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Abbreviations

Acronym Description

3GPP 3" Generation Partnership Project
ACK Acknowledgement

ADC Analog to Digital Convertor
AGC Auto Gain Control

APDP Average Power Delay Profile
ARQ Automatic Repeat Request

AS Angular Spread

AWGN Additive White Gaussian Noise
BER Bit Error Rate

BLER Block Error Rate
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BS Base Station

CDF Cumulative Distribution Function
CEF Channel Estimation Field

CFO Carrier Frequency Offset

CoMP Coordinated Multipoint Transmission
CP Cyclic Prefix

C-RAN Cloud RAN

CSI Channel State Information

BBU Base Band Unit

C-plane Control Plane

CPRI Common Public Radio Interface
CQI Channel Quality Indicator

CSI Channel state information

CoMP Coordinated Multi-Point transmission
DAC Digital to Analog Convertor

DFT Discrete Fourier Transform

DMG Directive Multi Gigabit

DS Delay Spread

MiWEBA D4.5: Overall system performance evaluation results Page 5




EVM Error Vector Magnitude
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HetNet Heterogeneous Network
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MeNB Master e-nodeB

MIMO Multiple-input multiple- output

MMIB Mean Mutual Information per Bit

MMSE Minimum Mean Square Error

mm-wave Millimeter-Wave band (30 to 300 GHz) will be used for 6 to 100 GHz
MS Mobile Station

MU Multi-user
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OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
PA Power Amplifier
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PDU

Protocol Data Unit

PER Packet Error Rate

PF Proportional Fair

PHY Physical layer

PN Phase Noise

PSDU PHY Service Data Unit

QAM Quadrature Amplitude Modulation
RBW Resolution Bandwidth

RF Radio Frequency

RRH Remote Radio Head

RRU Remote Radio Unit

RRM Radio Resource Management

RS Reed Solomon

RSRP Reference Signal Received Power
RSRQ Reference Signal Received Quality
RX Receiver

RXSS Receive Sector Sweep

SC Single Carrier

SCME Spatial Channel Model Extended
SeNB Secondary e-nodeB

SINR Signal to Interference and Noise Ratio
SLS System Level Simulator

SM Spectrum Mask

SNR Signal to Noise Ratio

SQPSK Spread QPSK

SS Sector Sweep

STF Short Training Field

TDMA Time Domain Multiple Access

TX Transmitter

TXSS Transmit Sector Sweep

UE User Equipment

U-plane User Plane

PoC Proof of Concept
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ZF Zero Forcing
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Executive Summary

Due to the popularization of smart phones and tablets in recent years, the traffic load
on cellular networks is predicted to increase by 1000 times in the next 10 years. To
face the severe issue of system capacity in cellular networks, MiWEBA has been
carrying out a pioneering work in involving mm-wave into future 5G cellular
networks by means of a novel C/U splitting architecture for mm-wave overlay
heterogeneous networks. In order to demonstrate the effectiveness of our proposed
architecture in achieving 1000 times more capacity, system level simulators were
jointly developed and implemented by WP4 partners. The simulators include all
fundamental technologies of the proposed novel architecture i.e. a C/U splitting
scheme that supports global resource optimizations alongside many mm-wave
smallcell BSs overlaid inside the coverage of conventional LTE macro cells.

This deliverable presented the overall view of all achievements in WP4 about radio
resource management for MiWEBA architecture. Scenarios and use cases that had
been studied in WP1 are revisited here to specify simulation environments including
open area, street canyon, hotel lobby, and HetNet scenarios. Besides, the basics of
the MiWEBA’s exclusive system level simulator are described with the mm-wave
channel model and massive MIMO antenna model developed in WP5, and the space-
time traffic and BS power consumption models developed in WP4. Short-term and
long-term radio resource management and optimizations are further developed and
demonstrative evaluation results are presented. In the end, the final chapter extends
the analysis to whole mm-wave frequency bands to indicate appropriate spectrum for
5@ systems.

As our findings, this deliverable shows that the proposed MiWEBA architecture with
proposed resource management algorithms in realistic scenarios can achieve more
than 1000 times gain in system rate by installing 15 mm-wave small cell BSs per
macro cell area. The protocol of location-based cell/beam discovery/selection is also
developed to implement the context-based resource management. The location-based
cell/beam discovery/selection is essential in particular for implementing resource
optimizations and forming a self-organizing networks (SONs). Using this scheme,
several optimization algorithms are developed and applied to boost energy-
efficiency. As the baseline, the 1000x system rate is achieved by the mm-wave
overlay HetNet with only 2x power consumption compared to the traditional
homogenous network. Implementing dynamic ON/OFF according to the dynamic
traffic map can further reduce this power consumption. To further enhance the
capacity, dynamic cell structuring scheme is also developed to dynamically follow
the hotspot zones (using the location-based cell/beam discovery protocol) and direct
idle network resources towards them.

Finally all possible bands for 5G are investigated through the system level simulator
to evaluate their performances for the future traffic requirements (1000x in 2020 and
1000000x in 2030). The evaluations show that among all available bands, 60GHz
band with 20.22GHz bandwidth from 55.78GHz to 76.9GHz shows such a
prospective capacity that makes it the most attractive band for the future 5G systems.

MIiWEBA DA4.5: Overall system performance evaluation results Page 9
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0 Introduction

0.1 Background for overall system performance evaluation

The goal of MiWEBA project is to integrate the millimeter-wave communication
potential into the LTE cellular network framework. In order to accomplish this goal,
MiWEBA introduces and investigates radically new network architecture along with
innovative functionalities and new scenarios as the baseline for future 5G networks
[1]. The novelty and the complexity of the research theme result in a large set of
possible design choices. In the WPs of this project viable solutions e.g. C/U splitting,
C-RAN based dynamic resource management etc. are being investigated. This
particular deliverable integrates all the proposed technologies of MiWEBA into our
developed system level simulator in order to show the viability of the project in
designing future 5G cellular networks with mm-wave overlay HetNet and
demonstrate its efficiency in terms of both spectrum and energy. Therefore, this
deliverable provides a complete picture of the scenarios and use cases, our developed
simulation tools and dynamic resource management frameworks. Both short-term
and long-term resource optimization results are presented in distinct sections and in
the end the integrated evaluation results are presented which illustrate the
effectiveness of the proposed architecture toward the realization of 5G cellular
networks.

0.2 Relation to other work packages

Our selected scenarios and use cases for performance evaluation presented in
Chapter 1 are output from WP1 [2]. Chapters 2, 3 and 4 are related to D4.1, D4.3 and
D4.4 of the same workpackage respectively. In Chapter 5, all mechanisms developed
in other work packages e.g. C/U splitting (WP3), mm-wave antenna and propagation
(WP5) [3] [4] are integrated and evaluated. Some short-term and long-term resource
optimization algorithms presented in this deliverable are also planned to implement
in the demo in WP6.

0.3 Structure of the document

Chapter 1 gives an overview of the scenario and use cases. The structure of the
system level simulator is described in Chapter 2. Then, Chapters 3 and 4 describe
short term and long term resource management, respectively. Finally, the evaluation
results showing the impact of the proposed mm-wave Overlay HetNets are presented
in Chapter 5.

1 Use cases and simulation scenarios

1.1 MiWEBA use cases

In this section we recall use cases we have detailed in Deliverable D1.1. Some of
their parameterized scenarios as shown in Sect. 1.2 will be used to assess MiWEBA
architecture performance in D4.5. MiWEBA use cases are divided into two groups:
outdoor environment and indoor environment.

MIiWEBA DA4.5: Overall system performance evaluation results Page 10
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We identified three use cases for outdoor environment: Urban Microcell in street
canyon (like Street Canyon scenario in Sect. 1.2.2), Urban Microcell in open square
(like Open Area scenario in Sect. 1.2.1), Urban Macrocell.

Outdoor environment

Outdoor use cases range from a very small area with a single isolated mm-wave hot-
spot to a larger scenario with several mm-wave small cells which provide a partial or
full coverage of the selected area. Their features depend on the size of the area
required to be covered with mm-wave access.

Typical use cases focus on areas located in the city centre where thousands of people
may spend part of their daily life. The area is characterized by a several possible
indoor and outdoor hotspots like bus stops, restaurants, enterprises, and recreation
parks. Due to the high data rate requirements for multimedia broadband services in
this kind of environments, the classic micro-wave based solutions may not be
sufficient. In fact, indoor locations may suffer of poor signal strength while outdoor
the inter-cell interference may strongly limit the achievable data rate.

For this dense area, the mobile operators may greatly benefit of the upgrade of their
network through the deployment of mm-wave small cells, which will enhance the
quality of experience of nearby users. Static users sitting in a bar or waiting for their
bus may experience real time video streaming applications, gaming, voice over IP,
etc. Device to device communications can be used by a group of friends to exchange
photos collected during the last weekend spent together. Furthermore, nomadic users
may receive real time information on their position, which may include interactive
contents on nearby museums/shops as well as detailed instructions to reach their final
destination in downtown.

Table 1.1 summarizes the 3 considered use cases:
Table 1.1. Outdoor use cases

D1.1 use cases
and scenarios

Challenges

Description

Technology

UMi Street canyon street level Dense hotspot urban Small cell APs with Increase distance and
street urban scenario where mm-  areas beamforming antennas coverage
wave APs are deployed as . . .
canyon a high-capacity microcell High-rate areas Proylde cooperation
layout for interference
coordination
Use LOS and NLOS
paths
Provide mobility
separated C-plane,
context management
UMi open Urban scenario where mm-  Dense hotspot in a Small cell APs with Provide very high
square wave APs are deployed as square beamforming antennas capacity in localized
a high-capacity microcell . spaces
layout in a large and open High-rate areas N bility i
o mobility issues
Equate Ultra high-rate hot 4
spots C- and U-plane split
16)\% £ Urban scenario where mm-  Dense hotspot urban Small cell APs and RRHs Increase capacity,
wave APs are deployed to areas density and coverage
: ; CRAN
increase the capacity and Mobility in the ci Provide CoMP
coverage of legacy obility tn the ity Dense smallcells Crol\\/f[leeJTo d
macrocell layouts. Backhaul and © " am
cooperative
Two-tier heterogeneous fronthaul dense urban beamforming and
MiWEBA D4.5: Overall system performance evaluation results Page 11
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areas coordination
Larger areas Use mobility

management with
separated C-plane and
context management

Provide SON
capabilities

1.1.2 Indoor environment

We identified three use cases for indoor environment: indoor open office, indoor
closed office and indoor shopping malls (like Hotel Lobby scenario in Sect. 1.2.3).

One of the use cases focuses on shopping malls, where people, while waiting for the
lunch at one of the mall cafeteria, use their smartphone/tablet for web browsing or
video streaming leading to a high density of traffic in a very small area. Moreover,
the shop can also use interactive messages, which contain videos or images, to
promote their products or inform customers about special offers.

Enterprise areas are another use case. Since enterprises buildings are characterized
by different characteristics in terms of location, age, size, shape, number of rooms,
etc., finding a unique solution to offer high data rate mobile services has not been
feasible for cost and scalability reasons. In addition to these classic issues, today
wireless solution for enterprises have to deal with the increasing capacity demands
due to laptop, smartphones, and tablets. Moreover, seamless enterprise mobility is a
strong requirement for enabling to conduct the business where most appropriated.
Accordingly, mm-waves technologies can provide high data rate to static users in
their offices while other systems such as macro cell based cellular network and small
cells may provide reliable connectivity to mobile users.

Finally, users at home can rely on mm-waves technologies as an alternative to
perceive high quality of experience in indoor. Indeed, due to the strong inter-cell
interference, traditional dense femto cell deployments may not be a viable solution to
provide the required bandwidth for applications like 3D TV live streaming, HDTV
programs recording, video editing and transfer to media centres, real time
multiplayer games, and HD video conferences.

Table 1.2 summarizes the 3 considered use cases:
Table 1.2. Indoor use cases

Description D1.1 use cases Technology Challenges
and scenarios
Indoor Mm-wave APs deployed in ~ Dense hotspot Small cell APs with Provide very high
large and crowded open enterprise beamforming antennas capacity in localized
open g ! P p
office spaces with many people . spaces
and pieces of furniture. Some cooperation among -
APs No mobility issues

They provide high-speed
connectivity to static and

A C- and U-plane split
nomadic users.

Indoor Mm-wave APs deployed in ~ Dense hotspot home Small cell APs with Improve indoor

closed small isolated room to beamforming antennas coverage with

office provide high-speed e B RO . beamforming using
wireless connectivity to Some cooperation among LOS and NLOS paths

users in the room APs .
Use cooperative
transmissions and

advanced antenna

MiWEBA D4.5: Overall system performance evaluation results Page 12
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systems
C- and U-plane split
Indoor Mm-wave APs deployed in ~ Dense hotspot Small cell APs and RRHs Increase capacity
shoppin large halls and shops with shopping mall : _
malll) s many people. They provide . CRAN Provide cooperative
high-speed connectivity to Large public areas i lovel off beamformmg and
nomadic users . interference
: cooperation among APs S ——.
Use typically LOS
path

C- and U-plane split

1.2 Simulation scenarios

For the system level performance evaluation purposes, a number of use cases and
environments, identified in the previous sections were mapped to the four base
simulation scenarios: open area, street canyon, hotel lobby and HetNet LTE +
mmWave communication system.

1.21 Open area

Open area simulation scenario resembles the sparse environment with no closely
spaced high buildings, such as park areas, university campuses, stadiums, outdoor
festivals, city squares or even rural areas (see Figure 1.1).

Figure 1.1 Open area scenario example: university campus

The open area scenario is used as a baseline setup for millimeter-wave
communication system evaluation, and simulated for a large set of parameters and

assumptions, summarized in Table 1.3.
Table 1.3. Open area scenario parameters

Parameter Value
Small cell layout Single cell, Hex grid (7 cells)
Number of sectors (APs) 3
ISD 25-100 m (50m baseline)
AP TX height 4m, 6m
UE height 1.5m
Surface material asphalt
Surface & 4+0.2)
Surface roughness ¢ 3 mm
Channel model Q-D channel model, open area scenario

MIiWEBA DA4.5: Overall system performance evaluation results Page 13
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1.2.2 Street canyon

The street canyon simulation scenario represents typical urban environment: streets
with pedestrian sidewalks along the high-rise buildings. The access link between the
APs on the lampposts and the UEs at human hands is modeled in this scenario.

Deployment geometry is summarized in Table 1.4 and Figure 1.2

xi
4
45m |
Access
points -
Sidewalk #2
100m N
Building #1 Road Building #2
| 4,5m
S%gewalk #1
0,5m— « 0,5m—| [~
50m
4,5m1:‘=._ |
g
‘ 6,0m 16,0m 6,0m ‘
Figure 1.2: Street canyon scenario geometry
Table 1.4: Street canyon scenario parameters
Parameter Value
AP height, Hy, 6 m
UE height, H,, 1.5m
AP distance from nearest wall, Dy, 45m
Sidewalk width 6 m
Road width 16 m
Street length 100 m
AP-AP distance, same side 100 m
AP-AP distance, different sides 50 m
Road and sidewalk material asphalt
Road and sidewalk g, 4+0.2j
Ground roughness standard deviation 6, 0.2 mm
Building walls material concrete
Building walls €, 6.25+0.3j
Building walls roughness standard deviation o, 0.5 mm

MIiWEBA DA4.5: Overall system performance evaluation results
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Wrap-around

< . UE drop area
L to left side

AP sector broadside eereeeneneeseeeneereee

UE drop area

Figure 1.3 AP sectors and positions in the Street canyon simulation scenario

For the simulation purposes, the section of the street, shown in Figure 1.2 was
duplicated and the wrap-around technique is applied to the street ends, as if the
simulation area were on the cylinder surface (Figure 1.3)

UEs are uniformly dropped along the sidewalks (gray areas in Figure 1.2 and Figure
1.3), totally 540 UEs in simulation area, counting as 30 UE per sector of the each AP.

Assuming that each sidewalk width equal to 6m, and the length of the simulation
area is 250m, this give UE density equal to 0.18 UE/m?, or approximately one user
per 5.5m”.

1.2.3 Hotel lobby (large indoor public area)

The hotel lobby simulation scenario covers many indoor access large public area use
cases. Hotel lobby channel model represents typical indoor scenario: large hall with
multiple users within. Similar simulation scenarios were considered in [5], with
statistical approach to the channel modeling, suitable for link layer simulations.

The basic parameters and geometry of the hotel lobby simulation scenario are

summarized in Table 1.5 and illustrated in Figure 1.4.
Table 1.5: Hotel lobby (indoor access large public area) scenario parameters

Parameter Value
AP height, H, 5.5m
AP position Middle of the nearest wall (see Figure 1.4)
UE height, H,, 1.5m
Room height 6m
Room width 15m
Room length 20 m
Floor material Concrete
Floor & 4+ 0.2j
Floor roughness standard deviation o¢ 0.1 mm
Walls material Concrete
Walls g, 4+0.2
Walls roughness standard deviation o 0.2 mm
Ceiling material Plasterboard
Ceiling ¢, 6.25+0.3j
Ceiling roughness standard deviation o, 0.2 mm

MIiWEBA DA4.5: Overall system performance evaluation results Page 15
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0,2m— |-
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1,0m darea

15m

LT T

o 20m

Figure 1.4: Hotel lobby (indoor access large public area) scenario
UEs are dropped throughout the room (gray areas in Figure 1.4).

AP has a single sector, directed to the center of the lobby. 50 UEs uniformly dropped
in the area for each trial, with UE density 0.17 UE/m* (1 UE per 6 m”) which is
almost the same density as in street canyon.

124 HetNet LTE + mmWave scenario

HetNet scenarios allow to evaluate LTE+mmWave system performance
characteristics of the whole heterogeneous communication system defined in
MiWEBA. HetNet simulations assume random millimeter-wave APs (hot-spots)
deployment within a large LTE cell (see Figure 1.5)

MIiWEBA DA4.5: Overall system performance evaluation results Page 16
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Macro cell

node (MCN) Hotzone
(o) node (HN)

Hotzone

Figure 1.5 3GPP HetNet scenario with small cells

Parameters of the HetNet deployment are summarized in the Table 1.6

Table 1.6 Open-area Het-net deployment model parameters

Parameter Value
Inter-site distance 500m
Number of Macro cells per site 3
Number of mmWave APs per macro cell, Nyy 1,3
ANMCN-HN min 75m
AuN-EN min 40 m
AP height, Hyy 6 m
UE dropping Clustered*
Number of users per macro cell, N, >100
Fraction of mmWave AP users, P"**P" 9/10
T'Hotzone 40m
AuN-UE_min 5m
AMCN-UE_min 35m
UE height, Hyg 1.5m
Number of mmWave BS per hotzone 3
*Clustered UE dropping:

e Fix the total number of users, N5, dropped within each macro geographical
area.

e Randomly and uniformly drop the configured number of hotzone nodes, Ny,
within each macro geographical area (the same number Nyy for every macro
geographical area).

e Randomly and uniformly drop Nyers gy users within 7zoz0ne radius of each
hotzone node, where N, =[P""P°" N, .../N

users

MIiWEBA DA4.5: Overall system performance evaluation results Page 17
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Randomly and uniformly drop the remaining users, N -N,,, to the

N
entire macro geographical area of the given macro cell (including the hotzone area).

users ! Nusers_ HN

2 System level simulator

2.1 Simulation parameters

In this section, fundamental parameters presented in D4.1 for the system level
simulation are revisited. The system on which we focus is an mm-wave overlay
HetNet which is constructed by wide area macro base station (macro BS) and small
area coverage base stations (smallcell BS). It is assumed that macro BS LTE system
works in 2GHz band and smallcell BS 802.11 ad system works in 60 GHz band.

21.1 Q-D Channel model

The novel Q-D channel modeling methodology, developed at the MiWEBA work
package 5.1 [3], is used for channel simulations. MiWEBA Q-D channel modeling
methodology is based on a number of experimental measurements [6] [7] and their
theoretical analysis [8] [9]. The approach builds the millimeter-wave channel
impulse response comprised of a few quasi-deterministic strong rays (D-rays), a
number of relatively weak random rays (R-rays) — see Figure 2.1.

For each of the channel propagation scenario, the strongest propagation paths, these
produce the substantial part of the received signal power, are determined. Then the
signal propagation over these paths are calculated based on the geometry of the
deployment and the locations of transmitter and receiver. Finally the signal power
conveyed over each of the rays is calculated in accordance to theoretical formulas
taking into account free space losses, reflection coefficients, polarization properties
and receiver mobility effects like Doppler shift. Some of the parameters in these
calculations may be considered as random values like reflection coefficients or as
random processes like receiver motion. The number of D-rays, which are taken into
account, 1is scenario dependent and chosen to be aligned with the channel
measurement results. In Addition to the D-rays, a lot of other reflected waves are
received from different directions, coming for example from cars, trees, lamp posts,
benches, houses, etc. (for outdoor scenarios) or from room furniture and other objects
(for indoor scenarios). These rays are modelled as R-rays and defined as random
clusters with specified statistical parameters extracted from available experimental
data or ray tracing simulation.

Open area, street canyon and hotel lobby channel models developed in [3] are
applied to the corresponding scenarios (see Section 1.2).

For reference, in some scenarios, the simple LOS-only (free space propagation)
channel is considered.
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Figure 2.1 Q-D channel model illustration

2.1.2 HetNet evaluation parameters

Other parameters are based on the 3GPP standards and IEEE 802.11ad standards.
Therefore some parameters e.g. CSI feedback error, signal overhead, etc. are not part

of this deliverable. Parameters for the system level simulation are summarized in
Table 2.1 and Table 2.2.

Table 2.1 LTE macro Parameters

Parameter Value
Cell Layout Hexagonal (ISD: 500 m)
Number of sectores 3
Carrier Frequency [GHZ] 2.0
Available bandwidth [MHZz] 10
BS Tx Power [dBm] 43
BS Antenna Height [m] 25
Anttena Pattern 3GPP sector antenna
Antenna gain [dBi] 17
Number of antennas 4
Delay spread [us] 0.363
Path Loss [dB] (d in [m]) 128.1+37.6*10og10(d)
Transmission scheme SVD-MIMO
Channel model 3GPP SCME [10]
Shadowing log normal distribution with
decorrelation distance: 50m
standard deviation: 6dB
UE mobility 3 km/h linear walk
Table 2.2 Mm-wave Smallcell Parameters
Parameter Value
Cell Layout Random drop
Carrier Frequency [GHZ] 60
Available bandwidth [MHz] 2160
MIiWEBA DA4.5: Overall system performance evaluation results Page 19
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Number of subcarriers 512 (for user data transmission: 336)
BS Tx Power [dBm] 19
BS Antenna Height [m] 4
Anttena Pattern 5dBi patch antenna
Number of antennas 8 antenna modules (each module has 8x2 elements)
Delay spread [us] 0.015
Path Loss [dB] (d in [m]) 82.02+23.6l0g;(d/dg ). d > dg
82.02+20l0g,,(d/d, ), d <d,
do:reference distance: 5m [3]
Transmission scheme SVD-MIMO (Multi user MIMO is option)
Channel model MIWEBA channel model, Outdoor open square [3]
Shadowing log normal distribution with standard deviation: 5dB
UE mobility 3 km/h linear walk

LTE parameters are based on the 3GPP standards [11] [12]. We assume FD-LTE and
perfect CSI feedback and the effects of H-ARQ are not considered. Additionally, any
signalling overheads are not included. Mm-wave parameters are based on the IEEE
802.11ad standard [13]. In this simulator, only OFDM transmission is available. In
the hotspot existing case, this study employs two types of hotspot models for short
term evaluation and long term evaluation. Short term evaluation is based on the
3GPP evaluation model [11] and all smallcell BSs are deployed in the center of the
hotspot. 90% of all users are within hotspots and remaining 10% users are randomly
dropped. On the other hand long term evaluation is MiWEBA space-time traffic
model which is developed based on the actual traffic data measured in an urban area
in Japan.

2.2  Full buffer scenarios

2.2.1 Isolated and dense hexagonal deployments of mmWave APs

The HetNet system gives the insights on the overall system performance
characteristics, but for separate millimeter-wave links analysis, the regular
homogeneous system is more suitable. For that, two limit cases of the millimeter-
wave small cells deployment are considered: the isolated cell and dense hexagonal
deployment
— Isolated cell: In this case APs are dropped so rarely that we can neglect
interference between them and estimate the mmWave network performance
through simulating only three APs of a single cell [14].
— Dense deployment: In this opposite extreme case APs deployment has
maximal density with the hexagonal structure and therefore the maximal
inter-cell interference between APs is achieved.

Performance analysis of these two limit cases of interference level will allow to
determine the upper and lower boundaries of the millimeter-wave hotspots
throughput and capacity.
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Figure 2.2 Two limit inter-cell interference cases: isolated cell and dense hexagonal deployment

2.2.2 Frequency reuse

For long-term interference management within a millimeter-wave cells the frequency
reuse pattern is applied. Three non-overlapping channels each with 2 GHz bandwidth
allocated similar to the 802.11ad standard are considered as available. The
millimeter-wave cell with 3-sectors gives us two approaches of these channels usage
(see Figure 2.3):

— Frequency reuse 3. Each serving sector operates in only one of 3 channels.

— Frequency reuse 1. Each serving sector can operate in the whole band using

all 3 channels

Frequency reuse-3 is preferable as it reduces the interference impact. At the same
time for some cases frequency reuse 1 can provide better system performance from
the spectral efficiency point of view.
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Frequency reuse 3,
Dense hexagonal deployment

Frequency reuse 1,
Dense hexagonal deployment

&)

Frequency reuse 3, Frequency reuse 1,
Isolated cell Isolated cell
Figure 2.3 Frequency reuse for isolated and dense hexagonal deployments

Deployment parameters for two frequency reuse cases are summarized in Table 2.3.
Table 2.3 Deployment parameters

Parameter Value
Dense hexagonal deployment:
Environment —  Three APs (antenna height - 6m) each serving its own 120° sector are
description placed at the centre of the hexagons
— Inter-Cell Distance (ICD) = 100m
Channels Frequency reuse-3
allocation Frequency reuse-1

UE (antenna height — 1.5m) are placed randomly (uniform distribution) within
the N5 cells considering predefined number of UEs (Nyg;) per cell sector

UEs location Nugs =50

Dense deployment: Nejis = 7 (Nap = 21)

Isolated cell: Negys = 1 (Nap = 3)

2.3  Non-full buffer scenario

In non-full-buffer scenario, traffic demand of each users are set. Mm-wave system
can transmit a huge amount of data in a blink. However since the coverage is limited,
only a few users can get benefits. In order to use mm-wave resource effectively, users
whose traffic demand is relatively high should be accommodated into mm-wave
system appropriately. This simulation employs Gamma distribution traffic model
with bias [15] which is made from actual traffic data in urban area, Japan. Figure 2.4
and Table 2.4 are a CDF of the user traffic and distribution parameters respectively.
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If the property of traffic distribution will not change in the future, we can predict
future traffic demand by controlling the scale parameter of Gamma distribution.

[ ]

1 .
— Fitting curve
© Actual data
08
0.6/
2
=
0.41
0.2+
0 o ' :
10° 10' 10° 10° 10'
Traffic [kbyte]
Figure 2.4 Traffic distribution CDF
Table 2.4 Gamma distribution parameters
Parameter Value
Scale parameter 2.012 x10°
Shape parameter 0.2892
Bias 4 kbps
23.1 Space-time traffic model

In short term evaluation, users are dropped based on the 3GPP hotspot model [11]
and all smallcell BSs are deployed in the center of the hotspot. 90% of all users are
within hotspots and remaining 10% users are randomly dropped. On the other hand,
in long term evaluation, users are dropped based on the MiWEBA space-time traffic
model [16] which is developed based on the actual traffic data measured in an urban
area in Japan. The space-time traffic distribution is estimated based on the statistical
information of each user traffic mentioned above and the total hourly traffic
measured in 100 meters by 100 meters. More details are explained in Section 4.2.2.1.
MiWEBA space-time traffic model can express the hotspot variation of every hour.
Figure 2.5 and Figure 2.6 show BS deployment and user distribution of each
scenario.
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Figure 2.6 Long term evaluation deployment (left: 3:00, right: 15:00)
2.3.2 BS power consumption model

In order to appropriately investigate the effectiveness of the On-demand smallcell BS
ON/OFF, this study introduces a practical base station power consumption model of
2GHz, 3.5GHz, and 60GHz band based on GreenTouch [17] and Earth project model
[18], which is summarized in Table 2.5. The transition duration between ON and idle
is assumed to be negligibly small and the power consumption is assumed to be a
constant value regardless of the impinged traffic load.

Table 2.5 BS power consumption of each band

Parameter Value
BS ON 835W (2GHz DL)/ 14W (3.5GHz DL)/ 60W (60GHz DL)
BSidle 19W (2GHz)/ 2W (3.5GHz)/ 2W (60GHz)
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3 Short term resource management

3.1  Full buffer scenario

3.1.1 Basic assumptions

System level simulations with full buffer mode allow analyzing the potential of
system throughput and capacity, regardless of the type of data traffic. Several trials
(new positions of the random UEs, new direct and interfering channel drops) are
simulated to get stable averaged results. The duration of simulation, i.e. number of
simulated frames, is typically much shorter than that for non-full buffer simulations
and usually proportional to the number of scheduled users. A full buffer proportional-
fair scheduler is used to assign time-frequency resources to the deployed UEs.

The basic assumptions on the full buffer system level simulations are shown in Table
3.1. Detailed considerations of the most of the parameters are show in the following

sections.
Table 3.1. Basic SLS assumptions

Parameters Assumption
Number of trials 10, 20
Frames per trial 100

Allocations per frame 1,25 ,50

Channel model/Pathloss

LOS-only, Q-D channel models

Carrier / BW

60 GHz / 2 GHz x 3 channels

Transmission scheme

MU-MIMO, SVD-based TX, ZF

Receiver type

Interference-unaware MMSE

Channel estimation

Perfect

Link adaptation

Outer loop, 10%

Scheduling type

Greedy PF MU scheduling

3.1.1.1 Resource block structure

In the frequency selective channels the SC approach to signal modulation and
scheduling may lead to a serious performance degradation. To overcome the
multipath effects, OFDM (orthogonal frequency division multiplexing) approach is
used. In case of point-to multipoint links, this approach enhanced to the OFDMA —
orthogonal frequency division multiple access, where different groups of OFDM
subcarriers (subbands) are assigned to the different users. In the presented simulation
results, for OFDMA system with 1024 total and 600 data subcarriers, different
resource blocks are used:

- Whole frame allocations (2 GHz in frequency, 1 frame in time, 600
subcarriers)

- 25 allocations per frame (each resource block is continuous 80 MHz
allocation in frequency and 1 frame in time, 24 subcarriers)

- 50 allocations per frame (each resource block is continuous 40 MHz
allocation in frequency and 1 frame in time, 12 subcarriers)
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3.1.1.2 MU-MIMO (Massive MIMO) and user scheduling

UE grouping and MU-MIMO greedy scheduler

In full-buffer scenario, scheduling algorithm assigns the available time-frequency
resources to the UEs, on the base of the pre-defined metrics. The proportional fair
(PF) metric, inversely proportional to the amount of resources already allocated to
the UE in previous frames is used. For the multiuser (MU-MIMO) transmissions, the
scheduler also takes responsibility for UE grouping for simultaneous transmission on
the same time-frequency slot. For MU group the best UEs are picked up one by one
considering maximization of total group PF metric. The process stops when addition
of one more user reduces the metric.

TX beamforming algorithms

The perfect channel estimation and feedback is assumed in the presented full buffer
system level simulations. Channel quality information and channel state information
obtained from user feedback are used. During the scheduling the beam forming
vectors are defined, using the interference mitigation techniques applied to TX side
such as zero forcing if enabled.

3.1.2 Basic simulation results

3.1.2.1 Open area simulation scenario
Cell size selection

The largest possible small cell size can be determined by the minimum required
SINR and the pathloss exponent. However, regarding the throughput metric, some
quasi-optimal cell size exists. From the first view, it seems that the cell throughput is
increased by decreasing the cell radius — the higher order modulations are used for
UEs that is close to AP. However, for fixed UE density and MU-MIMO mode, very
small cells have small number of UE to multiplex, due to lack of UEs. So, an optimal
cell size exists that meets for both mentioned factors. To determine the size, the set
of SLS simulations with different cell radius was performed in the open area
environment for Isolated and Dense cases. The results are summarized in Table 3.2
and Table 3.3. It can be seen that for R=50 m (ISD = 100m) the highest level of UE
multiplexing is reached and such cells may be recommended for further analysis and
future deployments. Note, that this value is selected for the baseline antenna
configuration of 8x16 in a smallcell BS. Obviously, for larger antenna array the
optimal cell size becomes bigger.

Table 3.2 Isolated small cells metrics for different cell size, 8x16 antenna

Cell Smallcell BS | Number of UEs | Avg number of Avg. UE Cell edge UE
radius | throughput, |dropped into one UEs in MU- throughput, throughput,

[m] [Gbps] sector MIMO group [Mbps] [Mbps]
r=25 10.6 5 2.94 2119 1320
r=50 10.2 20 4.82 512 291
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r=75 7.2 45 4.35 161 87
r=100 4.7 80 2.90 59 24
Table 3.3 Hexagonal dense small cells metrics for different cell size, 8x16 antenna
Cell radius | Smallcell BS Number of | Avg number Avg. UE Cell edge UE
[m] throughput, | UEs dropped | of EJES in throughput, | throughput,
[Gbps] into one MU-MIMO [Mbps] [Mbps]
r=25 6.7 5 2.66 1333 696
r=50 7.3 20 4.32 365 206
r=75 55 45 3.80 123 66
r=100 3.9 80 2.66 49 24

Figure 3.1 and Figure 3.2 shows the UE throughput distribution among the cell for
isolated and dense scenarios respectively.
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Figure 3.1 UE throughput distribution for cell radius 50m, isolated cell
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Figure 3.2 UE throughput distribution for cell radius 50m, dense scenario
Line of Sight channel approximation

As a reference point, for comparison of all performance results in different
environment and channel models, the open area LOS-only channel approximation is
used.

Different techniques were evaluated in Isolated cell and Dense hexagonal
interference scenarios. To investigate the scheduling impact with respect to the
resource granularity, two resource block sizes investigated: the whole band (2GHz,
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see Table 3.4) with single allocation per frame and 80 MHz (25 allocations per
frame, see Table 3.5). All these results are obtained for 8x16 antenna configuration.

Table 3.4 Open area LOS channel, single allocation per frame

Smallcell BS | Avg. number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]
Reuse-1 SU isolated 43x3 1 86 35
Reuse-3 SU isolated 4.6 1 92 42
Reuse-3 isolated 9.4 5.10 187 111
Reuse-1 isolated 8.7 x 3 (+178%) 4.88 173 104
Reuse-1 dense 2.2 X 3 (-30%) 2.64 44 17
Reuse-3 dense 7.8 (-17%) 4.88 156 92
Table 3.5 Open area LOS channel, 25 allocations per frame
Smalicell BS | Avg. number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]
Reuse-3 isolated 12.0 5.77 239 143
Reuse-1 isolated 11.2 x 3 (+180%) 5.66 225 137
Reuse-1 dense 3.3 x 3 (-18%) 2.87 65 29
Reuse-3 dense 9.1 (-24%) 5.35 182 110

The results for LOS-only channel approximation in the open area scenario may serve
as good reference point for comparison with realistic channel model results. At the
same time, it gives initial insights on the impact of interference scenario and
frequency reuse to the system performance.

The scenario with least interference level is Reuse-3 isolated: no inter-sector
interference and no interference from other cells. The Reuse-1 in isolated scenario
almost triples (+180%) the throughput. The increased interference prevents system
from achieving exact x3 gain due to frequency reuse (see Section 2.2.2).

In the dense environment, increased level of interference will strongly affect the
performance of the system. Reuse-3 scenario with only inter-cell interference
present has degradation about 20% in comparison with interference-free case.
Moreover, Reuse 1 does not provide throughput increase. Simulations show that this
huge performance loss caused not only by the interference level, but rather by
unpredictability of interference level, leading to the usage of minimal MCSs. It can
be shown that various methods of interference and scheduling coordination may
improve the situation (see Section 3.1.3)

O-D channel model
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The Q-D channel model represents realistic propagation conditions, and shows the
impact of multipath propagation and fading on the final performance metrics [19].

Like in the LOS-only channel results, two resource block sizes investigated: the
whole band (2GHz, see Table 3.6) with single allocation per frame and 80 MHz (25
allocations per frame, see Table 3.7).

Table 3.6 Open area Q-D model, single allocation per frame

Small cell BS | Avg. number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]
Reuse-3 isolated 9.9 5.29 198 118
Reuse-1 isolated 9.3 x 3 (+181%) 5.19 185 114
Reuse-1 dense 2.1 x 3 (-36%) 2.60 41 17
Reuse-3 dense 7.0 (-29%) 4.74 139 83
Table 3.7 Open area Q-D model, 25 allocations per frame
Small cell BS | Avg. number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]
Reuse-3 isolated 11.3 5.58 226 140
Reuse-1 isolated 10.7 x 3 (+184%) 5.50 213 134
Reuse-1 dense 3.4 x 3 (-10%) 2.88 67 31
Reuse-3 dense 8.8 (-22%) 5.23 176 110

The results for the Q-D model of the open area scenario are very similar to the LOS-
only approximation results. This means that very low frequency selectivity of the
open area channel.

3122

Street canyon scenario is described in Sect. 1.2.2. Unlike in the open-area scenario,
in the street canyon in addition to the ground ray (which have rather small delay in
comparison with LOS path), several new wall reflected paths are observed, with
larger delays. The channel becomes frequency selective with deep gaps in signal
power at certain frequencies (see Figure 3.3).

Street canyon simulation scenario
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Figure 3.3 Example of the Street Canyon channel transfer function

To overcome the frequency selectivity, the whole band should be divided at smaller
resource blocks (sub-bands). Simulation results, summarized in Table 3.8, are
presented for single allocation per frame, 25 allocation and 50 allocations. For
comparison purposes, the results for LOS-only, flat channel are also presented.

Table 3.8 Street canyon simulation results

. Small cell BS | Avg number of Avg. UE Cell edge UE
SChEd:J;:]nlﬂgiftdbaCk throughput, UEs in MU- throughput, throughput,
g y [Gbps] MIMO group [Mbps] [Mbps]
'63)51’ 1 x 2000MHz band 155 3.99 516 225
1 x 2000MHz band 4.9 2.67 163 28
Q-D | 25X80MHzsub- 135 3.88 452 221
bands
50 x 40MHz sub- 14.9 4.08 497 247
bands

The multipath properties of propagation channel in the street canyon can be seen by
comparing the results of Q-D model in Table 3.8 with the reference results of LOS-
only. It can be seen that using the resource allocation block equal to whole channel
produces significant degradation, while dividing the band into smaller allocated
subbands improves the situation. For 40 MHz subbands the performance in the
multipath environment is very close to ideal situation with flat LOS channel. The
average number of multiplexed UEs in that case is about 4.

Figure 3.4 and Figure 3.5 shows the BS throughput and UE throughput CDFs
respectively.
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Figure 3.5 UE throughput CDF, street canyon scenario

The UE throughput CDFs in Figure 3.5 gives insights on the achievable throughputs
for street canyon scenario with 1 UE per 5.5m” density. In such overpopulated
environment, 10% of UEs may have larger than 1 Gbps throughput, and half of users
— larger than 0.4 Gbps.
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3.1.2.

3

Hotel lobby simulation scenario

The Hotel lobby channel is also characterized by strong multipath components and
high frequency selectivity. The Q-D model takes into account all paths up to and
including second order reflections. Thus, sub-band approach with division of the
frame into a number of smaller s is also required here.

Simulation results for Hotel lobby scenario (Section 1.2.3) are summarized in Table
3.9. It can be seen that with smaller allocation size, the performance in realistic Q-D
channel becomes closer to the ideal LOS-only case.

The spatial multiplexing rate (average number of UEs in MU group) is high, despite
the highly multipath environment with strong interference between reflected rays.

Table 3.9 Hotel lobby simulation results

. Small cell BS | Avg number of Avg. UE Cell edge UE
SChed?&{'nnl?lgﬁftdbaCk throughput, UEs in MU- throughput, throughput,
g y [Gbps] MIMO group [Mbps] [Mbps]
LOS
(25 x 80MHz sub-bands) 23.1 65 Ars 213
1 x 2000MHz band 10.9 44 217 107
QD | 25X80MHz sub- 17.9 5.3 358 206
bands
50 X 40MHz sub- 18.8 5.4 376 242
bands

Figure 3.6 shows the UE throughput CDFs for different simulated modes of

operation.
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Figure 3.6 UE throughput CDFs for Hotel Lobby scenario

The UE throughput CDFs in Figure 3.6 shows on the achievable throughputs for
street canyon scenario with 1 UE per 6m” density. Similar to the street canyon, 10%
of UEs may have larger than 1 Gbps throughput, and half of users — larger than 0.3
Gbps.

3.1.3 Coordinated resource management in Hotspot deployments

3.1.3.1 Coordinated beamforming and scheduling

Performance of different Coordinated Multipoint (CoMP) schemes in millimeter-
wave hotspots was evaluated. For the open-area scenario, both isolated and dense
deployment cases, the Coordinated Scheduling (CS) and Coordinated Beamforming
(CB) schemes are applied. For dense environment, the coordination cluster was
selected equal to seven cells (three sectors in each, totally 21 transmitters). For the
CS/CB CoMP simulations, all transmissions in coordination cluster are managed in
the centralized manner, jointly optimizing the beamforming to reduce mutual
interference and scheduling assignments to increase the throughput. In more details,
considered schemes are described in [20] [21] [22] [23].

The intra-cell interference in CS/CB CoMP scheme is also suppressed using the
zero-forcing algorithm. So, it will be fair to compare the CS/CB CoMP performance
with the performance of the system with intra-cell interference ZF suppressing
scheme only.

To avoid the complexity of optimal beamforming calculations, the CoMP scheme
with the Coordinated Scheduling (CS) only can be used. This scheme does not
perform any zero-forcing algorithms or other beamforming optimizations, but the
scheduling is performed jointly for all BSs in the cluster on the base of the total
cluster proportional fair metric maximization. Here the UEs still report to their
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serving BSs the information about the interfering channels to other BSs of the CoMP
cluster. While performing the scheduling the CPU does not change the reported
beamforming. It just takes into account the interference which current beamforming
makes to all UEs and picks up the UEs into the MU groups maximizing the total
system throughput (minimizing the intra-cell and inter-cell interference).

3.1.3.2

In Section 3.1.2.1 we have evaluated millimeter-wave system performance for
different frequency reuse schemes (reuse 1 and reuse 3) and interference scenarios
(isolated and dense). It was show that in comparison with reference interference free
scenario (isolated cell in reuse 3), other schemes have degradation that is very
significant in dense interference environment. Additionally, even in interference free
scenario, the system is suffered from inter-stream interference during the MU-MIMO
transmissions. All this mentioned sources of interference can be mitigated or avoided
by application of spatial processing algorithms and coordinated resource
management.

CoMP simulation results

The Zero-Forcing (ZF) procedure is applied at the TX side to minimize mutual
interference of the MU spatial streams. Coordinated Scheduling (CS) will match
scheduling decision on several stations for throughput optimization. The Coordinated
Scheduling / Coordinated beamforming (CS/CB) will also adjust beams of small cell
BSs to minimize the interference.

Table 3.10 summarized the performance evaluation results for isolated interference

case of the open area scenario.
Table 3.10 CoMP techniques in Isolated scenario, Open area LOS channel

Small cell BS | Avg number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]

Reuse-3 9.4 5.10 187 111
Reuse-3 ZF 10.8 (+15%) 5.82 217 120
Reuse-1 8.7 x 3 (+178%) 4.88 173 104
Reuse-1 ZF 9.8 x 3 (+213%) 5.46 197 109
Reuse-1 CS 9.0 x 3 (+187%) 4.96 180 111
Reuse-1 ZF +CSCB | 10.2 x 3 (+226%) 5.50 204 116

It can be seen that Reuse 1 may almost triple the throughput by itself, and various
CoMP schemes helps to mitigate the additional interference to a negligible levels.

Table 3.11 show similar evaluation for dense interference scenario in Reuse 3. It can
be seen that various CoMP techniques may increase the system throughput up to 20-
30%. The last row in the table shows the performance for the case of ideal
knowledge of the suitable MCSs. The small difference between realistic and ideal
scheme illustrates how close we get to the performance limits.
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Table 3.11 CoMP techniques in Dense scenario, Open area LOS channel

Small cell BS | Avg number of Avg. UE Cell edge UE
Scenario throughput, UEs in MU- throughput, throughput,
[Gbps] MIMO group [Mbps] [Mbps]
Reuse 3 7.8 4.88 156 92
g Reuse 3, ZF 8.7 (+12%) 5.43 176 100
>
[5]
@ | Reuse 3, CS CoMP 9.3 (+19%) 4.50 187 116
[<5]
= Reuse 3, ZF + o
Z Cocn 10.1 (+29%) 455 202 121
Reuse 3, CSCB + o
clairvoyant MCS 10.5 (+35%) 451 209 128

The BS throughput CDFs for all evaluated scenarios are summarized in Figure
3.7. As we can see, the curve corresponding to for Dense Reuse-3 +CS almost
matches the curve corresponding to Isolated Reuse-3. That means that
implementation of CS CoMP scheme allows to compensate the performance
degradation connected with the inter-cell interference.
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Figure 3.8 UE throughput for open area dense scenario for different reuses

Figure 3.8 shows the UE throughput performance of the considered schemes and
algorithms. It can be seen that most advanced ZF+CSCB CoMP scheme may
increase the percentage of users with throughput larger than 200Mbps from baseline
17% to almost 35% - two times increase.
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3.1.4 Analysis with partially adaptive antenna arrays

3.14.1 Array antenna system

Array antenna system is key technology to achieve high performance in the
millimeter-wave communication systems, especially in outdoor scenarios. Highly
directional large aperture antenna arrays [4] are used at the AP to overcome high
propagation loss and ensure multiuser operation. For system level evaluation
purposes, the fully adaptive arrays (FAA) are considered, assuming that each antenna
element can transmit independent signal with complex weights, allowing adaptive
beamforming without limitations.

In addition, the modular antenna arrays (MAA) are considered as practical solution
[24]. The MAA consist of multiple independent antenna subarrays, each with its own
RF part and phase shifting circuitry (see Figure 3.9). The modules have common
baseband and can be adjusted to act as a single antenna array, with some limitations
caused by elements grouping (partially adaptive antenna array). Such design gives
the possibility to create large aperture antenna array in a cost-effective manner, from
the low-cost modules and also solves the problems of feeding lines and heat
dissipation.
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Figure 3.9 Modular antenna array architecture

Parameters of the antennas and antenna arrays used for simulation are summarized in
Table 3.12

Table 3.12. Antenna system parameters

Array type FAA, MAA
Height 4,6m
Configuration 8x16 elements
BS antenna array
TX power 19 dBm
Element gain 5 dBi
Array gain 26 dBi
UE antenna Height 1.5m
Gain Omni

The structure of MAA limits the beamsteering capability of the array, since single
module is able to control just phase shifting, and not full complex weights. However,
it is noted that the performance of MAA in single-user scenario is nearly the same
with that of FAA, since the MAA can create single beam almost as effective as that
of precise weighting (beamforming) in the FAA.

In the case of MU-MIMO scenario with group of users, the situation changes.
Partially adaptive structure of MAA due to the constraints in degrees of freedom will
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not be able to form beams with maximal gains towards arbitrary located group of
users. For example, for the MAA with vertical module placement, the array may
have limited ability for vertical beamforming to several users and almost full
adaptation ability in horizontal plane. Thus, in multi-user mode in the mmWave
small cell with such type of the MAA, the users for simultaneously scheduled group
should be selected from the same “ring” around the AP, with the same elevation
angle and distance (see Figure 3.10a), while FAA may effectively form equivalent
beams in every direction and provide better selection of scheduled users from the
whole cell (see Figure 3.10b).

\
a) FAA b) MAA

Figure 3.10 MU-MIMO for FAA case (a) and MAA case (b)

In more details, the FAA beamforming matrix (weights matrix) is a rectangular
matrix with same number of elements as corresponding array (see Figure 3.11a) with
the same number of RF circuits, while the MAA beamforming in the baseband
requires vector processing (Figure 3.11b), with second dimension of beamforming
made in the analog part, by the built-in modules of phase shifters.

BBoPE X
o LLLL L L T

Figure 3.11 Illustration of MU beamforming for FAA case (a) and MAA case (b)

The scalability of the MAA technology opens the way for creation of very large
aperture antenna arrays with high gain and high EIRP. This can potentially lead to a
violation of regulatory limits such as those specified by the FCC, or similar
regulations in other countries. For example, the FCC limits signal power density in
59.05-64.0 GHz band by 18 pW/cm” at 3 m distance [25]. This is equivalent to
limiting the peak EIRP (transmit power plus antenna gain) to 43 dBm, which can be
easily achieved by MAA with 16 modules of 8x2 elements each. In such case, extra
available power may be used to create several equivalent beams to different users in
MU-MIMO mode without violating the FCC limits, as it will be described further
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3.14.2

Simulation results

The obtained system level evaluation results is summarized in Table 3.13, Table 3.14
and Table 3.15 for 8x16, 8x32 and 8x64 arrays respectively. The total throughput
through smallcell BS operated in MU-MIMO mode is analysed for different
combinations of Isolated vs. Dense scenarios, and the fully adaptive arrays (FAA) vs.
partially adaptive arrays (MAA).

It can be seen that difference between isolated cell throughput and cell throughput in
hexagonal deployment is about 30-35%. Estimation of the performance of the MAA
shows that for base configurations (8x32 and 8x64 elements) the cell throughput
degradation in comparison with the FAA case is about only 4-5%. It should be noted,
that for free space environment the degradation was about 10-20% under the same
assumptions on antennas and cell size.

Table 3.13 Throughput metrics for 8x16 antenna array configuration

Avg number of | Max number of Avg user
Ant. . . AP throughput,
] nte UEs in MU- | UEs in MU-MIMO | throughput, t i put
P MIMO group group Mbps P
FAA 5.0 9 186.4 93
Isolated cell
MAA 4.3 8 167.6 8.4
FAA 4.6 8 148.6 7.4
Dense
deployment
MAA 39 8 135.2 6.8
Table 3.14 Throughput metrics for 8x32 antenna array configuration
Ant. | Avgnumber of | Max number of Avg user AP throughput,
type UEs in MU-_ | UEs in MU-MIMO throughput, Gbps
FAA 7.1 15 380.6 19.0
Isolated cell
MAA 6.7 14 346.9 17.3
FAA 7.0 15 294.5 14.7
Dense
deployment
MAA 6.7 14 273.3 13.7

Table 3.15 Throughput metrics for 8x64 antenna array configuration

Ant. | Avg. number of | Max number of Avg. user AP throughput,
type UEs in MU- | UEs in MU-MIMO throughput, Gbps
MIMO group group Mbps
FAA 13.8 26 753.1 37.7
Isolated cell
MAA 12.8 25 692.8 34.6
FAA 15.5 24 589.6 29.5
Dense
deployment
MAA 14.1 24 555.4 27.8
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Figure 3.12, Figure 3.13 and Figure 3.14 show the main characteristic of the MU-
MIMO algorithm — the distribution of the resulting MU-MIMO rank, i.e. the number
of simultaneously served and spatially multiplexed users.
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Figure 3.12 MU rank for 8x16 antenna array configuration
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Figure 3.14 MU rank for 8x64 antenna array configuration
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It can be seen that, in the realistic multipath environment, the partially adaptive
antenna array setup (MAA) demonstrates degradation about 5-15% in comparison
with ideal fully adaptive scheme (FAA).

Comparing the isolated cell and hexagonal dense scenarios, it is found that the
interference from adjacent small cells, in the worst case of dense small cell
deployment, leads to throughput degradation up to 35-38%. Despite that, the
application of MU-MIMO technique allows achieving up to 30 Gbps total throughput
per small cell for university campus scenario. The relatively large performance
degradation due to inter-cell interference opens possibilities for further mmWave
small cells throughput enhancement via interference cancellation and different small
cell coordination techniques.

3.15 LTE+mmWave HetNet system performance

In this section we will introduce the simulation results for LTE+mmWave HetNet
system in full buffer traffic case as the upper-bound of the performance of basic
MiWEBA mmWave overlaid heterogeneous network.

Deployment scenario parameters for the LTE+mmWave HetNet system evaluation
are discussed in Section 1.2.4. The basic simulation assumptions summarized in
Table 3.16.

Table 3.16 LTE+mmWave HetNet evaluation assumptions

Assumption
Parameters
LTE (Macro) mmWave
Deployment Heterogeneous hexagonal deployment 21 cells (Cell
size = 500m)
Number of small cells per macro cell area 1,3
Number of UE per macro cell area 50, 150. Clustered UE dropping
Number of subcarriers 1024 (for user data transmission: 600)
mmWave blockage probability 0.03
BW 10 MHz 2 GHz, reuse-3
Channel model IMT Uma Q-D open area (D5.1)
Element gain 17dB 5 dBi
BS antenna Horizontal beamwidth 70° 80°
element Vertical beamwidth 10° 80°
Front2Back 25dB 25dB
BS antenna Configuration 2 elements 8x16 full adaptive arrays
array TX power 46 dBm 19 dBm
UE antenna element 0 dBi, omni-directional
Transmission scheme DL MU-MIMO
Feedback Type SVD-based
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(beamforming Periodicity 10 ms
and SINR)
Resource block 5 PRB 25 x 80MHz subbands
granularity
Link
0
adaptation Outer loop target FER 10 %
Type Proportional-fair MU greedy scheduling
Scheduling
Traffic load Full buffer
mmWave association criterion SNR threshold (9dB)

3.1.5.1 User Association procedure

Static user association were implemented for HetNet mmWave evaluation. The UEs
are assigned to LTE BS or one of mmWave APs once per trial, for all simulation
duration. Such approach allows only RSSI (SNR) based association, since the
interference level and corresponding SINR value varies per frame.

Taking into account margin for the interference level, the threshold value for the UE
to mmWave AP association was selected equal to 9 dB. UEs with less SNR are
assigned to the LTE BS.

Additionally, the chance of full mmWave blockage is introduced in simulations, with
blockage probability equal to 3%. UEs in blockage automatically assigned to the
LTE BS.

3.1.5.2 Simulation results

Two cases of the hotspots (small cells) deployments considered in this section: single mmWave small

cell (3 APs) per LTE sector (see Figure 3.15) and three mmWave small cells (3 APs at each) per LTE

sector (see Figure 3.16). In these figures, red circle is the macro BS, green circle denotes smallcell BS
and pink dots are UEs. Corresponding system level performance metrics are summarized in

Table 3.17 and 3.18 respectively.
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Figure 3.15 Deployment with single mmWave Small cell per LTE sector
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Figure 3.16 Deployment with 3 small cells per LTE sector

Table 3.17 Single mmWave Small cell per LTE sector results

% of assigned Avg UE Avg BS Avg number of
’ usersg throughput, throughput, UEs in MU
Mbps Mbps group
LTE 10.3 3.9 20.28 1.07
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mmWave AP 89.7 714.1 10567 4.34
LTE+mmWave 100 641.0 31721 ;

macrocell area

Table 3.18 Three mmWave Small cell per LTE sector results

% of assigned Avg UE Avg BS Avg number of
’ usersg throughput, throughput, UEs in MU
MbpS Mbps group
LTE 7.2 1.85 20.01 1.11
mmWave AP 92.8 606.8 9433 4.29
LTE+mmWave 100 563 24917 _

macrocell area

Simulation results shown in

Table 3.17 illustrate the drastic macrocell area throughput increase (more than 1000
times). This impressive increase caused by the fact that due to clustered UE
deployment, about 90% of UEs deployed in a hotspot zones close to the mmWave
APs and served by them in the mmWave band.

Figure 3.17 shows the macrocell throughput CDF for the case of one mmWave small
cell per LTE sector. Two regions on the UE throughput CDF curve clearly illustrate
the percentage of LTE-associated users (lower part of the curve, 10.3%) and
mmWave AP-associated users (89.7%).
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Figure 3.17 Throughput CDF for HetNet with 1| mmWave AP per LTE sector

In the second investigated HetNet scenario (Table 3.18 Three mmWave Small cell
per LTE sector results), three hotspot zones were deployed per LTE sector (Figure
3.16 Deployment with 3 small cells per LTE sector). It can be seen that with the
increasing of the mmWave coverage, the percentage of users associated with LTE is
decreased and mmWave throughput per AP degraded only a little, due to mutual
interference between mmWave APs. In this case, with three hotspots, the total
LTE+mmWave macro cell throughput increase is even more spectacular: about 4000
times.

Such impressive performance increase caused by three main factors of mmWave
systems: the channel bandwidth increase (x200, from 10MHz to 2GHz), efficient
MU-MIMO implementation in the mmWave band based on large-aperture antenna
arrays (4-5 times spatial multiplexing gain) and network densification: placement of
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the hotspots in the macro cell area (9 times performance gain for 3 small cells with 9
APs in total).

It should be noted, that considered macro deployment (ISD=500m) allows placement
of 8-9 mmWave small cells (cell radius = 50m), covering the whole macro cell area
with dense deployment, considered in Section 2.2.1. In this case, employing effective
CoMP techniques (see Section 3.1.3) network densification gain may reach 20-25
times.

3.2  Non-full buffer scenario

3.2.1 Context based user association optimization problem

In order to utilize the mm-wave resources efficiently, user association method should
be optimized for the mm-wave overlaid heterogeneous network. In this section we
will introduce a novel user association method which considers achievable
throughput and traffic demand of each user simultaneously. To evaluate the system
performance, system rate is introduced which expresses the total throughput of the
system. The system rate is defined as follows

_(w,C N (WG,
R=" min W,Lu +>° > min \S\ L, (3-1)
ueM s=1 ueS; S

where W,, and WS are the available bandwidth for macro and smallcell respectively.
CU]M and CU’S are link capacity from macro and s-th smallcell. ||\/|| and |Ss| represent
the number of users belong to macro BS and s-th smallcell BS respectively. NS is the

total number of smallcell BSs deployed within one macrocell area. L, is traffic
demand of user u. This system rate definition expresses the balance between
achievable rate and traffic demand. If the achievable rate is much higher than the
traffic demand, the user rate equals to the traffic demand and vice versa.

3.2.2 User association algorithm

Optimal BS of each user can be found by solving this optimization problem.

(M*’SI,,,,,ST\IS)ZB.I’Q Mg]aXSN R (3-2)
) MNS, =¢
subject to (3-3)

SiNS;=¢gforviz |

The constraint explains that each user can connect only one BS from either macro or
smallcell BSs. This optimization problem can be solved by the following 3 steps.

1. BS index allocation
2. Problem partitioning
3. Solving combinatorial optimization problem
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3.2.2.1 BS index allocation

First of all, all user are allocated smallcell BS index of connection candidate. BS
index allocation is done based on the link capacity.

s, =argmax C, (3-4)

By this index allocation, macrocell area is divided like a Voronoi diagram as shown
in Figure 3.18.
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Figure 3.18 Divided macrocell area

3.2.2.2  Problem partitioning

In this section, Optimization problem is partitioned based on the previous macrocell
partitioning.

R=> min Wi TM L, +ZZmln ﬁ,Lu

ueM s=1ueS,
M,|C o (WC
= min Wh| ML |+ min| ——* L
-2, 3 | L 2 ] 5 o
Ns
:Z Z min M’Lu + me M’Lu
s=1| ueMjq ‘Ms‘ ueS ‘SS‘
=R

S
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M|
M
is the spectrum splitting ratio for each smallcells. According to this problem
partitioning, the optimization problem is rewritten as follows,

where ||\/|S| is the number of users within s-th partitioned macrocell area. &s =

(M:,S ) arg max R (3-6)

S S

subject toM NS, = ¢ (3-7)

3.2.2.3  Solving combinatorial optimization problem

Finally, optimal cell association can be achieved by solving a combinatorial
optimization problem. The optimization problem can be transformed to a
combinatorial optimization problem by introducing an association binary index

X, = {0,1}. If user u connects to macro BS, X, =1, and if user u connects smallcell

BS, X, =0. In order to solve this problem, firstly the number of macro users is fixed

as,

9)
M [=k=>"x, (3-8)
u=1

where U is a total number of users within partitioned macrocell area.

According to this condition, the optimization problem can be transformed as follows,
w,,C w,C
R_Zmln AWNuCom Ly [+ D min| === L
ueMq |Ms| ueSg |SS|
J W, C w,C
=Zmln[a“"T”M L jx +Zmln( US “; : uj(l—xu)

u=1

e s et

(3-9)

where fk and X, are U dimensional function value vector and user index vector. Ck

is not related to the association index value. Since the number of macro users is fixed
as k, there is an implicit constraint.

1, X, =k (3-10)

where 1, is a vector that all elements are 1. According to this transformation, the
optimization problem becomes as follows,
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maximize fkTXk (3-11)
Xk
subject to1; x, =k (3-12)

This problem can be solved by sorting algorithm. fk is sorted with descending order
and X is also sorted with the same order. Then optimal user combination can be
obtained by extracting the top of k users from sorted vector X, . This solution is for

the case of |MS| =K therefore k should be optimized as follows.
k* =argmaxf,x, +C,
k (3-13)
ke{0d,...,U}

3.2.3 Simulation results

Fundamental simulation parameters are revised in Table 3.19.

Table 3.19 Simulation parameters

Parameter Value
Cell Layout Random drop
Number of smallcell BSs 15 (each BS has 3 sectors)
BS Tx Power [dBm] 19
Average traffic value 62Mbps/user

The simulation results are summarized in Figure 3.19 and Table 3.20.
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Figure 3.19 Association status

Figure 3.19 shows the association status of all users. Obviously, high traffic users are
preferentially accommodated into smallcell BSs thanks to the proposed user

association method.
Table 3.20 Simulation Results

HomoNet HetNet
System rate 123.53 Mbps 195.40 Gbps
Average user rate 22.26 kbps 35.21 Mbps
Macro cell throughput 122.13 Mbps 108.88 Mbps
Smallcell throughput 627.39 Mbps

In this realistic non-full-buffer simulation, we can obtain over 1000 times gain by
installing mm-wave small cell BSs. Since macro BS accommodates the low traffic
users, macro cell throughput becomes lower than that of HomoNet case.

4 Long term resource management

4.1 Dynamic cell search & beam training protocol

This section describes and evaluates the dynamic cell/beam search protocol. In this
recursive protocol, the estimated location of the UE is used to assign cell/beams to
search for the UE and the search result is used to dynamically update the location
estimation. This enables the C-RAN to obtain an accurate traffic map that can be
used to apply further network optimization algorithms.

41.1 Location-based cell/beam discovery/selection protocol
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Figure 4.1 Functional structure of the protocol in the case when the UE is discovered by at least one of
the selected cell/beams

The function of the protocol is shown in Figure 4.1. Initially, the UE is connected to
the macro BS in the C-plane and its location is estimated by the macro BS. The
macro BS/C-RAN selects and sends commands to several smallcell BSs to activate
particular beams and transmit synchronization signals. The set of smallcell BSs and
their corresponding beams are selected based on the probability of
reaching/discovering the UE, Pr. The cell/beam selection is divided into two
successive processes. At first, a few smallcell BSs are selected for each UE according
to the probability of discovering that UE. Then, among beams of the selected
smallcell BSs, a set of beams are selected that will cover the UE with high
probability. Figure 4.2 summarizes this process. For multi-user scenario, the
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selection and search is performed iteratively and the result of beam search for a UE is
also used in subsequent iteration(s) for other UE(s).

As Figure 4.1 shows, when the UE detects a reference signal of at least one smallcell
BS, it sends a C-plane feedback to the macro BS. C-RAN updates its estimation of
the UE’s location and decides on assigning one of the smallcell BS/beams that
reached the UE. On the other hand, if the UE does not send any detection feedback to
the macro BS, the C-RAN assumes that none of the selected beams covered the UE.
According to this information, the estimation of the UE’s location is updated and the
C-RAN selects other smallcell BSs/beams to search for the UE.

Calculate Pr for all SC-BSs

no Is there any SC-BS
with Pr=>0 that has not

searched for the UE?

Select at most N SC-BSs with high
joint probability of covering the UE

(joint Pr)
v

Among the possible beams of the selected

SC-BSs, select a set of beams with high

joint probability of covering the UE.

+ Send directional ref. signals (RS) using
the selected beams.

@ macro-BS/ C-RAN:

+ Remove the coverage area of the
searched beams from the probable
UE location

+ Update Prof all SC-BSs

During directional R
transmission: is UE
detected by any SC-
BS?

@ macro-BS/ C-RAN:
¢ Update location estimation
* Assign a SC-BS and a beam to the UE

[ @ macro-BS/C-RAN: ]
Proceed to consider next UE
Figure 4.2 The flowchart of location-based cell/beam discovery/selection according to the probability
of discovery (Pr)
4.1.2 Performance evaluation

The step-by-step function of the protocol is described in detail in D4.4 [16]. Here the
performance metrics of the protocol are evaluated. A HetNet is considered that
consists of a macro cell BS and arbitrary number of mm-wave smallcell BSs in
random places within the macro cell area as shown in Figure 4.3. The number of
smallcell BSs can vary from only one to at most 61 smallcell BSs with inter cell
distance of 100 meters. It is assumed that the UE is equipped only with
omnidirectional antenna, while smallcell BSs transmit with directional antennas.
Initially, the macro BS estimates the location of the UE. In the numerical evaluations,
it is assumed that the standard deviation of the initial estimation’s error is 200 meters
which is twice of the minimum inter-site distance between smallcell BSs.
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A multi-user scenario is considered in which three UEs are uniformly distributed in
the macro cell area. The protocol uses the results of the search for one UE, to update
the location estimation of the next UE. Whether the next UE is discovered or not
during the search for current UE, its location is estimated according to the coverage
of the beams that participated in current search. Therefore, the average number of
required beams for the second and the third UEs are reduced dramatically.
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ADABALA
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Figure 4.3 Network scenario from the lowest smallcell BS density, to the highest density: a number of
smallcell BSs with the minimum inter-site distance of d are randomly distributed within the macro cell
area.

Figure 4.4 shows the average number of smallcell BSs activated to search for the
UEs. In the average five smallcell BSs are to be activated and search for the UE
before it is found. However, for the second and third UEs, additional five or ten
smallcell BSs are not required and these UEs are discovered faster with fewer
smallcell BSs by using the information collected during the search for the first UE. It
should be noted that fewer available smallcell BSs in the network naturally leads to
fewer activated smallcell BSs for search, however obviously the probability of
discovering a smallcell BS/beam for a UE will be lower. Figure 4.4 is obtained for
200 meters standard deviation error in UEs’ initial location estimations. Also the
transmit power of smallcell BSs is set to 19dBm which is the value obtained from the
equipment developed in MiWEBA. Different transmission powers and/or location
estimation errors ends in different results.

Another performance metric is the total number of beams of all smallcell BSs
activated to discover the UE, which is shown in Figure 4.5. It can be seen that for
two/three UEs the total number of activated beams is less than twice/triple of the
number for discovering one UE. The same discussion as for the number of activated
smallcell BSs is valid for the total number of activated beams. Also considering both
Figure 4.4 and Figure 4.5 together gives an estimate of the number of activated

beams per activated smallcell BS.
Table 4.1 Parameters for the evaluation of the location-based cell/beam discovery protocol

Minimum  inter-site  distance  between | 100 meters
smallcell BSs (d)

Distribution of the UEs in the macro cell area | Uniform

Error of the macro BS’s estimate of the UES’ | &=(¢, g)
locations, & &, &~ N(O,o2 )
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Figure 4.4 Average number of smallcell BSs activated for cell/beam discovery (blue lines) beside the
probability of discovering at least one smallcell BS/beam for a UE in the macro cell area (red line)
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To summarize, in the location-based cell/beam discovery protocol, the C-RAN
involves estimated location of the UE in cell discovery process, and concurrently
updates the estimated location. Also, the recent history of the search is used to
accelerate the search and discovery. Finally, the protocol enables the C-RAN to
obtain an accurate traffic map that can be used to apply further network optimization
algorithms, such as dynamic smallcell ON/OFF and dynamic cell structuring for
CoMP joint transmission, to build novel self-organizing networks (SONS).

4.2  Dynamic smallcell BS ON/OFF for energy efficiency

421 Energy efficient mm-wave smallcell activation and beam control for
delay-constrained services

In this section we present and evaluate an optimal controller that 1) adapts the
activity (on/off) of an mm-wave BS to the variation of downlink traffic load and 2)
selects the best momentary beam to serve the scheduled UEs, according to the load,
latency constraints, and available capacity.

This algorithm assumes that the cell association problem has been previously solved
(for instance by using the methodology proposed in Section 4.1)

The main challenge is to efficiently characterize the time-spatial variations of the
system parameters at each beam, which needs to model the system through a large
number of states. To achieve this goal, we assume the presence in the network of a
local buffer that stores traffic and dynamically forwards it according to the controller
decision (see Figure 4.6). To take advantage of such architecture, it is necessary to
maximize the data transmitted each time an mm-wave BS is active, i.e. lowering its
queue status as much as possible.

At a given time slot, several beams may serve the same active UE; however, larger
the mismatch between the beam direction and the user location, lower the user
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experienced SINR. Depending the QoS constraints and reported channel
measurements, the controller can decide either to share the available capacity
amongst multiple neighbouring users, or serving fewer UEs, which will experience
higher throughput.

Lightly o Highly
Loaded E Loaded
Buffer RS Buffer

Controller

J mm-wave BS
(=2 L

/ I-f i 8 UE
Figure 4.6 The proposed system model.

4.2.1.1 System model and problem statement

At the timeslot t, we assume that the controller implements an action a; € A ={0,1,...,
N}, where a;=0 corresponds to keep the BS in sleep mode and a;=i, indicates that the
ith beam is activate for data transmission. Accordingly, the buffer status S; is
updated

S; = min{S;_; — B;, 0} + Dy, (4-1)

where B; [bits] is amount of data that can be transmitted by activating the ith beam
and D, represents the new incoming data. Therefore, the controller perceives a cost
C; associated to the selected action, which can be measured as follows

Ct =P+ B Dy, (4-2)
where P; is the mm-wave BS power consumption, D, the data lost due to unsatisfied

latency constraints, and S is a coefficient [TMZS] that trades off power consumption

and QoS.
By following the classic methodology proposed in the literature, we use a linear
power model with slope A to characterize the instantaneous power consumption at
the mm-wave BSs (see D4.4)
b ={P0+A-PTX, 0 < Pry < Pnax
t RS" PTX = O ! (4-3)

where P, is the static component of the power consumption when the BS is active,
Py is the RF emitted power, P, IS the RF power at full load, and P, is the power
consumption at sleep mode.

Finally, since we aim to minimize the energy consumption and avoid packet loss due
to the cell switch on/off mechanisms, the activation and beam control optimisation
problem of mm-wave smallcell BS can be stated as follows
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min 2 Py
A
t

s.t. Zt Dt = 0

(4-4)

4.2.1.2 Fuzzy Q-learning based optimization protocol

Design of the optimal controller that optimizes the objective function defined in
Section 4.2.1.1 is hard task due to the large size of the network state set and the
combinatorial nature of the problem. Accordingly, to solve the problem with a
limited complexity, we separate the mm-wave BS activation problem and the
selection of the transmission beam.

First, we define a latency threshold that indicates whether an urgent transmission has
to occur soon. We set the latency threshold equals to the time required by the
maximum number of HARQ retransmissions (Nggrx)

Trerx = Nrerx " Trabk (4-5)

Where Trgpr 1s the delay for receiving the ACK/NACK feedback after the UE
attempts the packet decoding.

Let denote B as the set of beam that can be activated at a given BS; in the proposed
protocol, when the latency or threshold is passed, the controller identifies the subset
of beam B € B that can serve the urgent traffic; then it select the beam (b*) that
maximizes the cell data rate according to

b* = argmax(min(R,, L,)) (4-6)
B

Where R, is the capacity (in bits) associated with the beam b and L, is the associated
load (in bits).

In the case where the latency threshold is not passed, the selected beam b* simply
corresponds to

b* = argmax(min(Rb, Ly)) (4-7)
B

After, the beam selection, the controller uses fuzzy logic to represent the beam state
and then fuzzy q-learning (FQL) to decide whether the selected beam has to be
activated or not. Let S be a finite set referred to as the beam state set and defined as
S=LXRXT,where L, R, and T respectively describe the size (in bits) of the queue
that can be served by the selected beam, the beam capacity, and the how urgent is the
associated traffic (i.e., the time to live of the oldest packet present in the queue).

The goal is to find an optimal policy, i.e. a state-action mapping that minimizes the
expected cumulative cost of the agent when visiting the state space S. However, in
general, it is difficult to define appropriate state and action spaces for Reinforcement
Learning problems. The discretization of the state space has to be rather fine to cover
all possibly relevant situations and there can also be a wide variety of actions to
choose from. As a consequence, there exists a combinatorial explosion problem when
trying to explore all possible actions from all possible states.

MIiWEBA DA4.5: Overall system performance evaluation results Page 58



[\/] @\)\/ E B A Deliverable FP7-ICT 608637/D4.5 gsze :Dec. 2015
(SRR A A A Al

To solve dimensionality problems, the fuzzy inference system (FIS) is a suitable
candidate. In fact, it aims to perform as a control system considering that, many
times, real problems cannot be efficiently expressed through mathematical models. In
fuzzy logic, unlike standard conditional logic, the truth of any statement is a matter
of degree. In other words, differently from classic binary logic, the statement "X is a
member of X" is not necessary true of false and the degree to which any fuzzy
statement is true is denoted by a value between 0 and 1.

In our model, the beam state vector S is represented by fuzzy state set S = {5,,..., 5,,}
composed by L = 3 linguistic variables; accordingly, we can the fuzzy inference
rules as follows:

IF input state vector s is §;
Then action ay with q(5;, ag)
or action a, with q(5;,a4),

where a; belongs to the set of actions defined in Section 4.2.1.1 and q(S;, ;) is the
fuzzy Q-value for the state-action pair (S;a;). The FQL has two outputs: one
corresponds to the inferred action and the other represents the Q-value for the state-
action pair (s, a):

- Z—;Vn"iv;.“i (4-8)
0(s,a) = riw; 'nQ(§i' ai)' (4-9)
Zi w;

Where w; represents the truth value (i.e., the output of fuzzy-AND operator) of the
rule representation of FQL for §;, and a; is the action selected for state 5;. Q-values
have to be updated after the action selection process according to q(5;, a;) =
q(5;,a;) +a-Aq(5;,a;), where a is the learning rate, Aq(5;,a;) = (C(s,a) +
i -, C(s,a) represents the cost obtained applying action a in

50(y,) - Q(5,2)) i
state vector s, and Q(y,a’) is the next-state optimal Q-value defined as:
_ Xiwi-q(Vi,ap)

Xiw; '

q(¥i,a;) is the optimal action for the next state ¥;, after the

Q(y.a") (4-10)

argmin
a;eA

execution of action a; in the fuzzy state S;.

and a; =

The proposed FQL algorithm consists of a four layer Fuzzy Inference System (FIS),
where the first layer has as input the three linguistic variables defined by the term
sets:

T(t) =
{Very Much Urgent,Very Urgent, Urgent, Almost urgent, Not Urgent},
() =

{Very Much Loaded, Higly Loaded, Loaded, MidLoaded, LightlyLoaded, UnLoaded}
,and
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T(r) =
{Very Low Capacity, MidCapacity, HighCapacity,Very High capacity}.

In this layer, there are z = |T(l)| + |T(t)| + |T(r)|=16 output nodes, each one
describing (via a trapezoidal membership function p(x), to which degree the small
cell state variables belong to the appropriate fuzzy sets (fuzzification process). Let
denote as 0y with 1 < k < z the output of this layer.

The second Layer is named as the rule nodes layer and is composed by n = |T ()] -
|T(t)| - IT(r)|=150 nodes. Each node gives as output the truth value of the i-th fuzzy
rule 0,; with 1 <i <n which is the product of four membership values
corresponding to the term set inputs.

The third layer is also composed of n = 150 nodes named as action-selection nodes.
The selection of the per node action a is based on the e-greedy action selection
policy. Each node 1 < i < n generates two output values as follows:

041 =i @11)
2 ,L
05 q(S;,a;)
OQ. =2 - 7 4-12
31 Z? Oz,i ( )

The fourth layer is has two output nodes, action node O;! and Q-value node OE,
which represent the results of the defuzzification process.

n
04 = Z 04, (4-13)
i

n
of = Z 05 (4-14)
i
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4.2.1.3 Control protocol

UE mmW BS Controller Buffer

Channel Measurements| R
(per beam) " Buffer Status (load, latency)

Controller Functions

) Status Update
“(active beam/sleep mode) Scheduled data

Data

Local Scheduler

Transmission

Figure 4.7 The signalling flow of the proposed energy efficient framework.

The signalling flow required by proposed energy efficient controller is depicted in
Figure 4.7. It is important to stress that the controller and the data buffer can be
deployed at the mm-wave BS level for a fast activation/deactivation management.
On the contrary, a centralised architecture is feasible (for instance by locating the
controller at the macro BS level or at BBU) to reduce costs and enable joint
access/backhaul controller of a cluster of neighbouring mm-wave BSs.

The controller receives instantaneous channel measurements per beam and UE,
which are used to estimate the average beam capacity. On the contrary, information
on the buffer status, enables the controller to evaluate the beam load as well as which
are the latency constraints per beam, i.e. which beam can be used to serve urgent
traffic.

4.2.1.4 Performance evaluation

In this section we assess the proposed energy efficient solution to manage the mm-
wave smallcell BSs Activation and Beam Control presented in 4.2.1.2 and 4.2.1.3.
We compare the proposed solution with a simpler beam scheduling algorithm that,
when a transmission is required, identifies the couple (beam, user) that maximizes
the link spectral efficiency (i.e., SINR). This reference algorithm is evaluated both in
case where energy saving functions are not implemented and in the case where the
mm-wave smallcell BS is deactivated only when its queue is empty. As simulation
environment, we consider a hotspot characterized by a dense user deployment, where
deployment and traffic parameters are described in Section 1.1.1 and Section 2.3
respectively. Additionally, we consider the open area channel model described in
D5.1 and the power model defined in D4.4. Results are averaged over 50 runs each
one simulating 10 seconds of network activity.

The consumed energy per successful transmitted bit of the three compared
mechanisms is shown in Figure 4.8. First we can note that average consumed energy
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per received bit decreases with the user rate requirements. Additionally, results show
that introducing an activation/deactivation scheme can lead up to 40% of energy
saving. Furthermore, the proposed solution can result in an additional 18% of energy
saving by exploiting the delay energy saving tradeoft.
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Figure 4.8 mm-wave smallcell BS Energy Efficiency vs Traffic rate requirements.

The effect of the energy-latency tradeoff is underlined in Figure 4.9. Although the
baselined DTX scheme (as well as the baseline scheme without energy saving
solution) does not affect the user perceived latency, the proposed solution introduces
notable latency, always respecting the QoS constraints.
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Figure 4.9 User Latency vs Traffic rate requirements.
4.2.2 On-demand smallcell BS ON/OFF to maximize system rate over

consumed power

4.2.21 Dynamic traffic modeling

Modelling and simulation of a cellular network typically assumes that UEs are
uniformly scattered in each cell. This implies a statistically uniform distribution of
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traffic load over space, but in reality the spatial traffic distribution is highly non-
uniform across different cells. In reality, traffic distribution over space shows
considerable geographical disparity and varies hour by hour which is dependent upon
users’ daily activity. It is crucial to develop a dynamic traffic model based on that the
network can dynamically adapt to the variation in a cost-effective way.

Service providers perform various measurements on the traffic requirements of UEs
and the total traffic of different areas. In this paper, the measurement results provided
by one of the biggest operators in Japan are employed to demonstrate such dynamic
traffic distribution modelling. Two different sets of measurements were provided:
traffic generated by a UE, and the total hourly traffic of an area measured at a

metropolitan area of Tokyo in 2014.
Table 4.2 parameters of the packet length distribution

Shape parameter, k 0.2892
Scale parameter, € 2.012x10°
Traffic bias 4 kbps

User traffic measurements are used to model the statistics of the traffic demand of a
UE in the actual environment. In that model, the packet generation of each UE is a
Poisson process with 8 sec. average time interval between packets and the length of
each packet follows the Gamma distribution plus a constant bias. The probability
density function (PDF) of the Gamma distribution is defined as follows:

-alé

(4-15)

f(a)=a**

r'(k)6"
here the parameters of the PDF of the packets’ lengths are listed in Table 4.2.

The total hourly traffic L is measured in 100 meters x 100 meters areas. An
example of the measured total traffic in one hour from 10:00 to 10:59 (7=10) is
shown in Figure 4.10. A few high load areas are recognizable in the whole area. By
interpolation on the hourly total traffic measurements, the total traffic distribution in
at each time is estimated:

L((x, y)t) in kbpsfor : t €[0,23:59) (4-16)

The number of UEs in each area (x,)) at the considered time instant, Nyg((x,y),?),
is estimated based on the instantaneous total traffic load, L((x,y),t), and the statistics
of the traffic load of each UE. The traffic load of each UE, can be considered to be
static (equal to the average traffic load) or stochastic. Accordingly, the instantaneous
number of UEs can be modelled either statically or dynamically.

Static modeling

In static modelling, the instantaneous number of UEs in an area is obtained by
dividing the instantaneous total traffic load to the average traffic load of a UE, Lue:

Nee (% Y):1) :L((:Uy)t) (4-17)

The average traffic of a UE, Lue, can be obtained either directly form
measurements or according to the user traffic model.
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Dynamic modeling

In dynamic modelling, a number of UEs are considered where each UE has a
stochastic instantaneous traffic load and sum of the instantaneous traffic of all the
UEs is almost equal to the instantaneous total traffic of the area. Therefore, in
different simulation iterations, for different numbers of UEs are obtained. The
flowchart that describes the implementation of the dynamic modelling is shown in
Figure 4.11. Figure 4.12 shows the number of UEs in the 100 meters x 100 meters
square area located at point (1100,600) for both dynamic and static models.

Static modelling results in a deterministic number of UEs at each area at each time of
day. Quite the contrary, dynamic modelling provides a stochastic number of UEs at

each area at each time.

Total traffic @t= 10:00 to 10:59

500

1000

1500 2000 2500 3000
Figure 4.10 An example of the measured total traffic in one hour.

Initialization:

Area’s traffic=0
Nuz((x.),8=0

Area’s no
traffic<
L(xy),0

yes

Total traffic [Kbytes]

Add a user to the area:
* Nue((6y),0= Nue((xy),0) +1

(Generate number of packets and
packets’ lengths according to the
corresponding PDFs

UE traffic = Summation of
lengths of generated packets for

|_this UE
)

Update area'’s traffic:
Area’s traffic =
Area’s traffic + UE traffic

Total traffic @t= 10:00 to 10:59

1000
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00

1000
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2000

3000

Figure 4.11 Flowchart of dynamic modelling of Nyg((x,),t) for a specific location and time.
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Figure 4.12 The number of UEs in the 100 meters x 100 meters square area at point (1100,600).

Traffic generated for numerical simulation

The practical dynamic traffic model based on measurement data at a busy crossroad
of the Tokyo metropolitan city is employed to evaluate the effectiveness of the
proposed algorithm in the next section. The generated traffic pattern throughout a
whole day is depicted in Figure 4.13 where we can observe the traffic (represented
by the number of UEs existing the evaluated environment) varies dynamically.
Especially, during midnight and early morning, the traffic is low as expected. On the
other hand, the traffic peak is at noon where many hotspots appear as seen in Fig. 4-
9. In other words, the generated traffic can correctly predict the traffic trend of the
considering metropolitan area.

Figure 4.13 Traffic variation through a day.

4.2.2.2 Optimization problem

This section presents our on-demand cell activation algorithm, which is a joint
optimization problem of cell association and smallcell BS ON/OFF status. The
objective function is to improve the system rate over consumed energy of the system.
As for BS deployment, general hexagonal structure with three sector macro cells is
assumed as shown in Figure 4.14 where the macro BS is located at the center of
hexagonal structure and smallcell BSs are overlaid on the macro cells randomly and
operated in a different frequency band from macro BSs. In this work, two scenarios
of respectively current 3.5GHz and mm-wave 60GHz bands are considered. It is
noted that the cell association in this work is applied only for U-plane, while the C-
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plane of all UEs are connected to the macro BS in advance. In order to maximize the
system performance, the system rate over consumed energy / in bits/J which is
defined as the ratio between the total system rate and the total system consumption
power of all BSs is introduced as follows 7/ :

zm'”[ 5 ]{Zm"{ ] @1)

_ ueM =1 ues,

Ps +ngPs;

where definition of variables can be referred to Sect. 3.2.2. n, £ N is the total
number of activated smallcell BSs and N is the total number of smallcell BSs
deployed within one macro cell area. L, in bps is a traffic demand of user U.
P, =R, +P, + NP, is the network's baseline consumption power which is
contributed from B,,, (macro BS's surplus consumption power when activated), B,
(macro BS's power consumption when idle) and P, (smallcell BS's consumption
power when idle). P, =R, + P, is the consumption power of a small cell where P, is
the surplus consumption power when the smallcell base station is activated [16].

On the offloading point of view, BS should accommodate appropriate UEs to
improve system rate efficiently e.g. smallcell BS accommodates UE of high traffic
demand. On the energy saving point of view, smallcell BSs should be switched off as
many as possible at the expense of degrading the system rate. For a fixed number of
activated BSs, the denominator of /° becomes a constant. Therefore, the joint
optimization problem can be decomposed into finding the optimal user association to
maximize the total system rate for a fixed set of activated BSs and finding the
optimal set of activated BSs to maximize the system rate over consumed energy.
Detailed optimization process can be found in [16].

4.2.2.3 Performance evaluation

According to the previous sections, we evaluate the performance of the on-demand
dynamic ON/OFF algorithm with respect to our measurement-based traffic model,
using a practical power consumption model of base stations, both presented in [16].
Our evaluation metrics includes the power consumption ratio and the system rate
over consumed energy.

Simulation scenarios and parameters

Macro BSs are deployed in the hexagonal grid and uses 2GHz band. On the other
hand, smallcell BSs are deployed non-uniform randomly in the macro cell area which
are apt to be near the hotspot areas of the day. Each smallcell BS has three sectors
and employs the frequency reuse with reuse factor 3. Smallcell BS uses 3.5GHz band
or 60GHz band. In 60GHz smallcell BS, the transmit antenna is assumed as the large
antenna array constructed with multiple antenna array modules (WP5). Users are
dropped into the evaluated network coverage randomly. User density and its time
variation are according to D4.4. The average value of traffic demand of each user is
assumed to be a 1000 times higher than that of the current traffic, which means 62
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Mbps. The remaining simulation parameters can be found in Sect. 2.1 or summarized
in Table 4.3.

Table 4.3 Simulation parameters.

Parameter Value
Bandwidth
(Macro / 3.5 GHz / 60 GHz) 10 MHz /100 MHz / 2 GHz
Number of macro cells 7 (1 evaluate, 6 interference)
Number of macro sectors 3

Number of SC-BSs
(per 1 macro cell)
Number of UEs
(per 1 macro cell)

Number of BS antennas
(Macro /3.5 GHz / 60 GHz)
Number of UE antennas 2/2/1
(Macro / 3.5 GHz / 60 GHz)
Macro ISD 500 m
BS antenna height
(Macro / 3.5 GHz /60 GHz) 25m/10m/4m
UE antenna height 1.5m

15 (5 per macro sector)

time varying

4/4/8

Tx power
(Macro / 3.5 Gtz / 60 GHz) 43dBm / 30dBm/ 19dBm
Additional consumption power of BS ON: 835W / 14W / 60W
(Macro / 3.5 GHz / 60 GHz) OFF: 19W /2W / 2W
128.1+37.6log,,(d[km][dB] ,140.7-+36.7log,, (d[km] [4B]
Pathloss model 82.02+23.6l0g,, [d], d>dg
(Macro / 3.5 GHz / 60 GHz) PL(d)= Ores

ref

8202+ 20Iogm(dd], d<d,

3GPP SCME urban macro scenario/
3GPP SCME urban micro scenario/
Measurement-based Rician fading model
Noise power density -174 dBm/Hz
Average traffic demand 62 Mbps

Channel model
(Macro / 3.5 GHz / 60 GHz)

Power consumption models of 3.5GHz and 60GHz

In order to appropriately investigate the effectiveness of the proposed algorithm in
5G HetNet, this study introduces a practical base station power consumption model
of each band based on GreenTouch and Earth project model, which is summarized in
Table 4.3. The transition duration between ON and idle is assumed to be negligibly
small and the power consumption is assumed to be a constant value regardless of the
impinged traffic load.

Table 4.4 provides the power consumption ratio of HetNet over HomoNet for our
simulation scenario of 15 smallcell BSs within a macro coverage, assuming that all
BSs are ON. Seen from the result, the requirement for surplus power consumption of
HetNet against conventional HomoNet is almost ignorable in contrary to the system
rate gain 1000x of HetNet. In other words, HetNet is more energy-efficient in their
nature. It should be emphasized that mm-wave HetNet seems to require more power
than micro-wave HetNet. However, it is merely due to the value of additional
consumption power of 60GHz BS when ON (60W) is based on our developed
prototype and it must be reduced dramatically in commercial products.
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Table 4.4 Power consumption ratio of HetNet over HomoNet (all ON case)

Frequency

Ratio

3.5GHz

1.25

60GHz

2.05

Simulation results
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Figure 4.14 ON/OFF status (left: 3AM, right: 3PM, top: 3.5GHz, bottom: 60GHz).

The effectiveness of the on-demand ON/OFF algorithm can been observed in Fig. 4-
9 which depicts the optimization results (BS ON/OFF status) of both 3.5GHz and
60GHz smallcells for two representative scenarios of low traffic load at 3AM and
peak hour at 3PM. As seen in the evaluated macro cell area of the figure, more BSs
are deactivated at 3AM rather than that at 3PM, obviously for the case of 60GHz
smallcells. The deactivation effect is not remarkable for 3.5GHz HetNet due to this
system’s limited capacity against future 1000x traffic demand.

MIiWEBA

DA4.5: Overall system performance evaluation results

Page 68




[\/] @\)\/ E B A Deliverable FP7-ICT 608637/D4.5 gzz]te :Dec. 2015
(SRR A A A Al

) ](_J“

= = -60GHz, System rate maximization
1.8 F | —e—3.5GHz, Energy efficiency maximization
—e—60GHz, Energy efficiency maximization

Energy efficiency [bits/J

L P R - P S - i
01 23 4567 8 9 10111213 14151617 18192021 2223
T'ime [h]

Figure 4.15 System rate over consumed energy performance.

For the traffic throughout a day, the evaluation results are depicted in Figure 4.15. In
this figure, the horizontal axis shows the hours of a day and the vertical axis shows
the system rate over consumed energy / . The blue lines show the results of 3.5GHz

smallcells while the red lines show these of mm-wave smallcells. The figure reveals
that the energy efficiency also varies in a similar way as the traffic pattern.
Interestingly, the system becomes more energy-efficient at higher traffic load since at
low traffic load, some of smallcell BSs are still needed to be activated to support a
portion of high traffic demand users, which makes the system inefficient in terms of
consumed energy. The result also indicates that mm-wave HetNet is more efficient
than microwave HetNet at especially peak hours, owing to the mm-wave's wider
bandwidth and smaller consumption power. It means that mm-wave HetNet is
recommended as a strong candidate for 5G in terms of energy efficiency. For
reference, the results of system rate optimization (Sect. 3.2.1) without taking into
account consumed energy i.e. maximizing only the numerator of /° are also shown

in dashed lines, which have worse performance than our approach. The reason is
clear due to the lack of a BS deactivation mechanism in D4.3 where all BSs should
be turned on. Overall, our simulation results show the importance of introducing
mm-wave HetNet in terms of energy efficiency to support the future higher traffic
demand in 5G.

4.3 Dynamic cell structuring for CoMP Joint Transmission

The study on the traffic measurements in current cellular networks shows that,
several hotspot zones are expected to appear and disappear based on the time in a
typical day [16]. In case of mm-wave smallcell BSs, dynamic cell assignment and
beamforming tackles the requirements of hotspot zones. The narrow beamwidth of
mm-wave smallcell BSs makes it possible to apply beam coordination schemes even
within a small area. In case of LTE or micro-wave smallcell BSs, by optimizing the
beam direction and antenna tilt the coverage of smallcell BSs can be shifted to the
hotspot zone. However, because of the wide beamwidth of LTE smallcell BSs, the
interference among the shifted coverages is inevitable. Therefore, a multi-user Joint
Transmission (JT) scheme is adapted to make benefit of all smallcell BSs that can
cover the hotspot zone.
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43.1 Algorithm for dynamic cell structuring for CoMP JT

A HetNet is considered in which there are several smallcell BSs in a macro-cell area.
It is assumed that smallcell BSs are connected to the C-RAN and can adjust their
antenna beam directions and transmission power and perform joint transmission
CoMP in a cluster. The wide beamwidth of an LTE smallcell BS can cover a group of
UEs within a hotspot zone. Also several smallcell BSs can shift their coverages to
cover the hotspot zone. In such a case, a cluster of these smallcell BSs can service
the group of users in the hotspot zone in an orchestrated fashion. Large optimal
cooperative clusters are formed around small high-user density zones. A cluster is a
group of smallcell BSs that cooperatively perform JT to several UEs. The set of
smallcell BSs for each cluster, {j}, and the antennas' beam angles of each smallcell
BS, (¢5,0)), and their transmission power are optimized so that the system rate of the
network is maximized:

(Pt(j)\’je{j}" (gbi 0, )VjE{i}’ {j}): 9 max)m); : 19

Pt(j) ’((pJ ’aj ,

In this equation, R; is the communication rate of UE; and therefore the optimization
criterion is the summation over communication rates of all UEs. Also, j indicates the
index of smallcell BSs and (¢, 6)) are the azimuth and tilt angle of the j-th SC-BS and
PY is the transmission power of this smallcell BS. This optimization problem is
solved in three consecutive steps:

1. The azimuth and tilt angle of a candidate smallcell BS are optimized to point the
coverage of the smallcell BS to the corresponding hotspot zone.

1.1. If there are multiple candidates of antenna direction that transfer the
coverage to the hotspot zones, the one direction that produce lowest
interference for other hotspots is selected.

2. The candidate smallcell BS is activated with the optimized beam direction. This
will increase the capacity/rate in the corresponding hotspot, yet degrades the rate
for other hotspots by interfering to their communication links.

2.1. Step by step, the transmission power of this smallcell BS is reduced from
maximum transmit power and the capacity of the corresponding cluster and
other clusters are monitored. The transmission power that not only increases
the capacity of this hotspot, but also increases the sum capacity in the
network is selected as the optimal transmit power.

2.2. If such a transmit power is not found, the candidate smallcell BS is
deactivated and is discarded from the cluster.

Different clusters for different hotspots, grown simultaneously. The above steps are
performed in different clusters synchronously to assure the balance between clusters
and the resources associated to different hotspots.

4.3.2 Performance evaluation

For system evaluation, a macro cell area tiled by LTE smallcell BSs at 3.5GHz is
considered. These parameters are selected similar to 3GPP specifications for pico
cells except that the omnidirectional antennas are replaced by sectorized antennas of
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macro cells [16]. As shown in Figure 4.16, two hotspot zones are considered within
the macro-cell area and one of them is considered to be moving by time in order to
demonstrate the dynamism of the cell structuring and cluster optimization. In the
center of each hexagonal cell of Figure 4.16, there is an access point that consists of
three base stations (smallcell BSs) and each smallcell BS covers a 120° sector of its
cell. Other parameters are listed in Table 4.5.

///25 }\\ ///25 ?\\ //25 ;\

N 2 % 3 10 2 - % 10 e, .
A 9 21 7 afser o 21 7 1—1% By 21
12 e% 3 8 12Tt 8 12 3 ke g
28 4 2 20 20 4 2 0 8 4 2 0
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29 5 7 37 2 5 7 T4 79 5 7 T
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e
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(a) (b) (©)

Figure 4.16 Dynamic change of hotspot zones within macro cell area

Table 4.5 Dynamic cell structuring and large scale CoMP for LTE smallcell BSs at 3.5GHz

Inter-site distance between smallcell BSs (¢) = 100 meters
Distribution of the UEs Uniform within each hotspot
Smallcell BS Transmit power (maximum) 24dBm
Smallcell BSs’ antenna height 5m
UE antenna height 1.5
Normalization factor of the antenna gain 14dBi
g | Antenna horizontal pattern 2
£ — min 12(Mj 2508
g ) P3de
2 Pyep = 10
n: Azimuth angle, ¢,: adjustable
& | Antenna vertical pattern _ ( -6, ]2
= —min{12 ,20dB
= 3dB
= 0
% 045 =10

Path loss [dB]
Bandwidth
Noise power density

Tilt angle, &,: adjustable

140.7 + 36.7 log;o(distance [km])
20 MHz

-174 dBm/Hz

For the three steps of the dynamic scenario, local clusters with optimized cell
structures can be formed as depicted in Figure 4.17 to Figure 4.19. In scenario (a),
the cell #11 and #15 are hotspot zones and all users are located in one of these two
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areas. The three smallcell BSs of these two cells form intra-site CoMP clusters to
service the users in their corresponding cells. In each cell, the antenna direction of
smallcell BSs is optimized so that the interference effect on the other hotspot zone
will be minimal. As can be seen in Figure 4.17, the cells are structured in a way to
avoid pointing to the other hotspot.

Then as shown in Figure 4.18, in scenario (b), one of the hotspots moves and locates
between three different cells. In this case an inter-site cluster is formed for this
hotspot. The structure of the other cluster in cell #15 is also updated to reduce
interference towards the shifted hotspot.

Finally in Figure 4.19, the moving hotspot is in cell #9. A new intra-site cluster is
formed for this hotspot and the structure of the other cluster in cell #15 is again
updated to reduce interference in the direction of the new hotspot.

i
2 e
P Py

- 26, 10 ~
77 . g 21
12@ 3 8
28 4 2 20
13 1 19
29 5 7 7
14 s B 15
a0 +@% 17 ®
. 31 Y 1B 35

. 32 T -~
13 -
V

Figure 4.17 Local (1-tier) clusters with optimized cell structures for hotspot zones of Figure 4.16 (a)
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Figure 4.18 Local (1-tier) clusters with optimized cell structures for hotspot zones of Figure 4.16(b)
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Figure 4.19 Local (1-tier) clusters with optimized cell structures for hotspot zones of Figure 4.16 (¢)

In general, the cluster for a hotspot zone can benefit from idle smallcell BSs of other
cells [16]. For the dynamic scenario of Figure 4.16, the smallcell BSs in the second
tier around each hotspot can join the cluster with proper cell structuring and transmit
power adjustment. Figure 4.20 to Figure 4.22 show the optimized two-tier clusters
for each of the three steps of the scenario.
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Figure 4.20 Two-tier clusters with optimized cell structures for hotspot zones of Figure 4.16 (a). The
optimized transmit power of each smallcell BS in dBm is written beside it.

Figure 4.21 Two-tier clusters with optimized cell structures for hotspot zones of Figure 4.16 (b). The
optimized transmit power of each smallcell BS in dBm is written beside it.
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7
18

Figure 4.22 Two-tier clusters with optimized cell structures for hotspot zones of Figure 4.16(c). The
optimized transmit power of each smallcell BS in dBm is written beside it.

The total capacity (spectrum efficiency) of the network as well as the share of each
hotspot are evaluated and listed in Table 4.6. The dynamic cell structuring along with
CoMP obtains more than three times of the single-cell communication rate. In the
single-cell scheme each UE is assigned to the strongest BS and the BSs service their
assigned UEs without any coordination with other BSs. JT CoMP increases the
capacity by eliminating the interference within each cluster. If the CoMP cluster can
be extended to a larger cluster the capacity improves even farther. When the second
tier with optimized cell structure and transmit power is added to the cluster, the
system rate increases by another factor of 2. However, it should be noted that
addition of second tier adds six more smallcell BSs to the CoMP cluster, while the
capacity is only doubled compared to the 1-tier cluster due to the different pathloss
between 1% and 2" tiers. In this analysis, we focused on the lower frequency of
3.5GHz band with wider beam (sector) width. However, if we see the whole mm-
wave frequency bands, there must be a trade off between the CoMP JT and the
coordinated beamforming since the achievable beam width given a space depends on
the frequency. Such a trend should be considered in the selection of spectrum for 5G
systems.

Table 4.6 Comparison between optimized dynamic cell structuring /CoMP and conventional

communication
Dynamic Scenario of Figure 4.16 Step (a) Step (b) Step (¢)
£ S 2 Z| Sum rate of hotspot 1 9.5/9.5 11/9 9.5/9.5
é' E o %.| (moving) / sum rate of
g hotspot 2 (fixed at cell #15)
= [bps/Hz]
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5 Indications for 5G system design

5.1 Frequency bands for 5G

Our research work so far has focused on the 60 GHz because off-the-shelf devices
are available. However the 5G investigation focuses not only on 60GHz but also
whole frequency bands in range of 6GHz to 100GHz. Basically, higher frequency has
wider bandwidth and sharper antenna gain, however, has severe pathloss. We’ll
evaluate the performance of system rate by considering this trade off.

Actually many research activities are developing other mm-wave bands. METIS [26]
had widely investigated about 5G. Especially they listed the availability of the
spectrum from 6GHz to 300GHz [27]. MiWaveS [28] focuses on the 60GHz
(57GHz-66GHz), 71GHz—76GHz and 81GHz—86GHz (E-band) to realize ultra high
speed wireless access networks and backhaul links. 5G PPP called for the 1% 5G
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projects in 2014 and totally 18 projects have been selected from the 83 proposals.
Especially among them, METIS 1II [29] and mmMAGIC [30] are related to above
6GHz. NTT docomo has done several experiments with 8 vendors to realize 5G [31].
The experiment with Ericsson achieved over 4Gbps of peak data rate and 2Gbps of
average data rate with 10km/h mobility. The system uses 15GHz frequency band
with 400MHz bandwidth and 4 stream MIMO. The experiment with Nokia Networks
achieved over 2Gbps peak data rate with walking speed by using 70GHz frequency
band with 1GHz bandwidth. They will also plan to do the experiment with Samsung
by using 28GHz frequency band with 500MHz-1GHz bandwidth and with
Mitsubishi Electric by using 44GHz frequency band with 100MHz bandwidth.

According to these R&D activities, [32] and [27] made a list of the candidate
spectrum for 5G. The former picked up five bands which are allocated to the fixed
service and have several GHz bandwidth. On the other hand, the latter listed many
candidates between 6GHz to 300GHz and also classified these candidates into three
groups, high, medium, and low priorities. Based on these lists and the spectrum
regulation in Japan, China, US, and EU, the possible candidates are carefully picked
up and listed in Table 5.2-1. In the MiWEBA project, the bands which have the
bandwidth over 1GHz and have potential to receive consensus in terms of regulation
are selected. Mm-wave has characteristic of large propagation loss and therefore
requires directional antenna to compensate this propagation loss. Because of these
two factors, interference toward other systems is estimated to be lower than that of
the conventional frequency band. For this reason, Licensed Shared Access (LSA)
[32] which shares licensed band among multiple systems under a certain rule to
guarantee the link quality is expected to be useful. From this aspect, this paper
assumes that the frequency band from 55.78GHz to 76GHz which includes
unlicensed band of 57GHz to 66GHz can be used as a continuous spectrum. Since
the aeronautical radio navigation system should be secured, finally five candidates
are selected from Table 5.1. Table 5.2 summarizes these candidate spectrum bands.

Table 5.1 Spectrum allocation status

Frequency | Bandwidth Allocation status
[GHZ] [GHz] P CHN Us EU
- Fixed/Mobile ; :
27.94 1.5 Fixed satellite Fixed satellite Aeronautical radio
29.45 Fixed satellite navigation
Radio navigation Radio navigation
Fixed . .
31.8-33.4 1.6 Unused Space research Earth exploration satellite
Radio navigation ) (active)
Inter satellite Space research (active)
. Fixed
Fixed
40.5-43.5 3 Fixed Fixed satellite Aeronautical radio
Fixed satellite navigation
45.5-47.0 1.5 Unused Mobile Mobile Fixed
47.2-50.2 3 Unused Fixed Fixed Fixed
55.78- 122 Fixed/Mobile Earth exploration Earth exploration satellite Maritime radio navication
57.0 : satellite (passive) (passive) 9
57.0-66.0 9 Fixed Fixed Fixed Fixed
MIiWEBA DA4.5: Overall system performance evaluation results Page 77




[\/] @\)\/ E B A Deliverable FP7-ICT 608637/D4.5

Date :Dec. 2015

(ES500 RS LAY LR LR L | PU
Earth exploration
satellite
66.0-71.0 5 Unused Mobile Mobile Fixed
71.0-76.0 5 Fixed/Mobile Fixed Fixed Fixed
Earth exploration satellite
81.0-86.0 5 Fixed/Mobile Fixed Fixed Fixed
Radio navigation
Table 5.2 Spectrum candidates for 5G
(1) 2) 3) 4) (5)
31.8GHz— 45.5GHz- 47.2GHz— 55.78GHz—- 81.0GHz—
33.4GHz 47.0GHz 50.2GHz 76.0Hz 86.0GHz
(Channel BW: | (Channel BW: | (Channel BW: | (Channel BW: | (Channel BW:
1.6GHz) 1.5GHz) 1.5GHz x2) 2GHz x10) 1.6GHz x3)

The values within the parenthesis represent possible channel bandwidth. The 1st and
2nd candidate have only single channel. The 3rd, 4th, and 5th candidates may have 2,
10, and 3 channels respectively. For convenience, we assume that the 4th band has 10
channels of 2GHz bandwidth however the existing channelization rule in 60GHz
unlicensed band should be retained practically

5.2

Various research groups have analyzed the characteristics of the mm-wave
propagation in outdoor environments. Especially, New York University (NYU) has
done the substantial propagation experiments [33]. NYU also made pathloss models
at 28GHz and 73 GHz bands based on their experimental results [34]. On the other
hand, MiWEBA project has conducted the experiment of outdoor 60GHz
propagation and made pathloss and channel models [35] [3]. Since outdoor mm-
wave propagation models are still under research, there is no appropriate model for
the mm-wave bands mentioned Section 5.2. Therefore, the methodology of making
pathloss model using interpolation is applied to create pathloss model for each
candidate band. Since there is also no appropriate model for the instantaneous
channel fluctuation, this paper employs the 60GHz model of [3] at this moment.

mmWave interpolated channel model

Generally, if the carrier frequency is f , the pathloss is proportional to f* . Therefore
it can be derived as follows,

PL =10alog,,(f )+b (5-1)
where 4 is a frequency-dependency factor. According to the Friis transmission
equation, & >2 should be satisfied. The passloss models of 28GHz, 60GHz, and
73GHz are as follows,

Plyggy, =72.0+29.2 Iogw(d/ dO,ZSGHz) (5-2)

MIiWEBA DA4.5: Overall system performance evaluation results Page 78



@ Deliverable FP7-ICT 608637/D4.5 Date :Dec. 2015
M®WEBA

e A e PU
PLooer = 82.02+23.6109,(d/d; go10) (5-3)
PL73GHZ =82.7+26.9 |og10(d/do,73GHz) (5-4)

where dO,ZBGHz(Sm)o dO,GOGHz(Sm)o d0'73GHZ(4m) represent the reference distances of

28GHz, 60GHz, and 73GHz respectively. By using these existing pathloss models
and interpolation method [36], coefficients d and b can be estimated. Meanwhile the
pathloss value is also proportion to the distance between transmitter and receiver.
Therefore the coefficients d and b can be derived as a function of the distance. Then
these coefficients can be estimated by using MMSE (Minimum Mean Square Error)
criterion.

3(a(d),b(d))= i'zl(PLoﬁgm.( f,,d)—PL(f,,d)f (5-5)
(a(a).6(a))=arg_min 3(a(d),b(d)) (5-6)
subject toa(d)>2 (5-7)

where fi and d are center frequency and distance between Tx and Rx respectively.
| is the number of frequency samples for the interpolation. In this paper | =3.
PLorigina|(fi1d) is the original pathloss model described by Egs. (5-2), (5-3), (5-4).
PL(fi,d) is an unified pathloss model in Eq. (5-1). Figure 5.1 and Figure 5.2 show
the estimated values of the coefficients @ and b.

IN

Coefficient a

107! 10" 10! 10°
Distance [m]
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Figure 5.1 Estimated value of the coefficient d
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Figure 5.2 Estimated value of the coefficient b

=)
)
ES

At almost all distances, coefficient d equals to two. On the other hand, b has a break
point around d =0.33m . Therefore, the coefficient b can be modeled by the
combination of two logarithm functions as follows,

—ﬂlogloﬂqwo, d <0.33
log,, 25 10

b= (5-8)
90 g9 a0, d>033
log,,2000 ~*° 200

Figure 5.3 shows the comparison between the original pathloss model and the unified

A

model by using estimated coefficients 4(d), b(d). In the original pathloss model
compared between 28GHz and 60GHz, there is a cross point at d = 60[m] because
of the difference of experimental environments and applicable ranges. The unified

pathloss model agrees well with original models from d = 1 to 10 meters and has
good approximation by resolving the discrepancy of the cross point.
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Figure 5.3 Pathloss comparison between original and interpolated model

5.3 System level analysis

According to the simulation parameters derived in the Section 2, performance of
each candidate band for 5G is evaluated with respect to the system rate gain which is
defined by the system rate of HetNet divided by that of homogeneous network. In
this simulation, The Tx power of smallcell BS is assumed as 19dBm per channel.
Antenna aperture is assumed to be fixed as the same size of that of 60GHz case.
Therefore, antenna gain is proportion to the square of the center frequency. This
paper assumes 26dBi gain (128 antenna element, 5dBi element gain) can be obtained
at 60GHz case and configures the gain for other cases based on the above
assumption.

Firstly, we compare the pathloss values of candidate bands. Figure 5.4 shows each
pathloss value with respect to the distance. For the pathloss calculation, the center
frequency of each candidate band is used. From this figure there is about 10dB
difference on pathloss between 30GHz and 80GHz bands. The results of the system
rate gain analysis by using this pathloss value are shown in Table 5.3. In this
simulation, we evaluated two types of traffic scenario. The first one is 1000x higher
traffic than that of current demand, corresponding to the 2020 (average traffic
demand of each user is 62Mbps). The second one is 1000000x higher traffic than that
of current demand, corresponding to the 2030 (average traffic demand of each user is
62Gbps). The number of each candidate is corresponding to the numbers in the Table
5.2-2.

From Table 5.3, it is clear that (4) shows the best performance. Since (3) and (5) have
wide bandwidth, system rate gain are higher than that of (1) and (2). Although (5) has
large pathloss value, it shows better performance than that of (3) thanks to the
antenna gain enhancement and wide bandwidth. This results indicate that the system
which can have large bandwidth should have higher priority for future 5G systems.
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Table 5.3 System rate gain comparison

(1 2) (3) 4) Q)
1000x traffic in 2020 541 582 689 1014 812
1000000x traffic in 2030 3622 3548 6667 36227 10409

Conclusion

This deliverable presented the overall view of all achievements in WP4 about radio
resource management for MiWEBA architecture. Scenarios and use cases that had
been studied in WP1 were revisited here to specify simulation environments
including open area, street canyon, hotel lobby, and HetNet scenarios. Besides, the
basics of the MiWEBA'’s exclusive system level simulator were described with the
mm-wave channel model and massive MIMO antenna model developed in WPS5, and
the space-time traffic and BS power consumption models developed in WP4. Short-
term and long-term radio resource management and optimizations were further
developed and demonstrative evaluation results were presented. In the end, the final
chapter extended the analysis to whole mm-wave frequency bands to indicate
appropriate spectrum for 5G systems.

As our findings, this deliverable has shown that the proposed MiWEBA architecture
with proposed short-term resource management algorithms in realistic scenarios can
achieve more than 1000 times gain in system rate by installing 15 mm-wave small
cell BSs per macro cell area. The protocol of location-based -cell/beam
discovery/selection was also developed to implement the context-based resource
management. The location-based cell/beam discovery/selection is essential in
particular for implementing resource optimizations and forming a self-organizing
networks (SONs). Using this scheme, several optimization algorithms are developed
and applied to boost energy-efficiency. As the baseline, the 1000x system rate is

MIiWEBA DA4.5: Overall system performance evaluation results Page 82



[\/] @\)\/ E B A Deliverable FP7-ICT 608637/D4.5 gzz]te :Dec. 2015
(SRR A A A Al

achieved by our mm-wave overlay HetNet with only 2x power consumption
compared to the traditional homogenous network. Implementing dynamic ON/OFF
according to the dynamic traffic map can further reduce this power consumption. To
further enhance the capacity, dynamic cell structuring scheme was also developed to
dynamically follow the hotspot zones (using the location-based cell/beam discovery
protocol) and direct idle network resources towards them.

Finally all possible bands for 5G have been investigated through the system level
simulator to evaluate their performances for the future traffic requirements (1000x in
2020 and 1000000x in 2030). The evaluations have shown that among all available
bands, 60GHz band with 20.22GHz bandwidth from 55.78GHz to 76.9GHz shows
such a prospective capacity that makes it the most attractive band for the future 5G
systems.
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