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Executive Summary

The large available bandwidth at millimeter wave (mmW) frequencies makes them attractive for
the fifth generation (5G) of mobile networks. In this deliverable, we investigate how to optimize
the MIMO configurations for mmW small cells, how to optimize the MIMO configurations for
high-date-rate conferencing scenarios, and how to design the signal processing solutions for
mmW massive MIMO.

The existing works have mostly considered a 2D network model, ignoring the heights of base
stations (BSs) and user equipment (UEs). In Chapter 2, we present a new three-dimensional (3D)
mmW small cell (SC) model using the tools from stochastic geometry. More specifically, we
assume that the locations of BSs, UEs and blockages follow three independent Poisson point
processes. We model both the antenna downtilt gain for a single directional BS antenna and the
analog beamforming gain for the BS antenna array. Then, we derive the 3D Line-of-Sight (LOS)
probability from a BS to a UE and the area spectral efficiency (ASE) of the SC network. The
numerical results show that the ASE first increases linearly and then decreases with the BS
density and that a lower BS height and a larger BS antenna downtilt lead to a larger maximum
achievable ASE.

In Chapter 3, we describe the indoor built environments (BE) setups and model the wireless
channel in the mmW band considering the effects of wall reflection (WR) and diffuse scattering
(DS). The dimensions of example conference rooms and offices, the typical conference room
setups, and the building material properties are presented. We identify the challenges that have
to be overcome, and the requirements for video conferencing as a high-data-rate service. The
techniques related to multi-user (MU) grouping, centralized multiple-input multiple-output
(MIMOQ), and antenna selection based on distributed MIMO are introduced. Numerical results
show that the highly correlated UEs should be served separately through the user grouping
technique, and that antenna selection based on distributed subarray configurations can
enhance the sum rate when serving multiple UEs simultaneously.

In Chapter 4, in order to overcome the body blockage effects, we develop solutions based on
distributed antenna system (DAS). One of such solutions is ubiquitous cell-free massive MIMO,
which consists of a large number of access points (APs) that coherently serve a much smaller
number of UEs, where there are no cell boundaries among the APs. More specifically, we
evaluate the impact of body blockage on the performance of cell-free mmW Massive MIMO
systems in terms of spectral efficiency in indoor environments, while considering different
densities of APs and UEs for the same total number of antennas and the same radiated power.
For the sake of fairness in the resource allocation, a max-min fairness (MMF) optimization is
applied in the design of digital precoders.

Disclaimer: This work has been performed in the framework of the H2020 project WaveComBE
(Grant agreement ID: 766231) co-funded by the EU. This information reflects the consortium’s
view, but the consortium is not liable for any use that may be made of any of the information
contained therein. This deliverable has been submitted to the EU commission, but it has not
been reviewed and it has not been accepted by the EU commission yet.
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1. Introduction

Although the previous generations of mobile technologies have mainly focused on satisfying
human-to-human communications, this is no longer enough - we are experiencing a global
digital transformation! In this context, 5G emerges with a bunch of promising solutions to
effectively connect all kinds of things that surround us such as vehicles, machines, and of course,
ourselves. To meet the challenging goals of the 5G, new cutting-edge technologies are needed.
In this sense, the millimeter wave (mmW) band has been selected as a 5G enabler, due to the
huge available bandwidths at mmW frequencies.

The mmW band contains a wide range of carrier frequencies and large bandwidths capable of
supporting short-range high-rate wireless connectivity. The mmW band has several distinct
features including compatibility with directional transmissions, reasonable isolation, and dense
deployability [1]. Thanks to the small wavelength, it is possible to pack multiple antenna
elements into the limited space at mmW transceivers. With large antenna arrays, mmW cellular
systems can implement beamforming at the transmitter and receiver to provide a large array
gain that compensates for the frequency-dependent path loss, overcomes additional noise
power, and as a bonus also reduces out-of-cell interference.

In addition, mmW signals are more sensitive to blockage effects than signals in lower-frequency
bands, as certain materials such as concrete walls found on building exteriors cause severe
penetration losses [2]. The distinct effects of the blockages need to be incorporated into the
comprehensive system analysis of mmW networks.

Dense deployment of small cell networks (SCN) is considered as one of the key techniques of 5G
networks [3]. The traditional understanding of network densification is that the increase of BS
density does not change the coverage probability of the typical UE in an interference limiting
scenario [4], [5]. This indicates that the area spectral efficiency (ASE) scales linearly with the BS
density, and thus the capacity gain can always be obtained. However, it is worth noting that this
result is based on the simplified free space propagation channel model. Considering the short-
range propagation in dense SCNs, the authors in [6], [7] proposed a bounded path loss model
and showed that the ultra-dense network degrades the spatial throughput. In [8], a multi-slope
path loss model was employed to study the effect of non-line-of-sight transmission on the
coverage probability. Their results showed that when the BS density increases above a certain
value, the coverage probability starts to decrease and the increase of ASE slows down. In [9],
the authors studied the effect of the height of BS antennas on the coverage probability and the
ASE, which decrease to zero with the BS density when the BSs are higher than the UEs.

To meet the high data demand and address the capacity crunch, small base stations (BSs) are
usually equipped with large-scale MIMO antenna arrays, e.g. consisting of hundreds of
antennas. Transmission in the mmW bands lessens the antenna size and thus makes large-scale
multiple-input multiple-output (MIMO) techniques achievable at the transceivers [10-12].

Spatial multiplexing and beamforming are two key techniques in MIMO. Spatial multiplexing
provides multiplexing gain by subdividing an outgoing signal stream into multiple pieces.
Beamforming offers high directional antenna gain where multiple antenna elements are
adaptively phased to form a concentrated and directed beam pattern. The authors in [11]
proposed an mmW MIMO architecture, which utilizes arrays of subarrays to provide both
directivity and spatial multiplexing gains. The results showed that this architecture can provide

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments
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the spatial multiplexing gain robust to LOS blockage and to variations in the locations of the
transmitter and receiver within the room. According to the experimental results of mmW MIMO
prototypes in [12] that confirms the negative impact of hand/human blockages and material
penetration losses on the link margins, it is necessary to reap spatial array gains by using near-
optimal beamformers over large-scale antenna arrays.

Despite of the wide bandwidth spectrum offered by the mmW band, the high path-loss and
severe shadow fading inherent to the super high frequency (SHF) band are challenging. This fact
opens new branches in the study of wireless propagation, where the possibility of designing
versatile antennas with several elements arises as the most evident way forward to compensate
for such losses. An extreme case for this solution is massive MIMO in which very large antenna
arrays are used at BS to simultaneously serve several users. Following this line and considering
such amount of antenna elements the question about using architectures based on compact
arrays or distributed antenna systems emerged [13]. In [13], cell-free massive MIMO [14] was
proposed as one of the solutions for a massive MIMO system geographically distributed. These
systems form a promising solution to overcome, for example, the effects of the blockage since
antennas are everywhere so the users can be surrounded by them.

In [15], the authors proposed and validated experimentally the channel models that consider
body blockage for an office scenario, and they stressed that it should be possible to reach high-
density deployments if a ceiling-mounted AP with very narrow beams was used. However, the
analysis of the densification limits is still an open problem. In [16], the evaluation of the
suitability of cell-free massive MIMO to counteract the body blockage in indoor scenarios was
only discussed as part of future work.

One of the mainstays of massive MIMO mmW systems is the signal steering in narrow beams to
concentrate most of the power in a given direction. That said, beamforming techniques are
essential at mmW frequencies. In order to guarantee a high level of flexibility in the generation
of the beams, a fully digital precoders architecture is adopted.

The tool of stochastic geometry has been widely used to study the performance of mmwW
wireless networks due to its tractability and accuracy. In [2], an equivalent LOS ball model was
proposed to approximate the effect of blockages and a sectorized model was used to simplify
the analysis of beamforming gain. However, this work only considered a two-dimensional (2D)
network deployment. In [17], the blockages were modelled as cylinders and the 3D antenna gain
was characterized. The system-level metrics such as coverage probability and area spectral
efficiency (ASE), however, were not analyzed. As aforementioned, the performance of a three-
dimensional (3D) mmW network needs to be evaluated considering the effects of blockages and
antenna array gain in 3D space.

To fill in the above identified gaps in the existing works, this report focuses on jointly optimizing
massive MIMO configurations and Radio Frequency (RF) properties of BEs for mmW SC
deployment, which will be detailed in the following chapters.

e In Chapter 2, a general analytical framework for a 3D mmW SC network based on tools
from stochastic geometry is proposed. The BS directional beamforming and a 3D
blockage model have been incorporated in the analysis. The relationship between the
ASE and the BS height as well as BS density is revealed.

e In Chapter 3, the mmW massive MIMO configurations, the environment properties and
their influence on the mmW signal propagation are described, as well as the technical
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requirements for high-data-rate audio and video conferencing services. Based on these
models and requirements, the techniques related to multi-user grouping, centralized
MIMO, and antenna selection are provided.

e In Chapter 4, a fully digital architecture is proposed to evaluate the deployment
densification limits and the impact of the body blockage on the spectral efficiency of an
mmW SC network in an industrial warehouse scenario. The dependence between the
body blockage probability and the densities of APs and UEs is revealed and analyzed.

e The report is concluded in Chapter 5.

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments 12
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2. Optimizing MIMO configurations for mmW small cells
2.1.  System model

2.1.1. Network and channel models

We propose a novel 3D mmW SC network model using stochastic geometry, where the base
stations (BSs), user equipment (UEs) and blockages are distributed according to three 2D
homogeneous Poisson point processes (PPP) with intensities Ag, A, and 4, respectively. The BS
height is a constant Hg and the UE height is a constant H,,. The blockage height is H}, following
an exponential distribution with the parameter w. The line Boolean model [18] is used to model
the blockages, where the length and orientation are both uniformly distributed with mean
values L and 7, respectively. We assume that orthogonal time/frequency resource partitioning
is adopted, e.g., orthogonal frequency division multiple access (OFDMA).

We consider a wireless channel that is characterized by both large-scale and small-scale fading.
The large-scale fading is the path loss between a BS and a UE. For small-scale fading, we adopt
a Nakagami-m model [19] for the channel gain, where fading parameter m is assumed to be an
integer for tractability. The channel gain power is a Gamma random variable g~I'(m, 1/m).

2.1.2. 3D BS antenna pattern

We assume that each UE is equipped with an isotropic antenna and each BS is equipped with a
planar square array comprising N directional antennas of fixed radiation patterns. The total
antenna gain is the product of the directional antenna gain and antenna array gain. For our SC
BSs, we adopt the dipole antenna pattern [20], which is expressed in linear scale by

G(Q) = GHG\/GM, (2'1)

where 0 is the elevation angle of a BS, Gy = 0 dB is the directional antenna gain in the
horizontal dimension, Gy = max{cos? (6 —v), T,} is the directional antenna gain in the vertical
dimension, where vy is the electrical antenna downtilt and T, is the side lobe level, and Gy is the
maximum antenna gain.

The actual antenna array pattern is a function of the azimuth angle and the elevation angle from
the serving BS to the UE. For simplicity, we use the 3D sectorized antenna array model [1], which
is a function of the half-power beamwidth (HPBW) in the horizontal dimension Jy and that in
the vertical dimension ¥y. The array gain is either main-lobe gain Gy,.i, or side-lobe gain Ggjge-
The main-lobe gain can be obtained with probability 1 at a UE from its serving BS, while from its
interfering BS, the probability of receiving main-lobe gain is Pp,,in, and the probability of
receiving side-lobe gain is Pg;qe. The expressions of 9y, Ov, Gmain, Gsides Pmain aNd Psige €an be
found in [18].

2.1.3. LoS probability
We analyze the Line-Of-Sight (LOS) probability from a BS to a UE with a horizontal link length r.
According to [19], the horizontal LOS probability can be derived as e 75", where § = 21, L/m.

e—wHu_e—wHB

Then the 3D LOS probability is computed by e “¢#", where & = w(Hp—Hy)
B~ u
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2.2. Performance analysis

2.2.1. Area spectral efficiency

In this subsection, we analyze the ASE of the mmW SC network, which is defined as the average
spectral efficiency of a unit area. We assume that the penetration loss of the blockages goes to
infinity [21] and each UE is connected to its nearest LOS BS. Under this assumption, the ASE is
given by [22]

ASE = 2Aglog,(1 +77)Pcoverage' (2-2)
where 1 is the signal-to-noise-plus-interference ratio (SINR) threshold and Pyoyerage is the

coverage probability given by

o —2mA eoO(y,v)e_fﬁ”vdv—Ek—’7
Proverage & S (=1 1(T) [ 720 )y SNRGTf (y)dy (2-3)

where € = m(m!)"*™, SNR(y) = q()Gv(¥)/p, 4(y) = a(y* + (Hg — Hy)*)"*/?, a is the
path loss exponent, ¢ is the path loss at the reference distance, p = x/(PGmainGm), Where y
is the additive white Gaussian noise (AWGN) power, P is the transmission power of BSs,

Gy(y) = max{cosP (arctan(@) — y), T,}, Oy,v)=1—-[1+ M]‘m , G =

mGy(¥)q(y)
- - 1-e 4By (1+£By)
(Gmainpmain + GsidePside)/ Gmainr f(Y) = 21T/IBye 2mAgZ(y) Eﬁy’ Z(Y) = W

2.3.  Simulation results
In this subsection we show the simulation results and analyze the effects of BS height and
antenna downtilt on the ASE. The default parameters for our simulation are given in Table 2-1.

Table 2-1. The default parameters for simulations

Parameter Value
Path loss exponent: a 2
AWGN power: y -74 dBm
Transmission power: P 33 dBm
Threshold of SINR: 10 dB
BS intensity: Ag 0.01 BS/m?
Blockage intensity: Ay 0.05 blockage/m?
BS height: Hg, UE height: H, 3m,1m
Antenna number per array: N 36
Blockage parameters: L, w 2m,3/2
Antenna downtilt: y 30°
Parameter of small scale fading: m 3

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments
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2.3.1. Effect of BS height
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Fig. 2-1. ASE versus BS intensity for different BS height

In Fig. 2-1, we plot the ASE versus Ag for different BS heights. As can be seen, the ASE first
increases linearly with Ag, and then decays towards zero when the network becomes ultra-
dense. The maximum ASE achievable decreases with the increase of Hg, indicating that the BS
height should be lower for the deployment of ultra-dense SC networks.

2.3.2. Effect of antenna downtilt
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Fig. 2-2. ASE versus BS intensity for different antenna downtilt

In Fig. 2-2, we plot the ASE versus Ay for different antenna downtilts. Similar with the trend in
Fig. 2-1, the ASE first increases linearly with Ag, and then decays towards zero when the network
becomes ultra-dense. The maximum ASE achievable monotonically increases with the increase
of ¥, indicating that a large antenna downtilt is preferable for the deployment of ultra-dense SC
networks.
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3. Optimizing mmW MIMO configurations for high-data-rate
conferencing services

3.1. Modelling for offices and large conference rooms

Plenty of aspects must be taken into account when we are optimizing mmW massive multiple-
input multiple-output (MIMO) configurations. First, we need to define the environment. Its
destination, geometrical properties, materials used to build walls and furniture. The setup of the
furniture, number of participants, the sources of possible signal blockage, restricted places
where we can’t put antennas, etc. In this section, we will make a detailed summary of those
properties for offices and conference rooms.

For the conference use case it is important to define used terminology:

e Access Point (AP) - networking hardware device that allows other Wi-Fi devices to
connect to a wired network.

e User Equipment (UE) - a station (STA) defined in IEEE 802.11 group of standards as a
logical entity that is a singly addressable instance of a medium access control (MAC) and
physical layer (PHY) interface to the wireless medium (WM) with additional facilities like
screen, video camera, microphone, and/or listening facilities (headphones,
loudspeaker),

e President - leader of the meeting,

e Chairman - co-leader in a panel or forum,

e Participants - delegates participating into the discussion (equipped in UEs with
microphone and listening facilities),

e Listeners - people in the room with only listening facilities.

3.1.1. Venue size and shape
Geometrical properties of the environment are independent from radio frequency, but may
depend on the shape. We always can define:

e Height (H [m]),
e Surface area [m?],
e Volume [m3].

According to the floor plan, we can distinguish rooms that are square, rectangular,
parallelogram, polygonal, triangular, trapezoidal, circle, or ellipsoidal.

According to the volume, we can distinguish rooms that are cubical, cuboidal, spherical,
ellipsoidal, cylindrical, conical, pyramidal, or torus.

The most common rooms have square or rectangular floor plans and cubical or cuboidal volume.
For them we can additionally define:

e Walls’ lengths (L [m], W [m]),
e 3D Diagonal (dsp [m]),

e AR[],

e DAR[m].

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments
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It is ambiguous to call the room small or large if only two dimensions (L and W) are taken into
account. Especially when we need to characterize the environment for the radio waves
propagation, where important is the distance between transmitter and receiver and also their
distance to the walls, ceiling and floor. Besides, environments with the same diagonal, area or
volume may have different aspect ratio, which may have a great impact on the reflected waves.
This is why next to standard parameters the DAR value was introduced for rectangular rooms.

DAR [m] =d3p [m] / AR (3-1)

A large value of DAR indicates rooms with large dimensions and small AR (large square rooms).
For a square room, the decreasing of the DAR value means lowering the ceiling or shortening
the walls. The decrease of the DAR may also be the consequence of the AR increasing. For rooms
with the same volume, surface, or diagonal, but different AR, DAR will be smaller for longer and
narrower environments.

Table 3-1. Example office and conference rooms

ENV. TYPE d3D [m] Area Volume AR DAR DIMENSIONS | REF.
(m3] [m3] [m] [mxmxm)]
Small 7.72 20.92 51.89 2.07 3.73 6.6 x3.2x [23]
conference 2.5
room
Small 6.18 13.5 40.50 1.5 4.12 45x3x3 [24]
conference
room
Small 10.88 50.16 145.46 1.54 7.04 8.8 x5.7x [25]
conference 2.9
room
Conference 9.91 39.53 169.98 1.14 8.72 6.7 x5.9 x [26]
room 4.3
Conference 15.87 105.98 275.55 1.74 9.13 13.57x7.81 [27]
room X 2.6
Office 5.2-5.66 11.25 22.5- 1.25 | 4.16-45 | 3.75x3 x(2- | [28]
33.75 3)

Office 10.62 51.84 155.52 1 10.61 7.2x7.2x3 [29]
Open-space 13.81 89.01 275.93 1.2 11.43 10.35x 8.6 x | [30]
office 3.1
Office 15.09 110 286 1.1 13.72 11x10x2.6 | [31]

Some of the office and conference room environments, for which RMS DS in 60 GHz band
measurements results were reported in the literature, are listed in Table 3-1 above together
with their dimensions. All of them are cuboidal. Except for the square office from [29] and
polygonal open-space office from [30], all have rectangular floor plans.

Note that mentioned conference rooms are in majority small or regular size (except the one
from [27] that can be considered large). Examples of large conference rooms in various shapes,
are listed below.
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Large conference rooms:

e [=16m-19m
e W=10m-11m
e Number of participants: 30 - 45

Very large conference rooms:

e [=225m-35m
e W=145m-16m
e Number of participants: 120 - 280

3.1.2. Typical building materials

Traditional building materials that are commonly used in constructions include: concrete, brick,
plasterboard, wood, glass [32]. The concrete and brick walls are typical structures in building
facades and between rooms [33-36]. Plasterboards are often used as interior walls to separate
two rooms [36,37]. Glass and wood can be manufactured for windows, doors and partitioners
[38-40].

It has been shown that the dielectric property of a building material is dependent on the
proportion among different chemical components [33] as well as the surrounding humidity [35].
The advantages of traditional materials are cheap price, readily available raw materials, and
simple production method, which makes them widely applied in constructions.

The interactions between the building materials and the incident electromagnetic (EM) waves
should be effectively characterized. EM waves emitted from the transmitter often experience
complicated processes, e.g., one-bounce reflection, two-bounce reflection, diffuse scattering,
with the interacting physical objects before arriving at the receiver. Meanwhile, indoor built
environments differ widely in the materials used for walls, ceilings and floors, windows,
obstructing objects. The variation of the EM and physical properties of building materials will
bring great changes in the wireless network performance [41,42]. As stated in [43], the reflection
characteristics of common building materials will be required for the planning and design of
future wireless communication systems.

Specifically, a wall can be regarded as a lossy dielectric structure [44]. An EM wave would suffer
reflection loss after hitting on the wall's surface due to multiple internal reflections, as shown in
Fig. 3-1. Measurement results have shown that the reflection loss is dependent on the incident
angles and polarisation of EM waves, and the physical (thickness) and EM properties (relative
permittivity) of wall materials [45], which is mathematically characterised by the Fresnel
equations [46].
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Fig. 3-1. Multiple internal reflections inside the wall material

MIMO
antenna

A simple approach to describing the relative permittivity is provided in [46], which is given by
e=ey=jey (3-2)

where the real part and the imaginary part can be expressed as a function of frequency /,
respectively, i.e.,

€o=uf", (3-3)

€1=17980'/f’ (3_4)

where ¢=71f ' is the conductivity of the building material, and constants u, v,  and ¢ are
compiled in [46, Table. 2].

Supposing that the wall is a single-layer reflector, the multiple internal reflections inside it are
strongly affected by the first-order reflection. The first-order reflection coefficient 7' for the
incident electric field of transverse electric (TE) polarisation r
polarisation /v are given respectively by

TE and transverse magnetic (TM)

Cos o — \,-/8 —sin‘o

COS O + \./8 — sin?

TE = ;
o (3-5)

or

cosa — \/(E —sin’a) /€2

I'rv = —
cos o + \/(E —sin“a) /€2 (3-6)

where a denotes the incident angle and € denotes the relative permittivity of the building
material.
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Fig. 3-2. The multiple reflection coefficient amplitudes of five different materials for the TM
polarised 60-degree incident wave under 60 GHz
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Fig. 3-3. The multiple reflection coefficient amplitudes of a concrete material for the TE and
TM polarised 60-degree incident wave under 6 GHz, 28 GHz, 60 GHz.

In Fig. 3-2, the multiple reflection coefficient amplitudes of five different materials for the T™M
polarised 60-degree incident wave under 6 GHz are depicted. The five materials are shown to
have their inherent reflection characteristics.

Fig. 3-3 plots the multiple reflection coefficient amplitude versus concrete material's thickness
for the TE and TM polarised 60-degree incident wave under 6 GHz, 28 GHz, 60 GHz. As the
material thickness increases, the envelope of the multiple reflection coefficient first fluctuates
and then gradually converges to a constant value. The convergence speed varies with the
wavelength: the incident wave under higher frequency band converges faster than under lower
frequency bands, respectively. Besides, the fluctuation magnitude of the TM polarised incident
waves are much severer than the TE polarised waves.

In mmW band, another physical phenomenon cannot be neglected is diffuse scattering from
building materials. The propagation channel models of the microwave frequency band and the
mmW band are substantially different [47]. Unlike the propagation mechanism at low frequency
WaveComBE_D3.2
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bands, mmW propagation channel is more prone to diffraction than to scattering or reflection.
This is ascribed to the much smaller wavelength compared with the size of physical objects on
the order of cm or m. MmW signals are more sensitive to the tiny lapse in the physical size of
objects.

Meanwhile, in the context of communications at low frequency bands, e.g. 6 GHz, the thickness
of awall is comparable to the cm wavelength and surface irregularities on the order of hundreds
of m can hardly affect the EM wave’s Fabry-Perot resonance phenomenon [48]. However, in
mmW communications, the surface irregularities are comparable to the mm wavelength, and
the rough surface of a wall would influence the time and angle dispersion of mmW signals
caused by diffuse scattering.

Following the widely-used directive model in [49], the general expression of the scattered wave
can be modelled as

o

’E_s = Eso: (

l+cosy, .. [SK :dScosQ 1+cosy, \ex
= 7 ( > )

- i e : (3-7)

s

where

=

ar [ G-1/2 . 2w,y | (=52
. I R 21 ) - .2”’ .qinz“ Hi 2
For =g D |73 {980 22 5
e m 22w
Al 2

w=y : (3-8)

In the above equation, 9, is the incident angle, dS is the rough tile length, " and s denote the
distance of the incident part and scattered path of the DS path, S2 determines the proportion
of scattered power from total incident power.

3.1.3. Furniture and equipment setups

There are some things that are common for both offices and conference rooms. However,
because the destination of those environments is different, most furniture will be present in
different numbers and set up.

In the conference rooms the most important and impactful furniture are tables and chairs. The
set ups of the conference rooms depend on the number, shape, and placement of them.
Additional equipment present in conference rooms are UEs and personal belongings of the
delegates (electronic devices, bottles of water).

In offices commonly present are also computers, computer screens, bookshelves, and cases.

The furniture and equipment setups for conference rooms are mainly classified into the
following four types, the typical examples of which are illustrated in Fig. 3-4.

e Table in the middle - chairs are placed around the (round, oval, square, rectangular)
table; in front of each chair UE is placed.

o Areas next to the walls and in the corners don't have to be served.

e School shape - there is a presidium desk in front of the audience. The audience is placed
in the (straight or curved) rows. Additionally, next to the presidium desk it may be a
lecturer table. The person in front may stand, while the audience is sitting. There is a UE
in front of each chair and at the lecturer table.

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments

21



WaveComBE — 766231 MSCA-ITN-EID 2017

e Theatre shape - considers only the listening audience.
e Random shape-movable desks
o Good coverage is necessary, because devices may be placed in any spot of the
room.

(c) | (d)

Fig. 3-4 Several typical examples of furniture and equipment setup in conference rooms.
(a-b) Table in the middle; (c-d) School shape.

Considering the deployment of conference network devices, we should characterise:

e AP location: Indoor APs with large-scale MIMO antenna arrays would commonly be
deployed in the vicinity of a wall to avoid any possible negative impact on the
functionality and appearance of a conference room.

e UE location: Randomly distributed in the service area.

3.1.4. Challenges

First and foremost, we should notice the standard adopted for audio and video conferencing,
e.g., the downlink MU-MIMO transmission can serve up to eight UEs since the maximum
number of spatial streams per AP is eight, according to IEEE 802.11ay. Meanwhile, the wireless
transmissions for audio and video conferencing should meet the very stringent requirements,
i.e., ultra-high reliability and low latency.
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The following challenges are brought about by the mmW channel characteristics: first, the
channel is time-varying and dynamic, which increases the burden on channel estimation.
Second, mmWs are sensitive to blockages. Not only can the surrounding furniture block the
signal, but also the conference participants could be regarded as human blockages. Hence, the
favourable LOS conditions may not be available when serving users. And the NLOS condition
should be paid attentions. Third, mmW propagation experiences complicated EM phenomena,
e.g., the diffuse scattering is non-negligible in mmW bands but can be ignored in microwave
bands. Fourth, mmW communications are usually confined in a short range, which is not friendly
to long-distance transmissions in a large conference room.

3.2.  Modelling for video conferencing

Video conferencing is when next to the main audio system the camera system is working. With
camera system additional features like broadcasting or recording might be apply as well. Video
conference allows participants who are far away from each other to have face-to-face meeting.
It also applies to meetings in the same room with large number of participants, or to hybrid
meetings. In the two latest cases the video is often displayed on the large screen in the room.

The requirements for camera system are as follows:

e The active speaker should be shown. When there is possibility to have more than one
active speaker during a discussion the number of participants’ video should be choose.

e The overview of the room should be displayed when there is no active speaker.

e The moving camera image should be avoided.

e Camera system never can be the leading system in the conference. It should be a
support for the main medium.

Suitable resolution and codecs should be chosen for the size of screen and the network’s
capacity and transmission standard.

3.2.1. Latency and video quality requirements

Video should be a support for the sound in the video conferencing. That means, the
synchronization is necessary. When video has too much delay or appears much faster than
sound it is a large inconvenience. In completely remote video conferencing that one
requirement is enough, but for the video conference hold in one room additional requirement
for audio latency is made. It is because person displayed on the screen is also visible in person,
and there can’t be too much delay between speaker’s voice and the sound in the audio system.

According to the ITU-R BT.1359-1 standard video should be displayed maximum 30 ms before
audio or 22.5 ms after it. For audio the maximum latency is 20 ms.

During video conference the image shows the speaker on the (mostly) unchanged background.
Thus, quality requirements are similar for those in the news broadcasting.
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3.3.  Performance evaluation under different MIMO configurations

3.3.1. SU-MIMO

In this subsection, we discuss the case that only one user per subframe is scheduled in the whole
band. We consider indoor LOS MIMO downlink transmissions in the cubic room defined in 3.1,
as shown in Fig. 3-5. In the considered room, one BS is deployed close to one of the walls and
one UE could be arbitrarily positioned. The BS is deployed in parallel with one of the walls with
a small distance of from the wall.

= L

—————— =i

UE

antenna

Y

antenna

Wall Floor

D e R R R

(a) Main view (b) Top view

Fig. 3-5. The reflection model in a conference room

The BS and a typical UE are equipped with ¥z and V& omnidirectional antennas, respectively,
both in linear arrays with inter-antenna spacing D. The complex frequency-flat linear channel
from the BS to the typical UE is constructed as

y=Hx+ n, (3-9)
1

N .. X NRXI . . . .
where xeC' T, yeC denote the transmitted signal and the received signal,

respectively, denotes the additive white Gaussian noise, and H is a NgX N1 channel matrix.

Mirror AP %

Reflection surface
(ceiling, floor, wall)

AP

Fig. 3-6. The diffuse scattering model in a conference room

For a certain position in the room and based on planar wave assumption, the LOS path, the WR

path, and the DS path from one of the wall are deterministically modelled by Friis' formula as

N g XN 1 matrix HLOS, Hyr and HDS, respectively, whose elements are given as

H (_'—jlp—"r (d] +D((ng— i{l_—]) COs 9}{[ +(.l1'-|-—ﬂ-:_—l} ci.J.t;EFL-l )}
4}T{f|

’HL,{)S ] ng iy — (3_10)
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,HF —_; T Ld +D{{HK —1—)L[FHBR +Lar[——'-.—) cos B, ))
4 d*: ’ (3-11)

27 ( N1 Nyl 3
,UZ _,‘I—![a‘-,‘,”r,h '“f-u(, i I”\(K‘R 5 "059'{3.1,,‘1;, + By 2 coséy. T, 1 J

e

[HUS]HR Lt t,
4ﬂ-\fdw .’dﬁijl,,f,, , (3-12)

in which "1€ {0’1""’NT_ 1} and "€ {0’1"”’NR_ 1} are the indices of transmit and receive
antenna elements, # denotes the wavelength of EM waves in the air, 4, and 42 denote the

[H'WRIF:IR_HT

length of the LOS path and the WR path, respectively, 01, and o1 denote the approximated angle

of departure (AoD) of the LOS path and the WR path at the BS array, respectively, while Or: and

Bk, genote the approximated angle of arrival (AoA) of the LOS path and the WR path at the UE

array, respectively, and I represents the equivalent reflection coefficient of the WR path. Along
the WR path, multiple internal reflections are considered when the EM wave interacts with the
building material. Considering the building material as a single-layer dielectric reflector, in (3-
12), ! and 7 denote the index of a rough scattering tile with the length dS around the reflection
point, as shown in Fig. 3-6, respect|vely, 2. and Y. denote the distance between the( @ b)
scattering tile and the AP and between the (101) scattering tile and the UE antenna,
respectively, 4000 and %50, denote the AOD and AOA of the DS path through the (ra1s)
scattering tile, respectively, and y is the DS coefficient.

Then the channel model for the UE is given by
H=H,  +H; +H (3-13)

And the corresponding channel capacity is given by

C—'=10g2(f-\ + 2 gyt
Ny

). (3-14)

3.3.2. MU-MIMO

In this subsection, we discuss the case that each AP can schedule K < 8 users simultaneously
per resource block. Under spherical wave assumption, the element of the K-by-M channel matrix
H is deterministically modelled by

r T, T,
h . ocDLexp(—jﬁDA’m)+Zﬁ:ﬂexp(—_jﬂdk.”“ +i22){£ Ll exp jﬂdk_m_,._,”_,h)

kom i=l kmi =l =ty ldk RN '(3-15)

Zero-forcing precoding is adopted to eliminate inter-stream interference. The precoding matrix
W e CMXKjsgjven as

W = [wywae..wg] = HH(HHH)il’ (3-16)

Hence the received signal at UE is described as

K
i = hpwise + hyg Z W; S + g

i=1.i#k , (3-17)

where ¥ is the data symbol intended to UE i, and "« is the additive white Gaussian noise
received at UE k.
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The sum rate of K users is given by

hywy, Phiw!

K
R= Z log, | 1+ =
k=1 3 hiwz-Ph:-rwI +0o2
i=l.i#k , (3'18)

3.3.2.1. MU grouping techniques

In MU grouping there are three aspects that should be taken into account. They are the number
of groups, the number of STAs within the group, and the requirements to put the STAs into the
same (or separate) groups. In [50] the authors considered the OFDMA technique and presented
the grouping method which can separate users into different groups. They also proposed an
adaptive algorithm to adjust the group number and improve the system performance.

Considering the fixed number of STAs, limited bandwidth, and equal division we can assume that
when the number of groups is small, the number of STAs in each of them is large. On the
contrary, when the number of groups is large, the number of STAs in each of them is small. In
the first case, the spectrum allocated to each group increases, but SINR decreases, thus
performance may become poor. In the second case, the SINR increases, but the allocated
bandwidth decreases. The performance is also hard to improve.

1
0.8F
07k

0.6F

CDF

0.5F
04F
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01F

0 L 7 = 1
=80 =60 =40 =20 0 20 40 60 80
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Fig. 3-7. SINR with different group numbers (M = 64, K =50, (D, ¢) = (50, 5°)) [50]

For different numbers of STAs (user number) three different algorithms were compared in Fig.
3-7. The best sum-rate was obtained for each simulation when the algorithm with an adaptive
number of multi-user groups was proposed. It shows that the number of groups and the number
of STAs in them should depend on the total number of STAs to serve.
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Fig. 3-8. Sum rates obtained in different schemes (M = 64, K = (25, 50, 75, 100), (D, ¢) = (50, 5°))
[50]

Regarding the rule applied to separate or group two different STAs together, the correlation
among them is considered. Authors in [50-53] agree that the channel correlation between STAs
can significantly affect the system performance in MU-MIMO systems. They advise putting
highly correlated STAs to different groups. It is because more power is needed to eliminate the
interference between STAs when the spatial correlation is large.

3.3.2.2. Centralized MIMO techniques

In this subsection, we study the centralized MIMO configurations in a 32x 12x 4 m?3
rectangular conference room. The AP is equipped at the height of 2.5 m with the distance of
0.05 m to one of the walls with the thickness of 0.2 m. The considered room consists of 4
concrete walls, one floor, and one ceiling. Note that for indoor conference scenarios, the users
served at a time are usually grouped according to their spatial distribution because the same
audio/video content should be transmitted to all users in a scheduled manner. We assume to
serve 8 users at a time using 60 GHz bands, who are sitting at the same height of 0.8 m and
uniformly distributed in one of the four possible user areas. We consider both LOS and NLOS
conditions.
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Fig. 3-9. The CDF of sum rates under LOS and NLOS conditions using 64 antennas for a
centralized MIMO configuration

From Fig. 3-9, we observe that the NLOS cases (i.e., the blue and black dashed or solid curves)
have a wider range in the sum rate than the LOS cases. Besides, the signals along the DS path
contribute significantly to the sum rate in both LOS cases and NLOS cases, as up to 10 bits/s/Hz
difference in capacity when considering with or without scattering, meaning that the DS
phenomenon cannot be ignored in the bands of 60 GHz. Meanwhile, it is found that, both in LOS
and NLOS cases, the configuration of 64x1 or 8x8 of the MIMO antenna array has little impact
on the sum rate.

3.3.2.3. Antenna selection techniques
In this subsection, we propose two subarray selection schemes to exploit the spatial diversity.

Group selection (GS): Half number of the subarrays are selected according to the user
distribution. In order to reduce the spatial correlation among selected antennas and reduce
selection overhead, the subarrays near the same wall are grouped. In each group, half of the
subarrays that have relatively good channel condition will be selected to serve the given 8 users.
For example, if there are totally 8 subarrays, with 2 subarrays near each wall. We will select 4
subarrays in total from 4 walls, each one providing better channel condition compared with the
other one subarray.

Random selection (RS): Half number of the subarrays are randomly selected, as a comparison.

WaveComBE_D3.2 Report on the optimization of mmW MIMO configurations for SCs in the built environments

28



WaveComBE — 766231 MSCA-ITN-EID 2017

(+*] Antenna array I (ee]
UE areal UE area?2
w
el
. l [os)
(a) 1 subarray (b) 4 subarrays

0 e (oo] [oa] [oa] (o
3

NN . |

(o) (oo (eo] [ee] ([oe] [oe]

(c) 8 subarrays (d) 16 subarrays

(0] [o9][0e] (o]
(e0] [s0)(ee] [oe]

Fig. 3-10. Four distributed MIMO subarray configurations in a rectangular conference room

We only consider LOS conditions in the comparison of the distributed MIMO subarray
configurations using GS and RS. The simulation assumptions in Figs. 3-11, 3-12,3-13 are the same
as that of Fig. 3-9.
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Fig. 3-11. The CDF of sum rates using 64 antennas under 1,4, 8, 16 subarray configurations

As shown in Fig. 3-11, as the number of subarrays increases from 1 to 8, the sum rate increases.
That is because the spatial diversity is exploited. Moreover, the 8-subarray case has very similar
performance as the 16-subarrays. Hence, 8 subarrays in total is enough for the given room.
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Fig. 3-12. The CDF of sum rates using 64 antennas under 4 subarray configurations
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Fig. 3-13. The CDF of sum rates using 64 antennas under 8 subarray configurations
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Fig. 3-14. The CDF of sum rates using 64 antennas under 16 subarray configurations

The resultsin Figs. 3-11,3-12,3-13 are based on 64 transmit antennas in total, where half number

of the subarrays (32 antennas) are selected according to the user selection. In the 4-subarray
case, we select the 2 subarrays with the best channel condition. Hence, the diversity is just from
two walls, not four. We can see from the figures that GS is always superior to RS. Again, the 16-

subarray case has very similar performance with the 8-subarray case.
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4. Developing signal processing solutions for mmW massive MIMO

4.1. Cell-free mmW massive MIMO systems

A solution to enhance connectivity whenever and wherever, is cell-free massive MIMO. Cell-free
massive MIMO has been defined as an implementation of the massive MIMO but, in this case,
there is a considerably higher amount of APs than UEs, being these APs distributed over a wide
area, and connected to a single central processing unit (CPU) via front-haul, which controls
network synchronization, power allocation and data streams. Each AP and UE can have one or
more antennas [54].

In a similar way to conventional massive MIMO, time division duplexing (TDD) is the preferred
duplexing method, since the overhead generated by it does not depend on the number of APs,
depending only on the number of users, which means that more APs will not decrease
performance due to more overhead, so performance will increase with the number of APs [54].
As stated in [55], cell-free massive MIMO leads to “uniformly great service for everyone". This
is due to the fact that, spreading a large number of APs over an area implies that users will have
several APs close to them, which redounds in lesser path losses, as well as more macro-diversity,
resulting all this in higher and more evenly distributed per-user throughput. Another advantage
offered by cell-free massive MIMO is its power efficiency, which can be achieved thanks to the
distributed architecture, that makes possible to deliver power only to a subset of APs for each
user without decreases in performance, which in turn increases power efficiency [54]. Favorable
propagation occurs when there is a high number of APs, resulting in channel vectors established
between the AP and each UE being orthogonal (or almost) and, owing to this phenomenon,
higher spectral efficiency (SE) can be achieved due to the lower inter-user interference.
Moreover, as stated in [54], “cell-free massive MIMO can achieve very good performance with
simple linear processing such as maximum-ratio or zero-forcing processing”.

4.2. Digital precoding

How to achieve the optimum beamforming design is challenging. Analog beamforming is the
simplest to implement, but the phase shifters can only be adjusted to form one angular beam,
what limits to one the number of users that can be served at a time. On the other hand, hybrid
BF has a middle implementation complexity between the analog and digital approaches.
However, the hybrid approach, despite of being able to create multiple angular beams, can only
transmit one phase per signal and the same power on all antenna elements. This latter issue
reduces the possibility of using power allocation strategies. Digital beamforming, otherwise,
offers full flexibility, given the chance of transmitting any signal via any antenna element.

In this work, digital beamforming concept in massive MIMO mmW systems, will be referred as
precoding, since in massive MIMO precoding concept is used to define a fully digital
implementation [56].

It is worth to mention that research community in the past years has shown certain reluctance
to fully digital techniques, due to the complexity of hardware implementation. Notice that for
massive MIMO antenna arrays, the design of fully digital transceivers implies as many RF chains
as antenna elements, which in most of the cases involves high power consumption.
Nevertheless, low-power consumption fully digital approaches are arising [57], which encourage
to research in depth on optimal precoding techniques for mmW massive MIMO systems.
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Precoding techniques should meet two main requirements: to avoid interference and to adapt
continuously to the sudden channel changes in high-mobility scenarios.

In the case of fully digital approaches, data processing is only applied to the base band signal,
significantly reducing the complexity in the design of the base band weighting matrix. In this
sense, with the maximum radio transmission (MRT) technique the base band weighting matrix
is optimized to maximize the received signal at the user's site, while the zero forcing technique
can be applied to minimize interference.

4.3. Precoding optimization

The optimization of the power control coefficients has been studied in [58,59]. The constraints
under which the problem is analyzed vary depending on the use case and the interest of each
author.

In [58], the authors studied power optimization algorithms for both cell-free massive MIMO
systems and SC systems. Sub-optimal power allocation solutions are proposed based on
conjugate beamforming and zero-forcing precoders. The results show that higher rates are
achievable when implementing cell-free massive MIMO systems instead of SC systems. In [59]
the power coefficients are also optimized but this time looking forward to satisfying per-user
quality of service (QoS) and per-AP transmit power constraints when maximizing the energy
efficiency in downlink. In this work, the authors also considered the case where the channel
state information (CSl) is not perfectly known

In order to improve the overall energy efficiency of the system, not only power saving solutions
for the downlink have been studied, but also solutions for the uplink. In this sense, some
mechanisms for controlling the power emitted from the user side have been proposed in [49,
50]. More precisely, in [50] the authors focused on the optimization in the selection of pilot
powers with the objective of mitigating the pilot contamination. In consequence, higher
throughputs are achieved when implementing the proposed solution. Moreover, in [61] a max-
min SINR problem is solved by optimizing the power coefficients in uplink. The solution proved
to outperform considerably the existent algorithms in terms of rate per user.

So far, the aforementioned works were carried out for under 6 GHz frequency band. However,
the energy efficiency maximization for cell-free massive MIMO systems at mmW has been also
investigated in [53]. In [53], the authors addressed the problem considering hybrid precoding
architectures. The results obtained demonstrated the increase of energy efficiency with respect
to uniform power allocation schemes but also a considerable performance degradation when
comparing with fully digital precoding solutions.

In this work, fully digital precoding is considered. Then, for a max-min fairness (MMF)
optimization problem is solved aiming at maximizing the minimum spectral efficiency of a
specific user.

4.4. Overcoming human body blockage effects

4.4.1. Distributed deployment solutions
For the sake of study, we chose the industrial indoor scenario described in [62,63]. The scenario
was modelled as an open area of 100 m x 100 m to resemble an industrial warehouse. In the
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scenario there are no blocking objects or structures, except the human bodies. The channel was
implemented following [64], specifically, the model InH_B. For the use case, 400 directive
antennas were considered for 4 different configurations, which is shown in Fig. 4-1:

e (C-1: 4 APs equipped with 10 x 10 antenna array each and power transmission per AP
equal to 21 dBm.

e (C-2: 16 APs equipped with 5 x 5 antenna array each and power transmission per AP
equal to 15 dBm

e (-3: 25 APs equipped with 4 x 4 antenna array each and power transmission per AP
equal to 13 dBm.

e C-4: 100 APs equipped with 2x2 antenna array each and power transmission per AP
equal to 7 dBm.
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Fig. 4-1. APs deployments for industrial scenarios described as a) C-1, b) C-2, c) C-3, d) C-4.

The parameters of each individual antenna element are as in [65]. In all cases the APs were
uniformly distributed as it can be seen in Fig. 4-1 and attached to the ceiling at 6 m of height.
The frequency was set up at 30 GHz and bandwidth equal to 80 MHz. The simulations have been
carried out for different number of uniformly distributed users: 20, 50, 100 and 200 users. The
height of the users and the UE are 1.7 m and 1.5 m, respectively. The rest of parameters, that
have not been mentioned, were taken from [63].

4.4.2. Design of precoders
It is worth to mention that in this study, fully digital hardware is considered. That gives us the
highest grade of freedom to play with the power and phases through the precoding algorithms.
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With digital precoding, it is possible to transmit any signal, with any phase and any power
through any antenna. Specifically, we have chosen MMF power allocation scheme [63]. This
algorithm seeks to maximize the minimum spectral efficiency by selecting the accurate power
coefficients for each antenna element. As the result, the maximum spectral efficiency value per
user will not be achieved, but all users will be benefited in a similar way. In cell-free mmwW
massive MIMO systems with user-centric approaches, it is possible for the users to select the
best APs based on the received power or the channel quality [63], however this is out of the
scope of this work. In our use case, all APs transmit to all users at the same time.

4.5. Results

The simulations have been carried out for the four aforementioned configurations without
considering body blockage and considering body blockage. The Fig. 4-2 shows the cumulative
distribution function of the spectral efficiency for each user for all cases. First of all, and to make
a clearer analysis we should interpret the graph in two steps: impact of the density of the
deployment and impact of the body blockage.

If we focus on any curve pattern (solid or dotted), it can be seen that the SE improves with the
APs's increase independently of the body blockage consideration. However, the increase is
limited, since as the curves in red, blue, and green show, the performance is very similar among
them. This suggest the existence of a limit for densification even when coherent transmission is
considered and in consequence, the interference strongly mitigated. On the other hand, the
shape of the curves indicates fairer resource allocation for denser deployments. It is worth to
remind at this point that for all configurations the number of antennas and total power
transmission are kept. Then, the performance changes experienced in each configuration are
completely due to the configuration itself.

In another vein, if we group the curves by pattern, roughly speaking, it can be seen that the
curves that consider blocking are worse than the case where blocking is not considered.
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Fig. 4-2. Spectral Efficiency for all configurations applying MMF precoding optimization.
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5. Conclusions

In this report, we have presented our work to jointly optimize massive MIMO configurations and
RF properties of BEs for mmW SC deployment.

In Chapter 2, we have provided a general analytical framework for a 3D mmW SC network
utilizing stochastic geometry. Directional beamforming with a sectored BS antenna model and a
3D blockage model have been considered in the analysis. The BSs, UEs and blockages are
assumed to be distributed according to independent PPPs, where their heights are modeled as
well. Under these assumptions, we have derived the expressions of LOS probability and ASE. The
analytical and numerical results show that when the BS heights are higher than the UE heights,
the ASE will first increase and then decrease with the BS density and that there exists a BS
density that maximizes the ASE.

In Chapter 3, in order to optimize the mmW massive MIMO configurations for indoor offices and
large conference rooms, we have modelled the BE setups and wireless channel considering both
reflection and diffuse scattering propagation phenomena. The key BE setup parameters include
the room’s dimensions, furniture setup, the destiny of the room, and building material
properties. The key wireless system requirement parameters include the exact frequency
bandwidth to define the path loss and the influence of the obstacles and propagation
phenomena, the type of data in the network to know the required throughput, the number of
UEs, and the type of MIMO technique to schedule the transmission. Then, we have provided the
performance evaluation for SU-MIMO and MU-MIMO configurations in terms of their capacity.
Our results reveal that the highly correlated UEs should be put into different user groups, and
that the appropriate design of distributed MIMO configuration with the subarray-based antenna
selection can increase the sum rate of the MU-MIMO system.

In Chapter 4, we have analyzed the effects of body blockage on the performance of cell-free
mmW massive MIMO systems in indoor environments. Specifically, we have evaluated the
impact of body blockage on spectral efficiency while considering different AP configurations. It
has been spotted that the effects of body blockage are more detrimental for less well-spread AP
and antenna distributions. For deployments with higher AP density, higher values of SE and
greater fairness among users are obtained. Nevertheless, the increase of SE is limited, which
indicates that there is no point in increasing the number of APs beyond this point of saturation.
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