from
the target at the midpoint position and estimate the velocity and the depth of the
reflecting layer simultaneously by the use of a velocity spectrum. MIMO GPR can
achieve CMP measurement by selecting a combination of antennas so that the center
of the array is the midpoint (midpoint) of the transmitting and receiving antennas, as
shown in Figure 11. CMP measurement can be performed without moving antennas
by MIMO GPR [15, 16].

We show an example of simultaneous CMP and profile measurements performed
by Yakumo near Sendai Airport, which was damaged by the tsunami of the Great East
Japan Earthquake in 2011. This site was a rice paddy field, but the tsunami invaded,
and then, the surface soil was releveled. Figure 12 is the CMP data, and Figure 13 is
the velocity spectrum obtained by the CMP analysis. Spectral peaks are seen at four
different depths, detecting four stratified geological boundaries. Figure 14 shows a
continuous display of the velocity obtained by the CMP analysis along the survey line.
Under the assumption that homogeneous soil moisture is almost uniform, the distri-
bution of geological boundaries can be detected. These are considered to contain
information from geological deposited by the Great East Japan Earthquake in 2011 to
past tsunami deposits from more than 1000 years ago.

Figure 11.
Combinations of the transmitting and receiving antennas to acquire CMP data sets.

Figure 10.
C-scan imaging by Yakumo. The two white lines are agricultural drainage.
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10. Conclusion

The design and prototype MIMO GB-SAR was shown in this chapter. Higher pulse
repetition frequency (PRF) of MIMO GB-SAR can easily be achieved, and it can be

Figure 12.
CMP profile measured by Yakumo near Sendai Airport.

Figure 13.
The velocity spectrum of the CMP profile in Figure 12a.

Figure 14.
Continuous display of the velocity obtained by the CMP analysis along the survey line.
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used for vibration measurement. Compared to the conventional GB-SAR, MIMO
GB-SAR has advantage in maintenance, because there is no mechanical moving
component.

By using MIMO-GPR, it is possible to measure a wide area with a wide swarth
width for one scan. However, MIMO-GPR is not limited to wide-area measurement,
but it can be used for simultaneous measurement of the wave velocity by CMP and
common offset profiling [17, 18].
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Chapter 15

Localization Techniques in
Multiple-Input Multiple-Output
Communication: Fundamental
Principles, Challenges, and
Opportunities
Katarina Vuckovic and Nazanin Rahanvard

Abstract

This chapter provides an overview of localization techniques in Multiple-Input
Multiple-Output (MIMO) communication systems. The chapter mainly focuses on
sub-6 GHz and mmWave bands. MIMO technology enables high-capacity wireless
communication, but also presents challenges for localization due to the complexity of
the signal propagation environment. Various methods have been developed to over-
come these challenges, which utilize side information such as the map of the area, or
techniques such as Compressive Sensing (CS), Deep Learning (DL), Gaussian Process
Regression (GPR), or clustering. These techniques utilize wireless communication
parameters such as Received Signal Strength Indicator (RSSI), Channel State Infor-
mation (CSI), Angle-Delay-Profile (ADP), Angle-of-Departure (AoD), Angle-of-
Arrival (AoA), or Time-of-Arrival (ToA) as inputs to estimate the user’s location. The
goal of this chapter is to offer a comprehensive understanding of MIMO localization
techniques, along with an overview of the challenges and opportunities associated
with them. Furthermore, it also aims to provide the theoretical background on chan-
nel models and wireless channel parameters required to understand the localization
techniques.

Keywords: localization techniques, positioning system, channel model, channel
parameters, machine learning

1. Introduction

The proliferation of smartphone devices has enabled the expansion of Location
Based Services (LBS) [1]. With the increasing popularity of LBS applications, there is
a growing demand for more accurate localization solutions. Wireless MIMO localiza-
tion is an alternative solution to the widely accepted Global Positioning System (GPS)
in environments where GPS falls short. Specifically, GPS faces a challenge in
maintaining accuracy and availability with urban canyons and indoor environments
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[2]. Wireless MIMO systems already exist in these environments for communication
purposes. Therefore, the existing wireless communication infrastructure can also be
leveraged to provide localization services without investing in additional equipment.
In fact, many LBS applications are enabled by wireless MIMO localization. While
compiling a comprehensive list of these applications would be difficult, the following
subsections provide an overview of some interesting LBS applications.

1.1 Applications

1.1.1 Emergency services

The purpose of emergency services is to identify a caller’s location and provide this
information to the emergency responders. Emergency service is the oldest LBS appli-
cation. The need to position mobile users was first advocated back in 1996 when the
Federal Communication Commission (FCC) announced its mandate to enhance
emergency services. During that time, the main motivation was mostly centered
around locating emergency calls [3]. Since then, both FCC Enhanced 911 (E911) and
3rd Generation Partnership Project (3GPP) requirements for localization accuracy
have become more stringent [4, 5].

1.1.2 Autonomous vehicles and urban air mobility

Precise positioning systems play a crucial role in autonomous vehicles and
Unmanned Aerial Systems (UASs) [6]. The purpose of these positioning systems is to
provide accurate estimations of the vehicle’s location and orientation relative to the
road and other vehicles (whether terrestrial or aerial). Moreover, the localization
systems facilitate tracking of other vehicles, pedestrians, and obstacles in the sur-
roundings. This information is utilized to plan safe and efficient routes, and to avoid
collisions. The wireless MIMO system can provide primary location estimation or a
backup in the event of GPS failure or loss of other proximity sensors [2]. Several
studies have explored using MIMO localization for vehicles [7–11] and UASs [12–14].

1.1.3 Field surveying and mapping

Field surveying and mapping has both civilian and military applications including
creating detailed topographical maps, measuring land boundaries, and collecting data
on natural resources. For example, in construction surveying, positioning and locali-
zation systems are used to ensure that buildings and infrastructures are positioned and
aligned correctly. In military applications, these systems can be used for reconnais-
sance of enemy territory and targeting of enemy or enemy assets. Simultaneous
Localization and Mapping (SLAM) is often employed in these types of applications.
SLAM is an active area of research and over the past few years, various surveys have
been published that summarize the state-of-the-art SLAM solutions [15–17].

1.1.4 Indoor tracking and localization

Indoor tracking and localization technology have numerous practical applications
across various industries. In healthcare, it can be used to track the location of medical
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equipment, staff and patients, ensuring efficient use of resources and timely delivery
of care [18]. In the retail industry, it can help to optimize store layouts and improve
the customer experience by providing personalized recommendations and targeted
advertising. In industrial settings, it can improve warehouse logistics and inventory
management by providing real-time tracking of goods and equipment [19]. Addition-
ally, indoor tracking and localization can be used to enhance the safety of buildings
and occupants by detecting and responding to emergencies, such as fires or security
breaches. The technology also has potential applications in the field of smart architec-
tures (smart homes [20], smart buildings [21], smart cities [22], and smart grids [23])
where it can be used to automate and optimize tasks and energy consumption.

1.1.5 Agriculture

Highly accurate localization systems have a wide range of applications in agricul-
ture, including precision farming, autonomous equipment, livestock tracking, and soil
mapping [24–28]. In precision farming, localization systems are used to collect data on
soil conditions, crop growth, weather patterns, and other factors, which can then be
analyzed to make informed decisions about crop management, including planting,
fertilization, irrigation, and harvesting. Moreover, the accurate localization systems
are also used to guide autonomous equipment to carry out tasks such as planting,
spraying, and harvesting with greater precision and efficiency.

1.1.6 Social networking

LBS-enabled social networking applications aim to connect people who are located
near each other and share similar interests. These applications use location data to
recommend nearby events, activities, or groups that users might be interested in, and
facilitate connections with others who are nearby. This approach offers benefits for
both individuals and businesses. Some popular LBS-enabled social networking appli-
cations include Meetup, Foursquare, Yelp, and Facebook Places.

2. Wireless MIMO system

2.1 Sub-6 GHz and mmWave massive MIMO systems

Fifth-Generation and Beyond (5G&B) mobile networks offer the potential for
significantly greater communication capacity and ultra high-speeds that exceed those
of previous generations by several orders of magnitude [29]. The large number of
antennas in massive MIMO allows for more precise control of the signals, leading to
increased capacity, better coverage, improved energy efficiency and reliability
[30, 31]. Specifically, massive MIMO antennas enable the generation of narrow and
highly directional signal beams. A beam can be steered towards a user to provide a
high-quality signal that is less susceptible to interference and fading.

Sub-6 GHz bands are typically between 1 and 6 GHz. This frequency range is
commonly used for wireless communication technologies such as cellular networks
(3G, 4G, and 5G), Wi-Fi, Bluetooth, and other wireless communication standards.
Sub-6 GHz systems are typically implemented using small-scale MIMO antennas.
Regarding the sub-6 GHz channel, several measurement campaigns have been carried
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out to characterize it [32–34]. The propagation that depends on path-loss and
shadowing results in large-scale fading, and multi-path propagation, results in
small-scale fading [35].

The massive increase in data traffic has made the sub-6 GHz spectrum congested.
This results in limited bandwidth for users, causing slower and unreliable connections
[36]. One solution to this problem is to move to a different frequency band such as
milimeter-Wave (mmWave) frequency channels. The channels are called mmWave
because their wavelength ranges between 1 mm and 10 mm, which is equivalent to a
frequency range between 30 GHz and 300 GHz. The mmWave channels can provide
significantly more bandwidth compared to sub-6 GHz, which will be required for next
generation wireless communication systems. Therefore, mmWave frequency has been
identified as a key technology-enabler in 5G&B [30, 35, 36]. However, there are some
disadvantages in mmWave communication such as severe signal attenuation and
blockage. The signals cannot penetrate obstacles and tend to get absorbed by rain
[37, 38].

In an experimental study, a comprehensive channel measurement campaign was
conducted in Europe in 2014–2016 in numerous indoor and outdoor scenarios. The
study showed that geometry of the main propagation paths at sub-6 GHz and
mmWave bands are almost similar [39]. However, the blockage at mmWave band
causes higher losses, rendering the path completely blocked. This experimental out-
come has motivated several recent studies to use sub-6 GHz channel information for
mmWave applications [40–42].

2.2 Single-site system model

In wireless communication, the Base Station (BS) and User Equipment (UE)
engage in point-to-point communication as shown in Figure 1. The BS may function

Figure 1.
Single-site wireless MIMO channel model showing LOS and NLOS propagation paths between BS and UE.
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as an Access Point (AP) or as another device in device-to-device communication.
Typically, the BS has multiple antenna array elements while the UE may have one or
more antenna elements. A general assumption is that the BS and UE are located in the
far-field zones of each other, and multiple propagation paths exist between them.
Multipaths arise from either reflection off objects or scattering [43]. Typically, there is
a Line-of-Sight (LOS) path and several Non-LOS (NLOS) paths. The LOS path can be
blocked, in which case only NLOS paths may exist.

Regardless of which side transmits the signal, the propagation path geometry
between the BS and UE remains the same. Each path is characterized by an Angle-of-
Departure (AoD), an Angle-of-Arrival (AoA), a Time-of-Arrival (ToA), and a com-
plex gain. Since the signal geometry is invariant, it is possible to use AoA and AoD
interchangeably. The AoD and AoA are vectors that define the azimuth and elevation
angles in 3D space, while ToA represents the time it takes for the propagating signal to
travel from the transmitter to the receiver. The ToA is sometimes referred to as the
propagation path delay. ToA is equal to the length of the path traveled (d) divided by
the speed of light (c):

τ ¼ d=c: (1)

The 2D multipath propagation geometry is illustrated in Figure 2. In the LOS case,
the shortest distance between the BS and UE represents the path traveled by the LOS
signal. Furthermore, Figure 2(a) shows the AoD from the BS θ t

LOS and AoA at the UE
θ r
LOS. On the other hand, the NLOS propagation path can be modeled using a virtual BS

(BS’) [43] as depicted in Figure 2(b). A NLOS path can be thought of as direct path
from a virtual node behind the reflecting surface. The virtual BS is on the opposite side
of the reflecting surface, maintaining the same distance from it as the original BS,
resulting in dNLOS1 ¼ d0NLOS1. The total path traveled by the NLOS signal is
dNLOS ¼ dNLOS1 þ dNLOS2. Furthermore, the AoD from the virtual BS can be calculated
as π � θ t

NLOS, where θ t
NLOS is the AoD at the original BS.

2.3 Channel model

The wireless communication community has widely adopted the COST 2100
MIMO channel model [44] as the predominant geometric channel model. This model

Figure 2.
(a) LOS propagation path geometry for estimating relative location of the UE with respect to the BS. (b) NLOS
propagation path and virtual BS (BS’) geometry for estimating relative location of the UE with respect to the BS.
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expresses that a propagation environment can be defined by a set of scatterers that
create clusters of multipath components. The model is applicable for both sub-6 GHz
and mmWave band frequencies.

Consider a MIMO Orthogonal Frequency-Division Multiplexing (OFDM) wireless
system, in which the BS and the UE are equipped with antenna arrays withNB andNU
elements, respectively. The system uses OFDM signaling with NC subcarriers and the
wideband channel has L taps. The received signal at the lth subcarrier of the UE
antenna array can be expressed as

y l½ � ¼ H l½ � s l½ � þ n l½ �: (2)

Here, y l½ �∈NU�1 denotes the received signal, H l½ �∈NU�NB represents the chan-
nel matrix, s l½ �∈NB�1 represents the transmitted signal, and n l½ � � N 0, , σ2Ið Þ
denotes the noise at the receiver.

The propagation paths between the BS and the UE can be split into C distinguishable
path clusters, with each cluster containing RC distinguishable paths. Each path cluster is

characterized by a mean time delay τ kð Þ
m , k∈ 1, … ,C,m∈ 1, … ,RC, a mean AoD

θ tx
c ,ϕ tx

c ∈ 0, π½ Þ, and a mean AoA θ rx
c ,ϕ rx

c ∈ 0, 2π½ Þ. Each cluster contributes RC paths
between the transmitter and the receiver, where each path has a relative time delay τcm
(relative with respect to mean), a relative AOD θ tx

cm ,ϕ
tx
cm , a relative AOA θ rx

cm ,ϕ
rx
cm , and a

complex path gain αcm . The mean and relative paths are illustrated in Figure 3.

2.4 Channel state information (CSI)

Assuming the channel model defined above, the complex baseband delay-ℓMIMO
channel matrix H ℓ½ �∈NU�NB can be written as [45, 46]

Figure 3.
The mean and relative paths of a NLOS path.
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H ℓ½ � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
NBNU

Ppl

s XC
c¼1

XRC

cm¼1

αcmerx θ rx
c þ θrxcm ,ϕ

rx
c þ ϕrx

cm

� �
eHtx θ tx

c þ θ tx
cm ,ϕ

tx
c þ ϕtx

cm

� �
δ ℓTs � ncmTsð Þ,

(3)

where ℓ ¼ 0, 1, … ,L� 1: Furthermore, Ppl indicates the pathloss between the
transmitter and the receiver, while etx θ,ϕð Þ∈NB�1 and erx θ,ϕð Þ∈NU�1 denote the
antenna array response vectors of the transmitter and the receiver, respectively. δ tð Þ is
the Dirac function, Ts is the signaling time, and ncm ¼ ⌊τcþτcm

Ts
⌋.

The channel matrix at subcarrier k, denoted as H k½ �, can be written as

H k½ � ¼PL�1
ℓ¼0H ℓ½ �e�j2πkNC

ℓ. The overall Channel Frequency Response (CFR) matrix,
denoted as H, can be expressed as H ¼ H 0½ �,H 1½ �, … ,H NC � 1½ �½ �, where Nc is the
number of subcarriers. This matrix is also known as the Channel State Information
(CSI) and its estimation is referred to as the channel estimation problem.

The direct measurement of CSI is possible using MIMO-OFDM systems with fully
digital beamforming which is available at sub-6 GHz bands. However, in the
mmWave band, only analog beamforming is available, making direct CSI measure-
ment not feasible. Instead, estimation techniques are used to obtain the CSI indirectly
[47]. Channel estimation in mmWave massive MIMO channel is under extensive
research and several CSI estimation methods have been proposed to this end [48–50].
Accurate estimation of these parameters is crucial for effective localization.

2.5 Angle-delay-profile (ADP)

Assuming a single antenna at the UE and a uniform linear array antenna at the BS,
the ADP is a linear transformation of the CSI computed by multiplying it with two
Discrete Fourier Transform (DFT) matrices V ∈NB�NB and F∈NC�NC . The ADP
matrix G∈NB�NC is defined as follows [51]

G ¼ VHHF, (4)

where V ∈NB�NB is defined as

V½ �i,k ¼Δ
1ffiffiffiffiffiffiffi
NB

p e�j2π
i k�NB

2ð Þð Þ
NB , (5)

and F∈NC�NC as

F½ �i,k ¼Δ
1ffiffiffiffiffiffiffi
NC

p e�j2π ik
NC , (6)

where i ¼ 0, … ,NC � 1 and k ¼ 0, … ,NB � 1.
This transformation has proven to be quite useful for various localization applica-

tions. Figure 4 illustrates an example of the magnitude of the raw CSI ∣H∣ and its ADP
transformation ∣G∣. The transformation converts the data into a sparse representation
which has shown to improve the performance and generalizability of data-driven
models [52]. Furthermore, in the visual representation of the raw CSI data, the scat-
tering characteristics of the multipaths are ambiguous [53]. In contrast, the ADP
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provides semantic visual interpretation of the channel multipath, where G½ �i,k denotes
the power of path associated with the angle

θk ¼ arccos
2k�NB

NB

� �
, (7)

and delay

τi ¼ iTs: (8)

The semantic visual interpretation means that the path clusters can easily be
identified visually in the ADP. Referring to Figure 4(b), the strongest peak in the
ADP is the LOS path cluster and the remaining peaks are NLOS path clusters. This
information is not visually observable in the raw CSI in Figure 4(a).

2.6 Received signal strength indicator (RSSI)

The RSSI is a metric used in wireless communication systems that measures the
strength of a received signal. RSSI parameters are typically used in distributed (or cell
free) MIMO localization systems. Cell-free MIMO uses a large number of distributed
antennas and MIMO techniques to improve coverage, capacity, and reliability com-
pared to single-site MIMO system shown in Figure 1. Specifically, it aims to improve
the performance of single-site MIMO systems by dynamically assigning antennas to
users based on their location and available resources.

An example of a distributed MIMO system is illustrated in Figure 5. In this example,
there are multiple BSs distributed in the environment. The RSSI is measured for each BS
to create a RSSI vector p ¼ p1, p2, … , pM

� �
, whereM represents the number of BSs and

pi is the RSSI from the ith BS. The RSSI vector should be unique for every location in the
environment. To ensure the uniqueness of the RSSI vector, multiple BSs are necessary.

2.7 Channel parameters summary

The common channel parameters discussed above are summarized in Table 1.
These parameters can be used individually or in combination to estimate the location

Figure 4.
(a) Raw CSI data of a OFDM-MIMO system with 30 sub-carriers. The BS is equipped with a uniform linear
array antenna with 30 antenna elements, and UE with single antenna. (b) the ADP transformation of the CSI in
(a) with LOS and NLOS path clusters labeled.
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of a UE. For instance, to define a propagation path, AoD or AoA is often used in
conjunction with ToA.

3. Localization techniques

Localization is an extensive area of research in wireless MIMO communication and
several different approaches have been proposed to solve this problem. This section
provides an overview of the common localization techniques in sub-6 GHz and
mmWave MIMO systems.

3.1 Map-assisted localization

Map-assisted localization techniques leverage 2D or 3D environment maps along
with channel parameters to determine the location of UEs. The map provides infor-
mation about the scattering surfaces and other obstacles in the environment. Then, by
utilizing the AoD and delay of the signal path, multiple beam paths can be traced from
the BS to the UE. This is illustrated in Figure 6. The paths are traced using the
geometry defined in Figure 2. The point where these paths intersect is the UE’s

Figure 5.
Illustration of a distributed MIMO system with four BSs and one UE.

Parameter Description Notation

AoD Angle-of-departure θ tð Þ,ϕ tð Þ� �

AoA Angle-of-arrival θ rð Þ,ϕ rð Þ� �

ToA Time-of-arrival (delay) τ

CSI Channel state information H

ADP Angle delay profile G

RSSI Received signal strength indicator p

Table 1.
List of MIMO channel parameters utilized in localization techniques.
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location. The minimum requirement to localize the UE is the AoD of two different
paths. Alternatively, the UE can be localized if the angle and delay of a single path are
known. The delay is used to estimate the length of the path by solving for d in (1).
However, more precise localization is achieved by utilizing multiple paths and incor-
porating both angle and delay information. Furthermore, since the communication is
bi-directional, either AoD or AoA can be used to estimate the UE’s location.

When analog beamforming is available, which is typically at lower frequency
bands (i.e. sub-6 GHz), the angle and delay can be directly measured. However, the
mmWave bands digital beam forming is still prevalent, which does not enable mea-
suring angle and delay directly. Therefore, angle and delay parameters have to be
estimated. One approach to this problem is to estimate CSI and convert it to ADP.
Then, the angle and delay can be estimated using (7) and (8), respectively.

3.2 Localization using compressive sensing techniques

Compressive Sensing (CS), also known as compressed sensing or sparse sampling, is
a signal processing technique that allows for the reconstruction of a sparse signal from
a small number of measurements or samples. CS has found its way in many applica-
tions [54, 55]. Sparsity is the property of a signal or data representation whereby a
small number of coefficients or elements carry most of the signal’s energy or infor-
mation content, while the majority of coefficients or elements are zero or close to zero
[56]. In fact, many real-world signals are sparse or compressible in either their original
domain or some transform domain, such as Fourier or wavelet transforms [57].
An example is shown in Figure 4, where the raw CSI data is transformed into ADP
to create a sparse representation. As may be observed in the ADP, the multipath
components are concentrated into only a few clusters creating a sparse representation.

CS techniques have found many applications in wireless MIMO communication by
exploiting the sparsity of channel model parameters [57, 58]. These applications
include channel estimation, spectrum sensing, and localization. Channel estimation
provides information on the AoA/AoD and ToA of the paths and thus the relative
location of the UE with respect to the BS can be estimated.

In mmWave MIMO communication, channel estimation and localization are typi-
cally combined. The idea behind sparse channel estimation is that the system can
make only a few random measurements which are then used to reconstruct channel
model parameters using CS techniques. A commonly used CS technique in mmWave

Figure 6.
Map-assisted localization using propagation path tracing. The figure illustrates the LOS path and three NLOS
paths between the BS and UE. The intersection of these four paths represents the UE’s location.
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MIMO channel estimation is Distributed Compressive Sensing - Simultaneous
Orthogonal Matching Pursuit (DCS-SOMP). DCS-SOMP is typically used to estimate
AoA/AoD and ToA [59–61]. Once the angle and delay channel parameters are recov-
ered, the relative UE location can be estimated from the LOS path directly as shown in
Figure 2(a). When LOS is not available, the location can be estimated from the NLOS
path by applying the virtual BS concept as shown in Figure 2(b).

3.3 Fingerprinting-based localization

Fingerprinting is a data-driven localization technique that typically consists of two
phases: offline phase and online phase. During the offline phase, the locations in the
environment are mapped to a unique wireless measurement to create geo-tagged
fingerprint database [62]. The unique wireless measurements are referred to as fin-
gerprints. The measurements can be any wireless parameter such as RSSI, CSI/ADP,
AoA/AoD or ToA. Then, during the online phase, the new measurement (fingerprint)
is compared to the geo-tagged database to estimate the UE’s location. The underlying
principle behind fingerprinting is that the wireless channel between the UE and BS is
uniquely determined by the scattering environment surrounding the UE’s location
[63]. Therefore, each location has a unique fingerprint. Matching a new wireless
measurement to the measurements in the geo-tagged dataset typically involves a
machine learning model. The training is performed during the offline phase. The most
common fingerprinting models are based on Deep Learning (DL), Gaussian Progress
Regression (GPR), or clustering and classification models.

RSSI-based fingerprinting is commonly used in wireless systems that have rich AP
distributions such as Wireless Sensor Networks (WSNs) [64–66], Wi-Fi networks
[67, 68], or Distributed Massive MIMO (DM-MIMO) systems [69, 70]. Since the RSSI
provides a single measurement from the BS or AP, multiple APs are required to
generate a unique fingerprint. On the other hand, single-site localization takes advan-
tage of the multipath characteristics of the MIMO channel which are captured in CSI
data or the angle and delay parameters that define the multipath. Furthermore, the
CSI fingerprint can be used in its original form or it can be transformed into ADP.

3.3.1 Application of deep learning techniques

Deep Learning Neural Networks (DL NNs) require a large training dataset that
covers the entire environment. The input to the NN is the wireless measurement and
the output is the UE location. Several different NN architectures have been proposed
in fingerprinting-based localization, including Multiple-Layer Perception (MLP)
networks, [71, 72], Convolutional Neural Networks (CNNs), [51, 63, 73–75] and
Recurrent Neural Networks (RNNs) [53].

Thus far, CNN models have demonstrated the highest localization accuracy per-
formance. The CNN model treats the input fingerprint as a 2D image and performs
series of convolutions over multiple layers to establish the spatial correlation in the 2D
input. Typically, raw CSI or transformed ADP fingerprints are used for this applica-
tion. The sparsity of ADP enhances the CNN model both from a computational
complexity and a learning point-of-view [76]. RNNmodels are time series models that
can track the changes of the input over time to predict the next UE location. RNN
models can predict changes in the environment and account for these changes in the
location estimation. RNNmodels are also used to predict the future location of the UE.
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These networks can either be postulated as classification or regression models. In the
classification models, the environment is usually divided into grids where each grid
represents a class. If the area is larger, it is not uncommon to have multiple levels of
classification, where each grid may be subdivided into smaller grids as shown in
Figure 7. In general, the first level employs a CNN classification model (coarse search),
whereas the second level utilizes a different machine learning algorithm to perform a
fine search. In addition to increasing the complexity of the model, the multi-layer
approach is more susceptible to errors. If at the first stage, the grid is classified incor-
rectly, then the error propagates into the second stage. Furthermore, the accuracy of the
classification model is limited to the size of the grid. On the other hand, the goal of
regression is to find a function or equation that best describes the relationship between
the input and output variables. Therefore, regression models predict a continuous
output variable and the accuracy is not limited to the grid as in classification.

3.3.2 Application of Gaussian process regression models

A Gaussian Process (GP) is a collection of random variable functions indexed by
time or space. The key property of a GP is that any finite subset of the random
variables is jointly Gaussian distributed. That is, for any finite set of vector elements
x1, … ,xn ∈X , the associated set of random variables f x1ð Þ, … , f xnð Þ follow a joint
Gaussian distribution. The following notation is commonly used in literature to rep-
resent the GP

f xð Þ � GP m xð Þ, k x,x0ð Þð Þ, (9)

where the mean and covariance functions are defined as

m xð Þ ¼  f xð Þ½ �, (10)

k x,x0ð Þ ¼  f xð Þ �m xð Þð Þ f x0ð Þ �m x0ð Þð �½ (11)

for any x,x0 ∈X [77]. Therefore, the GP is entirely defined by its mean and
covariance functions [78].

A Gaussian Process Regression (GPR) model is a non-parametric statistical model
that uses a GP to model a continuous function and provides a probabilistic prediction

with uncertainty estimates [79]. To define the GPR model, assume Dtrain ¼Δ X,y
� � ¼Δ

xi, yi
� �n

i¼1,xi ∈ℝd, yi ∈ℝ to be an input–output pair training dataset. Furthermore,

Figure 7.
Fingerprinting based multi-level classification grid of the environment map.
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assume that a latent function f �ð Þ is responsible for generating the observed output yi
given the input vector xi. Then, GPR model can be defined as

yi ¼ f xið Þ þ ϵi, (12)

where f xð Þ � GP m xð Þ, k x,x0ð Þð Þ, ϵ � N 0, σ2Ið Þ is the noise of the system that has
an independent, identically distributed (i.i.d.) Gaussian distribution with zero mean
and variance σ2, and i refers to the ith observation.

GPRmodels often assume zero mean as default. The correlation between input points
is defined by the covariance function (also known as the kernel). There is a variety of
kernels, including exponential, matern, quadratic, and more, each with hyper-
parameters that can be fine-tuned during training [80]. Given a new testing sample x∗ ,
the mean and variance (uncertainty) of the unknown output y∗ are predicted as

y ∗ ¼ KT
∗ K þ σ2nI
� ��1y, (13)

 y ∗
� � ¼ K∗ ∗ � KT

∗ K þ σ2nI
� ��1K∗ , (14)

where K ¼ K X,Xð Þ,K∗ ¼ K X,X∗ð Þ, and K∗ ∗ ¼ K X∗ ,X∗ð Þ [81]. K is the
covariance matrix (also known as Gram matrix) whose entries are the kernel
functions k xi,xj

� �
[79].

In localization, the objective of the GPR model is to define the latent function f �ð Þ in
(12), where xi is the channel parameter (fingerprint) and yi is the UE location. Given a
new fingerprint x ∗ , the UE location is predicted using (13), while the level of uncertainty
in the prediction is estimated by (14). The fingerprint in distributed MIMO systems is
usually the RSSI vector as proposed in [69, 70, 82]. On the other hand, the input in single-
site MIMO systems can be AoA/AoD vector, CSI or ADP data as proposed in [83, 84].

The main advantage of GPR models over DL CNN models is that they can be
trained on substantially smaller datasets. GPR models have shown the ability to train
models with small-scale datasets due to the small number of hyper-parameters that
define the model [84]. However, the GPR model does have its drawbacks. The main
weakness of the GPR model lies in its training complexity, which is characterized by
high computational and memory demands. Specifically, GPR training has a computa-
tional complexity of O n3ð Þ and a memory complexity of O n2ð Þ, where n represents the
number of training points in the dataset [85].

3.3.3 Clustering and classification

Clustering is a class machine learning algorithms used to group similar objects or
data points together into clusters. The groupings are based on some similarity or
distance measures. The goal of clustering is to identify patterns or structures in the data
that may not be immediately apparent, and to group similar data points into clusters
that can be easily analyzed or visualized. In localization, clustering techniques can be
used to compare the test fingerprints to the fingerprints in the training database. K-
means clustering and K-Nearest Neighbor (KNN) classification have widely been used
in fingerprinting-based wireless localization and have shown to provide excellent
accuracy given enough data point [86, 87]. The KNN location estimation is given by

p̂ ¼ 1
K

XK
i¼1

pi, (15)

321

Localization Techniques in Multiple-Input Multiple-Output Communication: Fundamental…
DOI: http://dx.doi.org/10.5772/intechopen.112037



where K is the number of surrounding neighbors considered and pi is the coordi-
nate of the ith nearest reference point. Weighted KNN (WKNN) is an extension of
KNN where the contribution of each neighbor is weighted. The WKNN is defined as

p̂ ¼
XK
i¼1

wipi, (16)

where wi is the weight of the ith reference point. Typically, the weight corresponds
to the distance between the reference point and the input point. The closer the
neighbor is to the input point, the more weight it carries in the final prediction. The
weights can also be defined by some similarity criteria calculated between the input
and the reference fingerprint. Various similarity criteria have been established in
wireless MIMO communication, such as normalized correlation [53, 86, 88], Joint
Angle Delay Similarity Coefficient (JADSC) [63], Angular Similarity Coefficient
Weight (ASCW) [89], and Weighted Mean Square Error (WMSE) [90].

3.4 Summary of methods

Table 2 provides a summary of the methods proposed in recent years that apply
the localization techniques discussed in the previous subsection. The techniques are
also grouped by the type of communication parameter used with the associated
technique.

4. Challenges and opportunities

While MIMO systems offer many potential communication performance
improvements and enable highly accurate localization models, several challenges still

Technique Parameters Methods

Map-Assisted CSI/ADP MAP-CSI [88]

AoA and ToA MAP-AT [91, 92]

CS AoA/AoD DC-SOMP [59–61]

Fingerprinting DL CSI/ADP MLP [71, 72, 93, 94], CNN [51, 73–75, 95], RNN [53]

AoA MLP [71]

AoA and ToA MLP [71]

RSSI MLP [71]

Fingerprinting GPR CSI/ADP GPR [83], FC-AE-GPR [84], DCGPR [96]

RSSI DM-MIMO [69, 70, 82, 97]

Fingerprinting clustering CSI/ADP KNN [51, 63, 86, 87, 93, 98]

AoA WMSE [90], ASCW [89]

RSSI KNN [99]

Table 2.
Methods in MIMO localization, categorized according to the localization technique employed and the parameters
utilized.
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need to be addressed. This section aims to introduce some of the main challenges in
MIMO localization.

4.1 Dynamic environments

The majority of the models presented above assume a static environment, where the
objects within the environment of interest are not moving or changing. In real world
scenarios, we observe dynamic environments where objects are constantly moving
through the environment changing the scattering in the environment quickly and
thoroughly [53]. The static environment can be altered by any of the following
dynamic changes:

• LOS blockage: a new object blocks the LOS path between the UE and the BS.

• NLOS blockage: a new object blocks some NLOS paths between the UE and the
BS.

• NLOS addition: scattering from surfaces of a new object adds some NLOS paths
between the UE and the BS.

Some efforts have been undertaken to mitigate the impact of dynamic changes. For
example, through the analysis of the time sequence of fingerprints, it becomes possi-
ble to identify the moment when a dynamic change anomaly occurred. Models can
then be developed to identify and remove the effect of the dynamic change anomaly
from the fingerprint sample. However, countering the effects of the dynamic
environment still poses a challenge in many proposed approaches.

4.2 Dataset collection

Data-driven localization techniques, specifically DL techniques, thus far have
shown the best performance when it comes to accuracy. However, there is a major
challenge with real world deployment of these models. In particular, data-driven
methods necessitate extensive datasets for training the models, which are obtained
through costly measurement campaigns that can be difficult to perform. Furthermore,
as the environment changes, the dataset becomes invalid and a new measurement
campaign needs to be deployed.

4.3 Generalization

Generalization in massive MIMO refers to the ability of a system to maintain good
performance in a wide range of scenarios, including different channel conditions and
new environments. This is important for practical deployment of massive MIMO
systems, as it ensures that the system will work well in real-world environments
where the conditions may vary.

Transfer Learning (TL) has been suggested as a potential approach to improve
generalization in machine learning [73]. This technique involves reusing a pre-trained
model to enhance the learning and generalization of a new model. In TL, the pre-
trained model is fine-tuned to the new environment using a small dataset representa-
tive of that environment. The goal is to leverage the knowledge gained from the prior
environment to enhance the learning and generalization of the new environment.
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Some studies have been exploring TL techniques to adapt their models to new envi-
ronments [73, 100, 101]. However, TL does not solve the problem completely as it still
requires some data collection in new environments. Generalization remains an open
area of research in DL-based localization.

4.4 Adversarial attacks

An adversarial attack is a type of cyber-attack where an attacker modifies data to
deceive or harm a machine learning system, causing it to produce incorrect or unex-
pected results. DL techniques are vulnerable to such attacks, and intentional CSI
perturbations can significantly impact the accuracy of fingerprinting-based localiza-
tion. While few studies have addressed adversarial attacks and defenses in the context
of MIMO systems [102], it remains an open area of research.

5. Conclusions

This chapter offers a comprehensive overview of the localization techniques pro-
posed in wireless MIMO communication systems in sub-6 GHz and mmWave fre-
quency bands. Initially, the need for highly accurate positioning systems is introduced
along with some applications in LBS. Subsequently, the wireless communication
parameters that define the propagation within the MIMO channel model are intro-
duced. This is followed by a discussion on several localization techniques in MIMO
systems including map-assisted, CS based, and fingerprinting models. This chapter
explains how each localization technique uses wireless communication parameters to
localize the UE. Finally, the last section outlines the remaining challenges and possible
opportunities for improvement on MIMO localization.
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