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Message from MMTC Chair
Dear MMTC colleagues:

How time flies by! It is the beginning of 2016 and the current executive team for MMTC are proceeding
toward the last quarter of our term. It has been a vibrating journey for the team. In the process we have
achieved huge successes and come across obstacles too. In this letter, it is with my greatest pleasure to
reflect on some lessons and call for volunteers for future MMTC leadership.

First, the few flagship activities pioneered by MMTC have been highly touted by the research community.
Our signature E-letter/R-letter have been so successful that the authors consider them as a regular
publication venue. Indeed, the citations to the articles published on the MMTC E-letter have been rising
over the years. Bravo to the leadership and the volunteer team who have made all of us proud! Our
interest group framework has also become an iconic practice that is followed by several other TCs in
IEEE ComSoc.

Second, suggested by IEEE ComSoc Publication VP, we are working on further positioning the MMTC
E-Letter as a community communication platform. Specifically, we are discussing with IEEE ComSoc to
finalize a better template and format that would clearly demonstrate its designed purpose. With this new
development, we expect that its reach will be broadened. Therefore, I would like to call for more
contributions to the E-letter and more recommendations to the R-Letter.

Third, it is time to plan for our next team of executive leadership for MMTC. Our official call for
nominations will start in March 2016 and the selection will be confirmed in June 2016 at ICC 2016. The
selection committee is made up of previous MMTC chairs (excluding the outgoing chair). I would like to
personally extend an invitation to all the MMTC members to consider the opportunity of serving our
community. The more active members volunteer, the better the MMTC will be!

Finally, I would like to thank all the existing IG chairs and other volunteers for the work they have
already done and will be doing for the success of MMTC and hope that any of you will find the proper IG
of interest to get involved in our community!

Yonggang Wen
Chair, Multimedia Communications TC of IEEE ComSoc

http://www.comsoc.org/~mmc/ 5/85 Vol. 11, No. 1, January 2016
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SPECIAL ISSUE ON

MULTIMEDIA COMMUNICATIONS in TERAHERTZ and WIRELESS OPTICAL
NETWORKS

Guest Editors: Tuncer Baykas' Thomas Kiirner®
!Istanbul Medipol Univeristy, Turkey, *Technische Universitit Braunschweig, Germany;

tbaykas@medipol.edu.tr; kuerner@ifn.ing.tu-bs.de

The thirst for multimedia consumption almost drained traditional spectrum bands used for cellular and
local area network cellular bands. Starting with the millimeter wave bands, researchers enable new
technologies at higher frequencies for faster data rates. This special issue of E-Letter focuses on the recent
progresses of two of those emerging technologies. The first technology, terahertz communication aims to
utilize bands around 300GHz to achieve multimedia wireless communications with data rates of 100
Gbit/s and beyond. Whereas the second technology of this special isse, the Optical wireless
communication (OWC), uses optical carriers, i.e., visible, infrared, or ultraviolet bands, for wireless
transmission. Various research groups all around the globe are currently working in both areas, which
have recently also attracted the interest of the industry including the launch of dedicated standardization
activities.

It is the great honor of the editorial team to have eight articles, from academia and industry laboratories
and standardization bodies.

Terahertz Communication Networks

In this special issue of the E-Letter four THz communication networks related papers from research
groups in Europe, China and Japan are describing the ongoing activities.

The first article titled “TERAPAN — Towards a 100 Gbit/s Point-to-Point Link with Electronic Beam
Steering Operating at 300 GHz” by. Rey et al describes the preliminary outcome of a German
collaboration research project, which is aiming at demonstrating a 300 GHz wireless communications
system with a targeted data rate of 100 Gbit/s. The approach is an all-electronic one based on 35 nm
mHEMT technology. The interim results that have been demonstrated so far are a data rate of 64 Gbit/s in
conjunction with mechanical beam steering.

Another technological approach is described in the second article “ iBROW- Innovative ultra-BROadband
ubiquitous Wireless communications through terahertz transceivers” by Pessoa et al., where a Resonant
Tunneling Diode (RTD) based transceiver technology is used. This European project targets at the
development of both an all-electronic RTD approach for portable devices and an optoelctronic RTD
approach for the integration of femto cell base stations connected to a fibre-optic network at 90 and 300
GHz. The paper gives an overview on the ongoing activities in channel modeling, system design, RTD
technology development as well as on manufacturing III-V materials on silicon.

An overview on the ongoing research activities in China in the area of THz communications is presented
in the third article titled “Terahertz wireless communication activities in China” by Li, Ai, Guan and
Zhong from Beijing Jiaotong University. Four different systems operating between 140 GHz and 4.13
THz developed by three Chinese institutions are presented together with an outlook on future research
topics.

http://www.comsoc.org/~mmc/ 6/85 Vol. 11, No. 1, January 2016
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The fourth article titled “IEEE P802.15.3d — Towards the First Wireless Communications Standard
Operating in the 300 GHz Band” by Kiirner et al. describes the ongoing standardization and regulation
activities for THz communications. IEEE 802 is currently working at the first 300 GHz wireless
communications standard and the allocation of spectrum beyond 275 GHz is an agenda item at the next
world radio conference in 2019.

Optical Wireless Communication Networks

OWC systems can be classified into short and long range systems, according to the distance between the
transmitter and receiver. Short range systems are mainly for indoor use while long range systems are used
for outdoor and space applications. The focus of the first article is outdoor OWC links which are widely
referred to as free space optical (FSO) communication. Fundamentals, applications and recent
achievements of FSO communication are described by Uysal.

Korea is one of the leading countries in visible light communication (VLC) technologies, which is part of
OWC. The second paper of this section is by Le and Jang from Kookmin Unviersity and details the status
of VLC research in Korea. They provide information about specific research projects such as “the
proposed system of LED-ID from “Development of Home Network Technology based on LED-ID” and
general research topics.

One of the first standards solely dedicated on VLC is 802.15.7, which is published in 2011. Currently a
task group in IEEE 802 LMSC is working on an amendment to this standard. The third article entitled
“Let there be Light Again! An Amendment to IEEE 802 Visible Light Standard is in Progress” by Baykas
et. al. provides the status of this work and its future.

Last article “LiFi — Technological and Commercial Consideration” by Serafimovski et. al. of this issue is
about one of the most important commercialization attempts in VLC technology. LiFi takes VLC
further by using light emitting diodes (LEDs) to realize fully networked wireless systems. Synergies are
harnessed as luminaries become LiFi attocells resulting in enhanced wireless capacity providing the
necessary connectivity.

While we are far from delivering a complete coverage on these two exciting research areas, we hope that
the articles provide an overview of recent activities in THz and Optical Wireless Communication. Finally,
we would like to thank all the authors for their great contribution and the E-Letter Board for making this
special issue possible.

Tuncer Baykas works as an assistant professor at Istanbul Medipol University. He was
the chair of IEEE 802.19.1 TG. He served as co-editor and secretary for 802.15 TG3c
and contributed to many standardizati,on prjects, including 802.22, 802.11af and
1900.7. Currently he is the vice director of the “Centre of Excellence in Optical
Wireless Communication Technologies (OKATEM)”.

-

Thomas Kiirner is a full Professor for Mobile Radio Systems at Institut fiir
Nachrichtentechnik at Technische Universitdt Braunschweig and is working, amongst
other topics, on THz communication systems. He is chair of IEEE 802.15 TG3d and
IEEE 802.15 IG THz and the coordinator of the German TERAPAN project.

41‘
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TERAPAN — Towards a 100 Gbit/s Point-to-Point Link with Electronic Beam Steering
Operating at 300 GHz

Sebastian Reyl, [ulia Dan’, Thomas Merkle’, Axel Tessmann’, Ingmar Kallfass®, Thomas Kiirner'
"Technische Universitit Braunschweig, Germany, {rey|kuerner}@ifn.ing.tu-bs.de
’University of Stuttgart, Germany, {iulia.dan|ingmar.kallfass} @ilh.uni-stuttgart.de

JFraunhofer Institute for Applied Solid State Physics, Germany,
{thomas.merkle|axel.tessmann} @iaf.fraunhofer.de

1. Introduction

The objective of the TERAPAN project [1] is to demonstrate an all-electronics aproach for 300 GHz
communications with beam steering in an indoor environment. The targeted data rate is 100 Gbit/s for a
distance of up to ten meters. The transmitter and the receiver are MMICs realized in a 35 nm mHEMT
technology [2]. After a very short introduction to THz communications in general, the remainder of this
letter will give an overview of the TERAPAN project and the current status.

Basic propagation conditions

The idea of THz communications is to use lower-order modulation schemes with huge absolute
bandwidths in the order of 50 GHz to achieve data rates of 100 Gbit/s. The frequency range around and
above 300 GHz is very promising, since this part of the spectrum is still not allocated to any services.
However, passive services, like earth exploration services and radio astronomy, are operating in this
frequency range. Still for indoor communications, no interference with these services is expected due to
the high free space path loss and the losses through building materials.

Actually, the free space path loss is one of the disadvantages at these high frequencies. Over a distance of
just 10 m it is already around 100 dB at 300 GHz. Any link at these frequencies will require highly
directive antennas (e.g. 25 dBi at the receiver and the transmitter) to cope with the free space path loss [3].
For short ranges the atmospheric attenuation at THz frequencies can be neglected. For longer
transmission distances there are atmospheric windows with bandwidths of several tens of GHz with a
rather low attenuation. Another challenge are the reduced link budget margins due to lower available
transmit power and higher receiver noise compared to transceivers operating in the microwave and low
millimeter-wave spectrum.

Envisioned Applications

The TERAPAN project does not directly demonstrate a solution tailored to one specific application but
demonstrates the feasibility of important parts for THz communications. Due to the required directive
antennas, especially applications with point-to-point links are currently discussed. For instance, within the
IEEE 802 project a first standard for THz communications is developed with a focus on intra-device,
close proximity kiosk downloading, wireless data centers and front-/backhaul-links as applications [4].
These applications all have in common that they focus on point-to-point links and only require beam
steering in terms of switching from one link to another. The drastically varying transmission distance can
basically be achieved by applying antennas with a suitable antenna gain.

In addition to the previously mentioned application the TERAPAN project keeps one more application in
mind: Wireless Personal Area Networks (WPAN). In such an application with a directive antenna,
electronic beam steering is additionally required in order to react in time to a movement of the transmitter
or the receiver.

2. System Overview

In this section, the enabling technology and the design of the TERAPAN hardware are briefly
summarized. In the second part some measured figures of merit are presented for a Single-Input Single-
Output (SISO) transmission. A much more detailed description of the underlying technology, the design
of the RF-frontend and the measurements can be found in [2].
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Figure 1: Setup of the mechanical beam steering demonstration.

In Figure 1 the setup for the mechanical beam steering demonstration is illustrated. As a source for I-/Q-
data an Arbitrary Waveform Generator (AWG) is utilized. At the receiver a high speed oscilloscope
(Scope) records the transmitted signals. Two synthesizers provide the local oscillator signals at
8.333 GHz which is multiplied by twelve to 100 GHz.

Technology and Chip Design of the RF-frontends

The key components are the TERAPAN RF-frontend MMICs. Within the transmitter the 100 GHz local
oscillator is multiplied by three to 300 GHz. The I- and Q-Data is then modulated on this carrier
frequency. Together with some amplifiers, all these components are integrated on a 0.75 x 3.25 mm? chip,
cf. Figure 2. The architecture of the receiver is almost identical except for an LNA instead of the output
power amplifier. The chips are manufactured in a 35 nm InGaAs/GaAs mHEMT technology, which
enables transit frequencies above 500 GHz in combination with low noise figures. The MMICs are
mounted in waveguide modules.

Figure 2: TERAPAN Transmitter MMIC.

SISO Capabilities

After fabrication the MMICs have been characterized and in a measurement campaign the performance of
the SISO link has been estimated. The transmitter provides a transmitted power of -7.0 dBm. The
estimated noise figure of the receiver is in the order of 7 dB. In order to cope with the free space path loss
of 82.0 dB for a transmission distance of one meter at 300 GHz, a horn antenna with ~24 dBi is applied at
the receiver and the transmitter, respectively. With a QPSK modulation and a symbol rate of 32 Gbaud a
data rate of 64 Gbit/s has successfully been demonstrated. In Figure 3 the constellation diagram after
some simple equalization of this transmission is depicted. The four constellation points are clearly
separated from each other, obviously allowing for quasi error free decoding in terms of a low bit error rate
even without a forward error correction. Since the AWG does not support higher symbol rates, the
achievable data rate with a QPSK is likely not limited to 64 Gbit/s by the RF-frontends.

QPSK 32GBd EVM=3284%

15 -1 05 0 05 1 15

Figure 3: Constellation diagram of the 64 Gbit/s transmission with QPSK at a distance of 1 m.
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In addition, a transmission has also been feasible for an increased distance of two meters. Possibly, in a
future setup even a further increase can be realized with longer RF cables attached. Higher order
modulation schemes have more demanding requirements e.g. in terms of the linearity of the amplifiers or
the maximum allowable phase noise. Their performance still has to be evaluated.

3. Demonstration of Steerable Beams

In the first phase beam steering has been realized by mounting the SISO link with the attached horn
antennas on mechanical rotation units, Figure 4 (left). For an impression of the dimensions on the right
side of Figure 4 a detail of the transmitter is depicted. The multiplier and the amplifier are not integrated
in the transmitter module for flexibility reasons. Therefore the size can be further reduced in the future.
With a very simple algorithm, the feasibility of tracking a slowly moving transmitter over a small
transmission distance of 1 m has successfully been demonstrated at the NGMN Industry Conference and
Exhibition 2015 [5]. At that time, a data rate of 12 Gbit/s was demonstrated in the first beam steering
experiments. A brief video of this demonstration can be found on the TERAPAN website [1].

Figure 4: Transmitter modules on a mechanical rotation unit (left); detail of the transmitter
modules (right).

The overall setup for the demonstration is shown in Figure 1. The same AWG and a high speed scope as
in the other experiments are used to generate and to receive the transmitted data. Besides the 300 GHz
connection, there is a second link which represents a WLAN at a lower frequency (Figure 1). This link is
used to exchange signaling information in order to coordinate the beam steering at the receiver and the
transmitter. Even in a future fully integrated THz communications system, this second link at a lower
frequency enables THz devices to easily discover that they are within communication range without the
need to already align the highly directive THz antennas.

In the second phase of the TERAPAN project electronic beam steering will be demonstrated with a
phased array of four transmitters and four receivers. Currently, a suitable antenna module and the receiver
and transmitter modules are manufactured.

4. Conclusion

This letter provided an overview over the ongoing TERAPAN project which aims at the demonstration of
a 100 Gbit/s link with steerable antennas. A SISO transmission with mechanical beam steering was
presented. For the remainder of the project, electronic beam steering will be realized and demonstrated till
the end of 2016.
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1. Introduction

The demand for bandwidth in wireless short-range communications has doubled every 18 months since
1980 [1], and it is expected that wireless data-rates of multiple tens of Gbit/s will be required by the year
2020 [2]. Broadband internet with high bandwidth services and applications such as high definition
multimedia, web-TV with multi-casting capabilities, real-time video and fast peer-to-peer applications are
in continuous evolution and demanding ever higher data rates. In parallel, the increasing penetration of
the population with mobile devices like tablets and smart phones, as well as the general trend to mobile
broadband connectivity along with the “smartification” of our technical environment (“Internet of
Everything”) will contribute decisively to this trend.

To address the predicted future network usage requirements, the iBROW project aims at the development
of energy-efficient and compact ultra-broadband short-range wireless communication transceiver
technology. The envisaged usage and deployment scenarios such as ultra-broadband services for indoor-
and campus- or stadium-like environments have in common that they address end users and may involve
a high number of detached RF-frontend nodes in order to provide good coverage. Furthermore, high
bitrate communicating wireless nodes operating in the range of up to 100 Gbit/s as targeted by iBROW
involve extremely high signal processing effort in the front- or backhaul, driving costs and requiring high
power consumption. This problem can be to certain extent addressed by radio-over-fibre (RoF) concepts
in centralised radio access network-like architectures (CRAN) or distributed antenna systems (DAS).
Both have in common that the bulk of signal processing tasks is shifted into a central node, which may
run the high performance signal processing and hence can be more expensive and power consuming than
the remote RF-frontend nodes which can be held relatively primitive and efficient needing only low
power.

iBROW is pursuing its objective through the exploitation of Resonant Tunnelling Diode (RTD) based
transceiver technology, and targets the development of (1) an all-electronic RTD suitable for integration
into cost-effective wireless portable devices and (2) an optoelectronic RTD, consisting of the integration
between a RTD and a photodetector and a laser diode, which will be suitable for integration into mm-
wave/THz femtocell base stations connected to high-speed 40/100Gbps fibre-optic networks.

To achieve the targeted 100 Gbit/s wireless transmission speeds it is indispensable to rely on the
exploitation of the mm-wave and THz frequency bands [3], above 60 GHz and up to 1 THz, since the
frequency spectrum currently in use (in the 1-6 GHz range) is not expected to be suitable to accommodate
the predicted future data-rate requirements, in spite of the significant and continuous progress that has
been achieved in spectrum efficiency techniques, including spatial re-use methods such as beam-forming
and MIMO. The proposed RTD technology can serve both source and detector functions.

This paper will describe several results already achieved on iBROW and preview upcoming work
including a brief description of the target application scenario, and the modelling of the mm-wave/THz
channels at the target operation frequencies of 90 and 300 GHz. In addition, a few results will be
presented on the high performance RTD oscillators in the 75-200 GHz range as well as first results on the
integration of InP RTD epitaxial wafers on a silicon host substrate through wafer bonding.
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2. iBROW target application scenario

Figure 1 illustrates the iBROW target scenario, identifying both downlink (DL) and uplink (UL)
communication directions as well as the key technology blocks being developed, namely (1) the all-
electronic RTD suitable for integration into cost-effective wireless portable devices, and (2) the
optoelectronic RTD, consisting of the monolithic integration between a RTD and a photodetector (an
RTD-PD) and hybrid integration with a laser diode (RTD-PD-LD), which will be suitable for integration
into mm-wave/THz femtocell basestations connected to high-speed 40/100 Gbit/s fibre-optic networks.

DL

40/100G
Optical Network

Base Station Mobile Station

Figure 1 — Schematic representation of the iBROW target application scenario.

3. Channel modelling for THz indoor communications

A channel model is an essential component for the system and link level simulations. It is based on
channel measurements with Vector Network Analyser (VNA) or channel sounder (CS) and describes the
channel characteristics. Channel models are generally classified into deterministic and statistical models.
The former requires a detailed description of application scenario, such as the ray launching channel
model [4]. The latter generates a channel randomly based on the statistical channel characteristics. Both
models depend on the choice of application scenario and the statistical channel model provides more
sense of generality and requires less computational effort. Besides the static channel model, another
important aspect of the indoor wireless channel is the human blockage problem of the propagation path
since the human body can no longer be assumed transparent as at several GHz carrier frequencies. To
model this phenomenon, a human blockage model was developed [5] as well as a realistic human
movement model [6]. The generation and application of channel models are depicted in Fig. 2.

Within iBROW, three representative application scenarios are considered: a small office scenario, a
meeting room and an auditorium. The single office scenario accounts for 1-2 users while the meeting
room scenario has an increased numbers of users where in addition to the static situation, a dynamic
component plays an additional role. For the third scenario, the number of users is higher and the concept
of distributed antennas can be investigated. Fig. 3 shows a photo of the second scenario and the
corresponding ray tracing model.

Preliminary channel measurements have been carried out in the small office scenario. The results are
presented in [7]. Compared to the channel with conventional lower frequencies, the investigated channels
suffer from a much higher free space path loss and the distributions of the angles of departure/arrival are
more specular. Since the bandwidth is very broad, the symbol duration is usually shorter than the delay
spread, which suggests serious inter-symbol interference.
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Figure 2 — Generation & application of channel models.

Figure 3 — Meeting room scenario and ray launching model.

4. The RTD technology

An RTD device consists of a narrow band gap semiconductor material sandwiched between two thin wide
band gap materials. These devices lend themselves to an efficient integration with optoelectronic
components (photodetector and laser) since they are made from the same material system [10]. RTDs also
require very low power consumption and unlike traditional transistor technologies, they possess an
intrinsic gain (provided by its negative differential conductance region) which allows for a simple and
energy efficient implementation, avoiding the employment of a number of complex transceiver building
blocks, such as power or low noise amplifiers which can be rather inefficient [10]. RTD devices exhibit
the highest oscillation frequency among traditional electronic devices. The published highest frequency of
single device RTD oscillator is 1.55 THz with 0.4 uW output power [11].

iBROW targets the realisation of indium phosphide (InP) based RTDs on a silicon host substrate with
devices and circuits realised using conventional integrated circuit technology in order to achieve a
potentially very high-speed and low-cost solution. The RTD technology being developed at University of
Glasgow aims to raise the power level up to several milliwatt (mW) for frequencies over 100 GHz. To
date on iBROW, 76 GHz / 0.95 mW, 125 GHz / 0.34 mW, 156 GHz / 0.24 mW, 166 GHz / 0.17 mW
RTD oscillators were have been realized [12][13].

The epitaxial heterostructure of RTDs fabricated in iBROW (Fig. 4a) are grown by molecular beam
epitaxy (MBE) on a semi-insulating InP substrate by IQE Ltd. The devices are fabricated using optical
lithography. A micrograph picture of the completed RTD device is shown in Fig. 4b. The maximum
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available power (Py.x) of single RTD oscillator can be estimated from (3/16)AVAI, where AV is the peak-
valley voltage difference, and Al is the peak-valley current difference. By optimizing the layer structure,
it is possible to maximize the AV and Al to further increase the obtainable power [14].

TifPd/Au
n**-InGaAs

n'-InGaAs

u-InGaAs

u-AlAs
Double
u-InGaAs barrier
III E

u-InGaAs

n_-InGaAs =
TAIAS TifPdiAu

n**-InGaAs

SlI-InP
(a) (b)

Fig. 4 (a) The epitaxial layer structure of a RTD device. (b) Micrograph of the fabricated 5x5 pm* RTD
device.

Measurement results

The oscillators were characterized on-wafer by using an Agilent spectrum analyser with relevant external
mixers. The results are, summarized in Table 1. RTD oscillators presented here demonstrated significantly
high performance in terms of higher output power, especially in W-band frequency range. In these designs,
no intent was made to match the impedance. Future designs will employ optimized epi-structures and
integrated impedance matching networks, in particular integrated antenna loads designed to match the
RTD impedances.

TABLE L. SUMMARY OF RTD OSCILLATOR PERFORMANCE

Devi | CP Freq. Power DC
ce w (GHz) | (dBm/m | Power

size | leng W) (mW)
(nm® | th
) (pm
)
16 120 75 -0.2/0.95 422

25 30 125 -1.7/0.68 415
15 30 156 -6.3/0.24 374
15 20 166 -7.7/0.17 191
5. III-V on silicon technology

In order to introduce III-V materials in the low cost silicon platform manufacturing, the wafer bonding
approach is of great interest due to the limitations of growing compound III-V hetero-epitaxial layers
directly onto silicon. Direct wafer bonding refers to a process by which two mirror-polished wafers are
put into contact and held together at room temperature by adhesive forces, without any additional
materials. This technique has become a technology of choice for materials integration in various areas of
microelectronics, microelectromechanical systems and optoelectronics [15]. In iBROW, characterizations
of III-V epitaxial layers on InP wafers required for the RTD manufacturing show that surface defectivity
is low enough to expect a correct bonding. Furthermore, a plasma surface activation before bonding was
used to maximize the bonding strength after a low temperature annealing imposed by the difference of
thermal expansion coefficient between InP and Si. Epitaxial layers on 50mm InP wafers were
successfully bonded on oxidized 200 mm Si wafers. Acoustic characterization of the bonding interface
shows a correct bonding yield which will allows us to develop post bonding RTD manufacturing step.

6. System considerations
In the emerging mass markets of fibre to the x (FTTx) and ubiquitous high bandwidth wireless access all
the benefits of integration will be important, particularly low power and low cost. The technology must
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therefore be capable of addressing end-consumer markets, which means that it will face extremely high
cost pressure and must support ease of deployment, i.e. our solutions need to be low cost, or at least must
have the potential to become low cost when the technology matures during the coming years. In addition,
back- or front-haul technologies for the wireless nodes need to support the above mentioned ease of
deployment and must not involve high cabling effort. Especially in indoor environments, cabling can
involve high effort and costs; under such conditions, unsuitable system architectures may become
showstoppers. For instance, star-like network topologies would allow for highest data rates, but involve
very high cabling effort (i.e. a fibre to each node). For this reason, advanced multiplexing techniques
(TDM, WDM, T-WDM) and bus or daisy chain topologies are favourable. Last but not least, the system
needs to be very energy efficient in order to avoid expensive and noisy active and noisy cooling solutions
and to allow for low operation costs.

7. Conclusion

This paper described several aspects of the work being carried out on the European project iBROW
towards realising a mm-wave/THz transceiver technology in RTD technology. Several achievements were
highlighted and future directions pointed out. In the 300 GHz band iBROW is already well positioned to
make impact both on Standardization of THz communications systems at IEEE 802 and spectrum
regulation at the ITU-R level [16].
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1. Introduction

The Terahertz (frequencies ranging from 0.1 THz to 10 THz) wireless communication has received great
popularity in satisfying very high speed wireless data rate and exploding the restriction of limited
bandwidth in conventional wireless communication systems. It is also the matchless research direction for
achieving large data transmission via wireless up to now.

Owing to the active encouragement of pioneers for Terahertz wireless communication, the National High
Technology Research and Development Program ("863" Program) of China started a program of
“Technologies Development for Millimeter Wave and Terahertz Wireless Communication” at the end of
2011. The final report of the program was delivered in August 2015, which declares that the first
important program in terms of Terahertz wireless communication in China has been completed.
Furthermore, the program convened a number of Chinese research institutions and further established
National Cooperative Innovation Centre of Terahertz Science (NCICTZ) in 2012.

In recent years, the Chinese research institutions, e.g., China Academy Of Engineering Physics [1]~[7],
Chinese Academy of Sciences [8][9], University of Electronic Science and Technology of China [10],
Nanjing University [11], Shanghai Aerospace Electronics Equipment Institute [12][13], etc., have
developed the researches on Terahertz wireless communication.

2. Typical examples of Terahertz wireless communication systems in China

In this section, several representative Terahertz wireless communication systems in China will be briefly
introduced.

0.14 THz wireless communication system developed by China Academy of Engineering Physics [4]:
A 0.14 THz wireless communication system has been testified to transmit a maximum 10 Gbit/s signal
over 1.5 Km with bits error rate (BER) lower than 1e-6. As shown in Fig. 1, the system is constructed by
sub-harmonic mixer and multiplier based on Schottky barrier diodes, Cassegrain antennas, local oscillator
multiplier and other high performance elements. Based on 16 quadrature amplitude modulation (16QAM),
the spectrum efficiency of the system can reach to 2.86 bit/s/Hz in generating 10 Gbit/s signal within only
3.6 GHz bandwidth. Moreover, the system supports two demodulation models. In non-real-time mode,
high speed analog digital converter (ADC) and software demodulator in computer are developed to
support up to 10 Gbit/s data. In real-time mode, as Field-Programmable Gate Array (FPGA) demodulator
embedded into hardware, a 2Gbit/s signal at 140 GHz can be transmitted over 1.5 Km with BER of 1.8e-
11.

It is noteworthy that, for 1.5 Km wireless links, the output power of the 140 GHz front end is -5dBm
which can be further pushed to level of tens of watts for longer distance of wireless links by vacuum
traveling-wave tubes cascaded with solid-state power amplifiers.

0.34 THz wireless communication system developed by China Academy of Engineering Physics
[S1[61[7]:

The 0.34 THz wireless communication system is based on 16QAM modulation. With two Cassegrain
antennas (48.4 dBi) on both Tx and Rx. It can support 3 Gbit/s real time data transmission with lowest
BER of 1.784¢-10 over 50 m line of sight channel. Fig. 2 (which is from Fig. 1 in [5]) shows a sketch of
the system. Moreover, the 0.34 THz wireless communication system was further enhanced to develop
0.34 THz WLAN system based on IEEE 802.11 b/g protocol. According to the experiment reported in
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[5][7], during transmission time of 30 min, the average transmission data rate of 6.54 Mbit/s has been
achieved within 1.15 m link distance.

3.27 THz and 4.13 THz wireless communication system developed by Chinese Academy of Sciences
[81191:

These two wireless communication systems are developed based on THz quantum cascade laser (QCL)
processes in transmitter and spectrally matched THz quantum-well photo-detector (QWP) in receiver (see
Fig. 3 which includes Fig. 1 and Fig. 4 from [9]). For 4.13 THz wireless communication system, 1 Mbit/s
data rate has been demonstrated within 2.2 m distance. 5 Mbit/s data rate has been obtained with deeper
optimization of the system. For 3.27 THz wireless communication system, a low BER (lower than 1e-8)
transmission is obtained up to 20 Mbit/s within 2.2 m distance, which is shown in Fig. 3. The further
enhancement of the 4.13 THz system will depend on improvement of THz QWP and lower capacitance of
cable link.

o Cassegrain antenna Receiver

=i

Transmitter |c.oe
Shy

Antenna gan (68)

Figure 5 Schematic and photograph of 0. 14 THz w1reless communication system with measured pattern
of Cassegrain antenna.
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Figure 6 Schematic of 0.34 THz wireless communication system

0.3 THz wireless communication system developed by Shanghai Aerospace Electronics Equipment
Institute [12][13]:

The applications of terahertz wireless communication suffer the atmosphere attenuation on the ground,
which is contrary to the applications in space. Shanghai Aerospace Electronics Equipment Institute in
China designed a 0.3 THz wireless communication system for potential space applications. Based on
Schottky diode mixer technology, the system has been tested and verified to transmit high definition
video signal with 1.5 Gbit/s data rate over 14 m distance.

3. Conclusions

In this letter, we survey the state of the art of the researches on developing THz wireless communication
systems in China. China Academy of Engineering Physics developed 0.14 THz and 0.34 THz system;
Chinese Academy of Sciences developed 3.27 THz and 4.13 THz systems; University of Electronic
Science and Technology of China developed a 0.3 THz system. Apart from these THz fixed wireless
communications, some researchers from Beijing Jiaotong University, e.g., Dr. Ke Guan, propose to
develop THz communications for enabling dynamic smart rail mobility by 2020.
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1. Introduction

Already a couple of years ago THz communications have not only become an attractive new research area
but also triggered discussions and activities in standardization and regulation [1]. In March 2014, IEEE
802 established its project P802.15.3d with the task to develop the worldwide first wireless
communications standard operating in the 300 GHz frequency band [2,3]. In parallel, the standardization
process is accompanied by activities at the ITU-R level targeting on the provision of an appropriate
regulatory framework [4,5]. This letter gives a brief overview on the status of the standardization
activities at IEEE 802 and the regulatory processes towards the World Radio Conference 2019 (WRC-
2019).

2. Standardization at IEEE 802
According to its granted project authorization request (PAR) [3], the Task Group 3d of the Working
Group IEEE 802.15 develops an amendment to the IEEE Standard 802.15.3.

Scope of IEEE P802.15.3d

The amendment to be produced within the project “defines a wireless switched point-to-point physical
layer to the IEEE standard 802.15.3 operating at a nominal PHY data rate of 100 Gbit/s with fallbacks to
lower data rates as needed. Operation is considered in the bands from 252 GHz to 325 GHz at ranges as
short as a few centimeters and up to several 100 m.”[3] The PAR also allows modifications to the
Medium Access Control (MAC) layer, if those are necessary to support the new 300 GHz physical layer
(PHY).

Applications

The targeted applications are emerging wireless switched point-to-point links in data centers, in wireless
back- and fronthauling, in intra-device communications and in close proximity communications (eg. kiosk
downloading, file exchange, touch less gate systems). While on the one hand these applications seem to
be quite diverse, both with respect to their communication range and their operational environments, on
the other hand the commonality of all these applications lies in their point-to-point character with known
positions of transmit and receive antennas and the option to switch between different links. In all four
fields of application, this new wireless standard will enable the replacement of cables by wireless links
while keeping the capability of transmitting data rates of multiple 10s of Gbit/s. This is not only attractive
at relatively short distances appearing in intra-device communication and close-proximity point-to-point
links but also for larger communication distances occurring in data centers or with backhaul/fronthaul
links. Wireless links in these environments will make frequent reconfiguration easier and more cost-
effective and will reduce costs for the case when installing a fiber network is not cost-effective,
respectively.

Current Status

To prepare a call for proposals, IEEE 802.15 TG3d has been working on four supporting documents:
- Applications Requirements Document [6];

- Technical Requirements Document [7];

- Channel Modeling Document [8];

- Evaluation Criteria Document [9].
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These documents have the purpose to assist both in preparing and evaluating the proposals by setting the
expectations, defining the requirements and providing defined scenarios, criteria and standardized channel
models. The TG3d Channel Model [8] will be the first comprehensive channel model for the 300 GHz
band. The current plans are to finish this preparatory work in March 2016 and issue a call for proposals
targeting to get the amendment to the standard approved until beginning of 2018 at the latest.

5. Regulatory Issues

The operational frequency band considered in TG3d can be split into two bands based on the regulatory
status according to the radio regulations (RR) [10]. While the band 252-275 GHz is already allocated to
the mobile and fixed services, the band 275-325 GHz is identified for the passive services by footnote
No. 5.565 of the RR. Administrations may make available this band available for other services, e. g. THz
communications, as long as the passive services are protected from interference from these other services.
In order to make this band generally available for THz communications on a worldwide basis, the only
possibility is to envisage a shared use by THz communications and passive services [11]. Therefore,
further studies are needed to review RR footnote No. 5.565 for use of these bands by active services in the
future. A separate agenda item has been defined for the upcoming WRC-2019.

WRC-19 Agenda Item 1.15

At the World Radiocommunication Conference 2015 (WRC-15), the identification of the frequency range
275-475 or 275-1000 GHz to the land mobile and fixed services was considered to be one of the agenda
items for the next conference (WRC-19). After the fruitful debates among the delegates of concerned
countries, WRC-15 approved this agenda item to be the WRC-19 Agenda Item 1.15 [5]:

“1.15 to consider identification of frequency bands for use by administrations for the land-mobile and
fixed services applications operating in the frequency range 275-450 GHz, in accordance with
Resolution 767 [COM6/14] (WRC 15);”

The first session of conference preparatory meeting (CPM 19-1) was held right after WRC-15, and the
procedure for conducting the conference preparatory work was also decided. The technical and
operational characteristics of the above services and the passive services already identified in some of the
above frequency range should be studied first by the relevant Working Parties. After that, the sharing
studies among those services should be conducted by Working Party 1A which is a responsible group for
the WRC-19 Agenda Item 1.15. Finally, the candidate frequency band(s) in the above frequency range
should be decided and provided by the CPM Report.

6. Conclusion

This letter provides a short status on the development of an amendment to IEEE Standard 802.15.3
targeting at a wireless switched point-to-point physical layer operating at a nominal PHY data rate of 100
Gb/s in the frequency band 252 — 325 GHz. The goal is to finalize this standard until the beginning of
2018. In parallel, regulatory activities have started in order to provide stable regulatory conditions for the
frequency bands up to 450 GHz at WRC-19.

References

[30] Kiirner, T.; Priebe, S.: Towards THz Communications — Status in Research, Standardization and
Regulation. Journal of Infrared, Millimeter, and Terahertz Waves, (2014) Vol. 35, pp. 53-62
http://link.springer.com/content/pdf/10.1007%2Fs10762-013-0014-3.pdf

[31] Home Page IEEE 802.15 Task Group 3d http://www.ieee802.org/15/pub/index TG3d.html

[32] P802.15.3d Project Authorization Request (PAR): http://iece802.0rg/PARs/2015 11/15-15-0682-
01-003d-3d-par-change.pdf

[33] Report ITU-R SM.2352-0- Technology trends of active services in the frequency range 275-3000
GHz; Geneva, June 2015 http://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-SM.2352-2015-PDF-
E.pdf

http://www.comsoc.org/~mmc/ 24/85 Vol.11, No.2, January 2016



IEEE COMSOC MMTC Communications - Frontiers

[34]

[35]

[36]

[37]

[38]

[39]
[40]

Provisional Final Acts WRC-15, Geneva 2015; https://www.itu.int/dms_pub/itu-r/opb/act/R-ACT-
WRC.11-2015-PDF-E.pdf

TG3d - Applications Requirements Document (ARD): https://mentor.ieee.org/802.15/den/14/15-
14-0304-16-003d-applications-requirement-document-ard.docx

TG3d - Technical Requirements Document (TRD): https://mentor.ieee.org/802.15/den/14/15-14-
0309-17-003d-technical-requirements-document.doc

TG3d — Channel Modeling Document (CMD): https://mentor.ieee.org/802.15/den/14/15-14-0310-
16-003d-channel-modeling-document.docx

TG3d — Evaluation Criteria Document (ECD): https://mentor.ieee.org/802.15/den/15/15-15-0412-
10-003d-evaluation-criteria-document.docx

ITU-R: Radio Regulations, Edition of 2012 https://www.itu.int/pub/R-REG-RR

Priebe, S.; Britz, D. M.; Jacob, M.; Sarkozy, S.; Leong, K. M. K.; Logan, J. E.; Gorospe, B.; Kiirner,
T.: Interference Investigations of Active Communications and Passive Earth Exploration Services in
the THz Frequency Range. IEEE Transactions on Terahertz Science and Technology, Vol. 2, No. 5,
S. 525-537,2012.

Thomas Kiirner is a full Professor for Mobile Radio Systems at Institut fiir
Nachrichtentechnik at Technische Universitdt Braunschweig and is working, amongst
other topics, on THz communication systems. He is chair of IEEE 802.15 TG3d and IEEE
802.15 IG THz and the coordinator of the German TERAPAN project.

Iwao Hosako is currently Director General of Advanced ICT Research Institute at the
National Institute of Information and Communications Technology (NICT), and is working
on other THz technologies (sensing, imaging, and etc.). He is vice chair of IEEE 802.15
TG3d and IEEE 802.15 1G THz.

Yumi Ueda is working as a technical expert at the National Institute of Information and
Communications Technology. Her job is the standardization for terahertz wave
radiocommunication systems and devices mainly in ITU-R and Asia-Pacific
Telecommunity.

Alexander Fricke is working as a research assistant at the Institute for Communications
Technology at Technische Universitdt Braunschweig. Currently, he is dealing with
propagation and channel modeling in the field of Terahertz intra-device communications.
He had several contributions to and is the editor of the CMD of IEEE 802.15 TG3d.

http://www.comsoc.org/~mmc/ 25/85 Vol.11, No.2, January 2016



IEEE COMSOC MMTC Communications - Frontiers

Sebastian Rey is pursuing his Ph.D. as a research assistant with the Institut fiir
Nachrichtentechnik at Technische Universitdt Braunschweig. His work mainly focuses on
propagation and system measurements and modelling at 300 GHz. He is a contributor to
IEEE 802.15.3d and currently the editor of the evaluation criteria document of this group.

Akifumi Kasamatsu is a director of the terahertz and millimeter wave ICT laboratory at
the National Institute of Information and Communications Technology (NICT), Tokyo
and his research interests are in wireless communication technology such as wireless
transceivers and nano-scale semiconductor devices for millimeter wave and terahertz
communications. He is a contributor to IEEE 802.15.3d.

Norihiko Sekine is a Research Manager at the National Institute of Information and
Communications Technology (NICT), Tokyo and his research interests include the
physical properties of semiconductor nanostructures in the terahertz regime and their
application to terahertz devices and systems. He is a contributor to IEEE 802.15.3d.

http://www.comsoc.org/~mmc/ 26/85 Vol.11, No.2, January 2016



IEEE COMSOC MMTC Communications - Frontiers

Free Space Optical Communications:
Fundamentals, Applications and Recent Achievements
Murat Uysal
Ozyegin University, Istanbul, Turkey, 34794
murat.uysal@ozyegin.edu.tr

1. Introduction

Optical wireless communication (OWC) [1-4] uses optical carriers, i.e., visible, infrared, or ultraviolet
bands, for wireless transmission in unguided propagation media. OWC systems can be classified into
short and long range systems, according to the distance between the transmitter and receiver. Short range
systems are mainly for indoor use while long range systems are used for outdoor and space applications.
Indoor and outdoor propagation environments are inherently differently from each other and pose unique
challenges which need to be carefully taken into account for OWC system design. The focus of this paper
is outdoor OWC links which are widely referred to as free space optical (FSO) communication in the
literature.

FSO products with transmission rates of 10 Gb/s are already in the market [5] and the speeds of recent
experimental FSO systems are competing with fiber optic [6, 7]. FSO systems use very narrow laser
beams. This spatial confinement provides a high reuse factor, an inherent security against jamming, and
robustness to electromagnetic interference. Furthermore, the frequency in use by the FSO technology is
unlicensed worldwide. Therefore, FSO systems do not require license fees providing a cost-effective
alternative to microwave counterparts. FSO systems are easily deployable and can be reinstalled without
the cost of dedicated fiber optic connections. With such advantages, FSO can be used in a wide range of
application areas. In this paper, we first provide an overview of FSO communications and then present
application areas of this promising technology with huge potential. We also discuss some recent
achievements including the ongoing large-scale projects by Facebook and Google using FSO technology.

I1. Fundamentals of FSO Communications

In an FSO communication system, a source produces waveforms which are then modulated onto an
infrared (IR) carrier. The generated optical field is radiated through the atmosphere towards a remote
destination. In terrestrial applications, this can be several kilometers while in space applications the range
might be on the order of thousands of kilometers. At the receiver, a photodetector transforms the optical
field to an electrical current. The receiver processes the detected electrical current to recover the original
transmitted information.

Current FSO systems typically operate in the near-IR wavelengths ranging from 750 to 1600 nm. In the
near-IR band, certain wavelengths experience severe absorption due to the presence of different
molecules in the atmosphere [8]. There are some atmospheric windows, located around 850, 1060, 1250,
and 1550 nm where an attenuation of less than 0.2 dB/km is experienced [9]. It is worth noting that 850
and 1550 nm wavelengths coincide with the standard transmission windows of fiber communication
systems. Commercially available FSO systems also prefer these two wavelengths to take advantage of the
already available off-the-shelf components.

A typical FSO transmitter consists of an optical source, a modulator, an optical amplifier, and
beamforming optics. The input bits are first modulated with an intensity modulation technique such as on-
off keying (OOK) or pulse place modulation (PPM). Channel coding can be optionally used before
modulation if required. To boost the optical intensity, the modulated laser beam is passed through the
optical amplifier. FSO systems typically use semiconductor laser diodes (LDs) [10] as light sources.
Vertical-cavity surface-emitting lasers (VCSEL) are mostly used for operation at 850 nm while Fabry-
Perot (FP) and distributed feedback (DFB) lasers are preferred for operation at 1550 nm. As alternative to
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LDs, high power light emitting diodes (LEDs) with beam collimators can be also used [11].

The use of laser transmitters is regulated by safety standards. These standards limit the transmitted optical
power for eye-safety [12]. In fact, only certain wavelengths in the near-IR range can penetrate the eye
with enough intensity resulting in retina damage. Other wavelengths are absorbed by the front part of the
eye. It is known that the absorption coefficient at the front part of the eye is much higher for longer
wavelengths (> 1400 nm). Therefore, the allowable transmission power for lasers operating at 1550 nm is
higher, and hence, they are considered for longer distance transmissions.

FSO receivers commonly use non-coherent detection. The receiver front-end consists of optical filters and
a lens which has the role of collecting and focusing the received beam onto the photodiode (PD). The PD
output current is converted to a voltage by means of a transimpedance circuit. The output of the
transimpedance circuit is low-pass filtered in order to limit the thermal and background noise levels.

P-i-N (PIN) diode or an avalanche photodiode (APD) are used in practical FSO systems. PIN diodes are
usually used for FSO links with ranges up to a few kilometers [13]. In FSO receivers with PIN PDs, the
performance becomes limited by the thermal noise. For long range links, APDs are mostly preferred with
their high current gains [14]. The advantage of APD comes at the expense of increased implementation
complexity. In particular, a relatively high voltage is required for APD reverse biasing that necessitates
the use of special electronic circuits. This also results in an increase in the receiver power consumption. In
long range links, optical pre-amplifiers are also employed [15]. Erbium-doped fiber amplifier (EDFA) is a
common choice at the 1550 nm wavelength. In direct detection receivers, an optical pre-amplifier can
degrade the SNR by at least 3 dB [16]. Nevertheless, when the receiver performance is limited by the
electronic noise, optical pre-amplification can be highly beneficial.

III. FSO Applications

FSO systems can be used for a wide range of applications [17-20]. The major application area is
enterprise/campus connectivity. FSO systems can bridge multiple buildings in corporate and campus
networks supporting ultra-high speeds without the cost of dedicated fiber optic connections. With their
high-bandwidth capacity, they are also appealing for video surveillance and monitoring. Similarly, FSO
links are capable of satisfying the most demanding throughput requirements of today’s high definition
television (HDTV) broadcasting applications. In broadcasting of live events such as sports and
ceremonies or television reporting from remote areas and war zones, signals from the camera need to be
sent to the broadcasting vehicle which is connected to a central office via satellite uplink. The required
high-quality transmission between the cameras and the vehicle can be provided by an FSO link.

The potential use of FSO links for backhauling/fronthauling in cellular links has also attracted recent
attention. Wireline connections such as T1/E1 leased lines and microwave links are typically deployed
between the base stations and the mobile switching center in a cellular system. The growing number of
bandwidth-intensive mobile phone services now requires the deployment of technologies such as FSO
which allow much higher throughputs [21].

FSO links are particularly useful for deployment as redundant links in disaster recovery and emergency
situations. Temporary FSO links can be readily deployed within hours in such disaster situations in which
local infrastructure could be damaged or unreliable.

While earlier uses of FSO links were mainly for fixed installations, it is possible to establish such links in
mobile applications given that reliable pointing-acquisition-tracking algorithms are designed. This
enables the deployment of FSO links for aircraft-to-aircraft, aircraft-to-ground, aircraft-to-high altitude
platforms (HAPs). Such uses of FSO are particularly useful in tactical field and research is pursued in this
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direction by military organizations and defence companies.

FSO can be used as a powerful ultra-long connectivity solution (for more than 10000 kilometers) for
ground-to-satellite and satellite-to-satellite communications as well as intraplanet communication. One of
the major milestones in this area took place in 2001 when a 50 Mb/s FSO link was successfully
established between ARTEMIS geostationary satellite and the SPOT-4 French Earth observation satellite
in sun-synchronous low earth orbit. With the introduction of coherent modulation techniques, data rates
on the order of Gbps were further achieved. It is expected that OWC will continue to be a major enabling
technology in space and satellite links.

II1. Recent Achievements

There are several companies which are currently active in FSO market including Canon (Japan),
Cassidian (Germany), fSONA (Canada), GeoDesy (Hungary), Laser ITC (Russia), LightPointe
Communications (USA), MRV (USA), Northern Hi-Tec (UK), Novasol (USA), Omnitek (Turkey),
Plaintree Systems (Canada), and Wireless Excellence (UK) among others. The commercially available
FSO systems offer transmission rates up to 10 Gb/s. Recent experimental demonstrations target
transmission rates on the order of Tb/sec. For example, a rate of 1.6 Tb/s was reported in [22]. The
implemented system exploits polarization multiplexing and wavelength division multiplexing (WDM).
QPSK modulation and coherent detection are used. The system allows enough power budget to support
the record transmission of 16 channels, operating each at 100 Gb/s over 40 km of fiber and 80 m of FSO
between two buildings. In another demonstration [23], 100 Tb/s was achieved over a short distance (1 m).
Multiplexing/demultiplexing of 1008 data channels using orbital angular momentum (OAM) mode-
division-multiplexing combined with WDM were used in this experimental link. 24 OAM modes, each
carrying 42 WDM channels, and each wavelength transporting a 100 Gb/s QPSK signal, were
multiplexed, providing an aggregated capacity of 100.8 Tb/s.

In 2014, another record was achieved by NASA [24] which was able to transmit data across the
384,633km distance between Earth and the LADEE satellite orbiting the Moon. Record breaking data
download rate was reported at 622 Mb/s. The system uses four separated laser transmitters resulting in 40
W of transmitter power.

FSO technology is also deployed in ongoing projects internet.org [25] and Loon [26] led by Facebook
and Google. Internet.org aims to provide affordable access to less developed countries. The project plans
to use different vehicles to deliver Internet to different types of locals. Less populated areas will be served
by low-Earth orbit and geosynchronous satellites. In suburban areas it will use solar-powered drones.
Facebook plans to use FSO among drones and satellite links. This will basically form a mesh network in
the sky which is able to distribute high capacity data streams, similar to fibre optic networks through the
air and between aerial platforms. In Loon project led by Google, high-altitude balloons, instead of drones,
are used to build a network 20 miles above the earth. It was reported that a 155 Mb/s optical connection
between two balloons more than 100 kilometers apart was established. Ongoing work in the same project
aims to further improve the data rate to the range of Gb/s.

4. Conclusions
In this paper, we have provided an overview of FSO communications and discussed several potential
areas. FSO has been treated as a niche technology in the past. Thanks to the recently launched projects

from Facebook and Google, FSO is now making headlines and its advantages of this promising
technology will be better understood leading to a wider deployment in near future.
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1. Introduction

The development of LED with the possibility of high-speed switching is one of important factor of Visible
Light Communication (VLC) success. During the last decade it has been achieving a big change in wireless
communication. The research on VLC is spread out from material design to application service. The
specification of VLC which is standardized as IEEE 802.15.7 [1] in 2011 is one full reference of VLC
application deployment. However the research issues of VLC still going on especially on the performance
enhancement. To the best of our knowledge, this article provides an overview of the activities of Visible
Light Communication research in Korea. The research issues will be discussed briefly on the target goal of
Korea VLC. Based on the provided information, we will discuss some trend issues of visible light
communication on standardization and business trend in the last section.

2. Research on Visible light communication in Korea

From early of the 2000s, Visible Light Communication is one of the challenges issues in Korea. The
research on visible light communication has focused on application service, localization, modulation,
dimming control, MIMO diversity, and access control. The research is classified by two directions based
on receiver’s architecture: photodiode and image sensor.

With photodiode visible light communication system, the research issues include:

- For dimming control, it is one important issue of VLC with illumination advantage comparison
with RF system. This issue which is analyzed from [18] is one of the main parts of IEEE 802.15.7
specification. The proposed scheme from “Color and Brightness Control of RGB LEDs” [2] used
Pulse width modulation and variable pulse position modulation on RGB component to control the
brightness. Every color is perceived by the human eye by a ratio of three basic RGB color. By
applying PWM on controlling on/off period of each RGB light source, the proposed scheme can
generate modulated color. The proposed dimming control in [17] was a new forward error
correction (FEC) coding method using a coset constructed from a bent function and a Reed-Muller
(RM) code. It can provide accurate dimming control in on-off keying-based visible light
communication systems.

- For MIMO technique, the research of “Spatial Multiplexing in MIMO” [3], [4] represents the
performance of MIMO visible light communication system on image sensor array. The spatial
multiplexing of MIMO technique is applied to improve the throughput performance.

- For application service, the proposed system of LED-ID from “Development of Home Network
Technology based on LED-ID” project [5], [6] was a deployment of IEEE 802.15.7 specification
for ID applications. The operation of LED-ID includes two phases: First one is the identification of
LED-ID tag; second is data transmission. The research also considered link switching and link
recovery for movement topology of Tag and Reader. The scenario topology of LED-ID service is
mainly focused on spatial diversity so the collision control is considered by a new protocol. The
receiver will initial the connection and error control.

- For localization issue, the proposed scheme of “Carrier allocation VLC” [9], [10] used received
signal strength indication (RSSI) for distance estimation and reference coordinator [11]. The
reference coordinators are three LEDs array with different subcarriers. The scheme can prevent
flickering and inter-cell interference from different transmitters.
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- For error correction issue, the suggested scheme of “soft-input soft-output run-length limited (RLL)
decoder” [12] for on—off keying (OOK) modulation and Reed—Solomon (RS) codes can enhance
the performance of bit error rate (BER) and frame error rate (FER) performances VLC systems.

- For link connection control, the work on link recovery and link switching [13], [14] focus on the
efficient mechanism for connection management. By predicting the link connection based on
movement direction or link handshake protocol between a mobile terminal and VLC Aps, the result
of proposed schemes showed good performance on delay connection or link QoS.

- For modulation issue, the research of VLC OFDM technique [15], [16] shows the performance of
OFDM on VLC system in different configuration and interference factor. With the possibility of
inter-symbol interference avoidance, VLC OFDM will be a promising technique for high-speed
VLC system.

About Visible Light Communication based image sensor, it is a new issue which is considered as an
extension of IEEE 802.15.7 specification. Up to the current development, image sensor technique is
classified as rolling shutter and global shutter technique. Image sensor Visible light communication is also
called as Optical camera communication (OCC) because of the development of camera and smart devices.
These are different from photodiode case. The research mainly focuses on application, modulation,
synchronization and localization.

- For modulation approach, the proposed schemes on frequency subcarrier and color shift modulation
are core research for OCC [19], [20], [21]. Frequency subcarrier modulation is applied for a non-
flickering scenario which is usually for indoor full illumination application. Color shift modulation
is for flickering scenario in vehicle communication, data broadcasting scenario. The performance of
two modulation schemes on rolling shutter and global shutter is different. Rolling shutter image
sensor can support high data rate compare with global shutter. However global shutter has the
advantage of distance and MIMO topology.

- For synchronization issue, the research on the carrier frequency, OOK and color shift [22], [20]
specify the limitation of image sensor characteristics for OCC: shutter speed, frame variation and
exposure time.

- For localization issue, the research of “Localization based Image sensor communication” project
[7], [8], [9] suggested photogrammetry calculation from image data using computer vision
technique and reference coordinate.

- For application service, the proposed scenario and topology of vehicle communication, seaside
communication or data broadcasting [21], [8], [23]. Depending on application scenario, the image
sensor type should be considered based on data rate, communication distance or MIMO technique.

3. Conclusion and Discussion

With the development of image sensor technology, human demand and mobile system, Optical Camera
Communication will be a promising service in near future. It should be considered as one candidate for
revision specification of IEEE visible light communication specification.
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1. Introduction

Visible Light Communications (VLC) use the visible spectrum (wavelengths between 390 and 750 nm or
frequency band of 400-790 THz) and can provide wireless communications using illumination and
display elements. From the ancient times to the 19™ century, all VLC communication systems were
relying on the human eye as the receiver. The invention of the Photophone by Alexander Graham Bell
and Charles Sumner Tainter changed the nature of VLC communications. They used the fact that
selenium resistance varies with respect to light intensity and used this property by connecting it to a
phone receiver in order to send audio signals. Many improvements have been achieved on these systems
until the 1950s, however most of the materials used for detection have higher sensitivity to infra-red
radiations, hence precluding visible light to be used as a transmission medium.

The introduction of light-emitting diodes (LED) created a new interest for the use of visible light
communications. More specifically, the introduction of GaN LEDs [1] and white light-emitting phosphors
[2] provided visible light sources which can be modulated at higher speeds, without sacrificing their main
illuminating role. In 2004, the first high-speed communication demonstrations with LEDs were made in
Japan, using photodiodes. On the other hand, the proliferation of cellular phones with cameras, enabled
them to be used as VLC receivers. Researchers started using LCD screens and other display elements as
transmitters.

One of the first standardization bodies to work on a VLC standard was the Visible Light Communications
Consortium (VLCC) of Japan. They expanded the irDA standard for infrared communications to the
visible light spectrum in 2008.

In the year of 2011, IEEE 802 LMSC published the IEEE Standard 802.15.7 for Short-Range Wireless
Optical Communication Using Visible Light [3,4]. Due to the growing interest in visible light
communications, in 2014, the IEEE standardization association approved another project authorization
request from IEEE 802 to amend the previous standard for a faster, better and more application enabling
standard. In this paper we summarize current activities in IEEE 802 for the new amendment.

2. IEEE 802.15.7r1 Amendment

In 2013, the IEEE 802.15 working group (WG) decided to investigate if an amendment to the 802.15.7
standard is necessary by establishing a study group. The discussions inside the group and suggestions
from industry and academia led to a project authorization request [5], which states: “This standard defines
a Physical (PHY) and Media Access Control (MAC) layer for short-range optical wireless
communications in optically transparent media... The standard is capable of delivering data rates
sufficient to support audio and video multimedia services and also considers mobility of the optical link,
compatibility with various light infrastructures, impairments due to noise and interference from sources
like ambient light and a MAC layer that accommodates the unique needs of visible links as well as the
other targeted light wavelengths. It also accommodates optical communications for cameras where
transmitting devices incorporate light emitting sources and receivers are digital cameras with a lens and
image sensor. The standard adheres to applicable eye safety regulations...”. The acceptance of the project
authorization request by the IEEE Standards Association enabled the IEEE 802.15 WG to create a Task
Group (802.15.7r1 TG) to work on an amendment, which is open to almost any type of VLC
communications. According to the timeline of the group shown in Fig. 1, the 802.15.7r1 TG will collect
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proposals in 2016 and finalize the amendment before 2018. In Fig. 1, CFA, TRD and CFP stand for call
for applications, technical requirement documents and call for proposals, respectively.
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Figure 1. IEEE 802.15.7r1 Tentative Timeline.

A technical requirements document is prepared to guide prospective standard proposals [6]. The
document uses the term “Optical Wireless Communication (OWC)” and classifies OWC into three

modes:

* Image Sensor Communications (IMC).
* Low Rate Photodiode Receiver Communications (LR-PC).
¢ High Rate Photodiode Receiver Communications (HR-PC).

In regards to the definition of low speed and high speed, the throughput threshold data rate is 1 Mbps as
measured at the Physical Layer output of the receiver. Throughputs less than 1 Mbps rate are considered
low rate and higher than 1 Mbps are considered high rate. The WG determined the possible applications
that can be served by each communication type. Regarding eye safety, the document states that the
modulated light that can be seen by the human eye shall be safe in regards to the frequency and intensity
of light (e.g., IEC 60825-1:2014) and the modulated light will not stimulate sickness, such as
photosensitive epilepsy.

Image Sensor Communications (IMC)

IMC enable optical wireless communications using an image sensor as a receiver. The main applications
of IMC are:

* Marketing/Public Information Systems.

* Internet of Things.

* Location-Based Services / Indoor Positioning.

* Vehicular Communications.

* Underwater Communications.

* Power Consumption Control.

* Vehicular Positioning.

* Seaside Communications.

* LED based tag applications.

¢ Point-to-(multi)point / relay/ communications.

* Digital signage.

The requirements to be observed by the IMC PHY layer are listed as: dimming control, power
consumption control, coexistence with ambient light, coexistence with other lighting systems,
simultaneous communication with multiple transmitters and multiple receivers (MIMO), nearly point
image data source, identification of modulated light sources, low overhead repetitive transmission, image
sensor compatibility and localization.
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For MIMO communications, a MIMO MAC protocol may be incorporated into the standard so that the
camera enabled receiving device knows how to process the received data. IMC will support at least one
PHY mode that works when the light source appears as nearly a point source; i.e., the light source
illuminates only a small number of image pixels. IMC will support at least one MAC mode that supports
repetitive informational broadcast at very low data rates; that is, the frame format should present a very
small overhead and be optimized for short payloads sent in a repetitive manner. Regarding image sensor
compatibility, IMC will support a PHY mode that is compatible with a variety of cameras with different
image sensing sampling rates (read-out time), resolutions and frame rates. Specifically, either constant
frame rate or varying frame rate will be supported.

Low Speed Photodiode Communications (LS-PC).

Low Speed Photodiode Receiver communications require LEDs as transmitters and low speed
photodiodes as receivers. The main applications are:

¢ Underwater/Seaside Communications.
¢ Point-to-(multi)point communications.
* Digital signage.

* Internet of Things.

¢ LOS Authentication.

* Identification based services.

LS-PC should support the LED Tags and the Smart Phone Flash lights as transmitters. The standard will
support low speed photodiode receivers, which measure intensity of the visible light, IR and/or near UV.
It may provide mechanisms to support handover between LED light sources, allowing the users to
maintain a continuous network connection.

LS-PC may provide mechanisms that can be used to develop and deliver interference coordination
techniques by higher layers and may support link recovery mechanisms to maintain connection in
unreliable channels and reduce connectivity delays.

High Speed Photodiode Communications (HS-PC)

The use of high speed photodiode receivers will enable high-speed, bidirectional, networked and mobile
wireless communications. The task group is planning to create a PHY mode within high speed photodiode
receivers that supports peak data rates of 10 Gbps at the PHY Service Access Point (SAP). The main
applications of this mode are:

* Indoor Office/Home Applications: (Conference Rooms, Shopping Centers, Museums, etc.)

¢ Data Centers / Industrial Establishments, Secure Wireless (Manufacturing Cells, Factories, etc.)
* Vehicular Communications.

* Wireless Backhauling (Small Cell Backhauling, Surveillance Backhauling, LAN Bridging).

In HS-PC, continuous data streaming for all applications will be supported with a bidirectional
functionality as well as short packet transmissions where low latency is required. A MAC/PHY
mechanism to support adaptive transmission as well as multiple users communicating with different data
streams from the same light source (multiple access) will be included. HS-PC will provide mechanisms to
support horizontal handover between light sources, allowing the users to maintain a continuous network
connection for applications and providing efficient mechanisms that can be used to deliver interference
coordination techniques by higher layers. HS-PC will co-exist with ambient lights. This may enable a
receiver to communicate with a supported transmitter even in the presence of other modulated lights. In
addition, coexistence shall be investigated with the existing IEEE802.15.7-2011 operating modes. HS-PC
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may support MIMO communications and cooperative signal processing among multiple transmitters with
negligible impact on latency. HS-PC will support efficient and reliable feedback and control channels.
These may be used for adaptive transmission, multiple user support, MIMO support, cooperative signal
processing or other features. HS-PC may provide internal metrics via an open interface. This information
may be used to support cooperative signal processing, vertical handover and link aggregation with other
wireless transmission techniques. For this purpose, HS-PC may report the following metrics with
minimized overhead and low latency:

* Information about instantaneous metrics, such as SINR and detailed channel state information.

* Information about recent history of the metrics, such as temporal characteristics, signal blocking,

frequency of signal losses.

VLC Channel Models

The TG received many contributions on the channel models for all mentioned communication modes. It
has agreed that proposers do not need to evaluate their submissions against a channel model to hear
Technical Proposals for the Image Sensor and LS-PC modes. On the other hand for HS-PC, detailed
channel models are provided by TG for 4 scenarios:

* Open Office/Office with Cubicles (Fig. 2).
* Office with Secondary Light (Fig. 2).

¢ Home (Fig. 3).

* Manufacturing Cell (Fig. 3)

Upln e Pk Wirdow Tt Zoom g

Figure 3. Home and Manufacturing Cell Scenarios

In an effort to develop more realistic channel models, a modeling approach based on ray tracing was used
[7]. The proposed approach is based on Zemax®; a commercially available optical and illumination
design software [8]. First, a three dimensional simulation environment is created where one can specify
the geometry of the indoor environment, the reflection characteristics of the surface materials and the
specifications of both light sources and detectors. The computer aided design (CAD) objects can further
be imported in the simulation environment to model furniture and any other objects. The Zemax® non-
sequential ray-tracing tool generates an output file, which includes all the data about rays, such as the
detected power and path lengths for each ray. The data from the Zemax® output file is imported to
Matlab® to deduce the resulting channel impulse response [8,9].
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Observed channel impulse responses vary between an almost AWGN channel and channels with sever
delay spreads as shown in Fig. 4.

Channel Impulse Response Ghannel Impuise Response

Figure 4. Channel Impulse Response Examples

3. Future of 802.15.7r1 Amendment

As of March 2016, the TG is hearing proposals for all communication modes. There is interest from both
academia and industry. The group is planning to select and combine proposals to create the first draft for
the amendment at the end of 2016.
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1. Introduction
One of the key drivers of the impending Spectrum Crunch is multimedia consumption.

Cisco has published their Global Mobile Data Traffic Forecast Update for 2015 — 2020 showing that
global mobile data traffic grew 74% in 2015, experiencing a 4000 times growth in the last 10 years, where
fourth-generation (4G) traffic exceeded third-generation (3G) traffic for the first time generating 53% of
all network traffic [1]. Interestingly, mobile offload exceeded cellular traffic for the first time in 2015,
with 51% of total mobile data traffic being offloaded onto the fixed network through Wi-Fi or femtocells
in 2016 with a total of 3.9 Exabyte of mobile data.

More than half a billion mobile devices and connections were added in 2015 and mobile video traffic
accounted for 55% of total mobile data traffic. Online streaming services such as YouTube, Netflix,
Amazon Prime, etc. are the preferred choice for consumers aged 14 — 25 is streaming video with 72%
citing it as one of the most valuable services [2]. Indeed, Netflix alone accounted for over 30% of all
internet data in the US in 2015.

The estimates, according to Qualcomm, are that the next generation of wireless technologies need to
achieve 1000 times greater energy efficiency and 1000 times greater wireless capacity.

In addition to the large amount of data going through the wireless networks to satisfy the growing demand
for multimedia streaming, the Internet of Things is emerging. The expectation is that by 2020, there will
be over 50 billion connected devices, each looking to use the unlicensed spectrum for connectivity.

This sustained growth in the demand for wireless capacity as well as the increasing density of wireless
connections means that interference management is a key requirement for any system that hopes to
address this issue.

At around 2000 prior to the introduction of 3G, the telecommunications industry pondered why base
stations that deliver 2 Mbps are required, ‘What is the killer app?’ was the dominating question at that
time.

Now, 15 years later, with a 400-million-fold increase in the mobile data traffic, WiGig is being introduced
with maximum throughput of 7 Gbps [1]. The exponential Growth in demand for wireless internet has
been identified by Cisco, Huawei, Qualcomm, the European Commission and others, with predictions of
a sustained 60% compound annual growth rate (CAGR) in increasing demand.

If this trend continues, as all statistics indicate, then satisfying the demand for wireless data means that
access points will be required to deliver 53 Gbps 2020. Indeed, improvements in technology will need to
deliver access points that achieve 806 Gbps by 2025, unless a significant reduction in cell sizes is
introduced.
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Small cells are the key to enabling continued growth in wireless communications. Traditional Radio
Frequency (RF) communications has limitations on the size of the small cells due to interference.
Incorporating interference mitigation techniques is a key aspect of Qualcomm’s strategy to achieve 1000
times greater efficiency (by 2020), however, this requires advanced algorithms that increase the cost and
complexity of a small cell solution. High speed, networked and mobile wireless communications using
light, or LiFi, enables both, high data rates from the access point and very small cells where interference
is significantly more contained and predictable.

2. Optical wireless communications - LiFi

There is a clear difference between visible light communications (VLC) and LiFi. LiFi takes VLC
further by using light emitting diodes (LEDs) to realize fully networked wireless systems. Synergies are
harnessed as luminaries become LiFi attocells resulting in enhanced wireless capacity providing the
necessary connectivity to realize the Internet-of-Things, and contributing to the key performance
indicators for the fifth generation of cellular systems (5G) and beyond [3].

LiFi leverages the visible light spectrum that is 1000 times larger than the entire 300 GHz of RF spectrum.
The visible light spectrum enables a huge, step-change growth in future data rates, future-proofing
wireless networks for the continued exponential growth in demand for wireless data. Intensive system
analyses show that LiFi attocellular networks will provide superior user data rates [4].

pureLiFi and the University of Edinburgh have shown that in the medium term LiFi light bulbs can
achieve 100 Gbps, over 14 times higher than WiGig, reaching over 1 Tbps in the long term (1 Tbps) by
exploiting the huge visible light spectrum resource [5]. This means LiFi technology will be able to deliver
the predicted access point data rates. In addition, the atto-cell network of LiFi-enabled lights can deliver
data density (Mbps / sqm) that is over 1000 times greater than state of the art wireless systems.

Combining the long term data rates of over 1 Tbps with the 1000 times greater data density of the overall
system means that the problem of Spectrum Crunch will be resolved for the foreseeable future.

LiFi enables significantly more access points in a given space than RF/WiGig by utilising the lighting
infrastructures. This results in a more uniform and easier accessible signal distribution (reduction of dead
spots), and a massive scaling of user data rates, critically important for the IoT. The small cell concept has
been the major contributor in cellular communications to achieving higher data rates and greater wireless
capacity. Second generation systems (2G) typically exhibited 35 km cell radius in 2G (slightly reduced in
the cities), 3G has approximately 5 km cell radius with around 1km in the cities, 4G has approximately 1
km to 500 m cell radius, and 5G is anticipated to have a 50 m cell radius. LiFi enables a 5 m cell radius.

Commercial LiFi system, such as the pureLiFi LiFi-X solution, offer data rates of over 40 Mbps for both
the uplink and the downlink with an adjustable cell radius of less than 2 m [6].

Creating smaller cells with cell radius below 20 m is very difficult due to the propagation environment in
RF [7]. This technical limitation, in combination with the increased cost of additional consumer devices
and infrastructure, are some of the key reasons why femto-cellular networks have not experienced the
massive uptake that was predicted.

The pursuit to limit the cell size has lead to systems operating in the mm spectrum (~300 GHz). However,
mmWave communication requires antenna beamforming techniques to overcome the higher path loss.
This means more complex antenna systems, potentially patchy coverage and compromised energy
efficiency as multiple power amplifiers are required. Critically, the typical energy efficiency of a power
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amplifier is below 50%. In addition, complex user tracking techniques are required to support user
mobility, and the systems suffer significant communication degradations in non-line-of-sight conditions.
To overcome this limitation, a large number of access points may be needed, however, there is a
limitation to the number of access points that can be active in the same area due to interference and
installation/backhaul cost.

In addition to increased wireless capacity, LiFi attocellular networks have the potential to be three orders
of magnitude more energy efficient as they are much more efficient in serving multiple users in dense
users/devices/things deployments.

With the coming of the IoT to prominence, as well as mounting environmental concerns, delivering an
energy neutral communication system is crucial. LiFi has the potential to deliver on this front as well.
Recent work [8]] has shown that solar panels can be used as signal detectors for LiFi, which enables
simultaneous data communication and energy harvesting. With plentiful energy available for scavenging
in the form of solar radiation, this is an enabler for the creation of simple and cheap IoT devices that can
interface to LiFi networks without generating cost in terms of operational energy. Moreover, with tens of
Mbps communication speeds possible [9], solar enabled LiFi is capable of delivering connectivity to
remote and/or undeveloped areas of the world in a sustainable and infrastructure independent manner.
This presents a solution that brings remote settlements into the connected world without the need for
enormous capital expenditure. Finally, with the recent advances in flexible circuit technology and organic
flexible solar cells, one can envision almost infinite applications of this technology. Virtually any surface
be it solid or flexible could potentially be network connected via LiFi and serve as a sensor host or a
smart agent.

3. Commercial Considerations

The technical considerations are only one aspect highlighting the advantages of LiFi in future
deployments. There are also a number of key market trends that will facilitate the commercial adoption of
LiFi. Enabling LiFi requires providing both power and data connectivity to each light. This connectivity
can be delivered using power line communications (PLC) or Power over Ethernet (PoE).

The lighting industry, spearheaded by GE Lighting and Philips, with the support of network infrastructure
providers is already delivering PoE enabled smart building solutions. A notable example is the Edge
Building in Amsterdam, where Philips installed over 6500 PoE connected lights. The key here is that the
lighting industry, independent of any requirements for LiFi, is already installing the required
infrastructure.

The lighting industry is also experiencing a change in the underlying market metric. The transition from
dollars per lightbulb is currently going through monetizing dollars per lux (or dollars per watt). However,
this business model is also saturating and the focus is now on monetizing dollars per bit — putting lighting
in the center for the developing IoT. Philips, ABB and Bosch have partnered with Cisco to enable
connectivity in their Smart Building solutions. Sony and Toshiba are introducing a new all-inclusive, Wi-
Fi connected smart-light similar to Apple that contains a host of sensors (occupancy, humidity,
temperature, smoke detector, etc.), even a Bluetooth connected loudspeaker that would activate when it
detects movement to a configuration relevant for the person near the device.

These developments point to a fundamental shift in the role that Lighting will play in the future. The
integration of these sensors and the lifetime of LEDs means that the key value generation for the Lighting
industry will be focused on data — learning from and predicting user behaviour, while providing access
and localized services.
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This creates a fundamentally new business model for the lighting industry that derives from the same
market metric of dollars per bit. This is fundamentally the same market metric as Amazon, Google, Apple,
and other technology giants in the Content creation industry as well as the Telecoms and network
providers such as T-Mobile. LiFi provides a clear advantage for the lighting industry as it strives to
ensure its place in the new market space.

4. Conclusion

In this paper, the increased consumption of multimedia is identified as the key driver for the emerging
spectrum crunch. The potential for LiFi to access the light spectrum and provide a key enabler for future
wireless solutions is highlighted. The role that new connectivity technologies can play in the IoT is
identified and some of the drivers for the commercial adoption of LiFi are discussed.
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Ultra-high definition (UHD) video has been rapidly progressing into various fields of the consumer
market, covering a whole technological chain from the acquisition and processing to storage, transmission
and display. This evolution is sustained by research efforts worldwide with contributions from academia
and industry to new developments and solutions capable of dealing with the huge amount of data
associated with UHD video. Standardization activities have also been playing a crucial role in the
technology and market development by providing the necessary elements to ensure interoperability
among UHD video communications equipment from different manufacturers. As a result, an increasing
number of diverse services and applications using UHD video content are expected to appear in near
future, also bringing to light new challenging problems in the various elements of a communication chain.
This Special Issue addresses some of these problems in six E-Letters from different authors, discussing
relevant aspects of UHD video communications and sharing their latest results.

In the first article by Dragan et al., from the University of Novi Sad and RT-RK, entitled “Recent
advances in UHD video coding technology: High Dynamic Range and wide color gamut” the authors
address the technical challenges associated with the evolution of current video coding standards to
support high dynamic range, without loosing backward compatibility, in conjunction with the need for a
wider color gamut. The authors describe the relevant coding tools and metadata included in the HEVC
standard for increasing the dynamic range and widening the color gamut of UHD format. The main
standardization activities towards the specification of HExt extensions for HEVC are also presented, with
reference to the core experiments and test conditions that support the standard development.

Bandoh et al. from NTT Corporation authored the second article entitled “Analytical evaluation of high
frame-rate video signal for encoder design.” The current HEVC video coding standard supports higher
frame rate in addition to higher resolution. This article studies the quantitative effect of increased frame-
rate on encoded bit-rate. Two mathematical models are presented that provide relationship between
frame-rate and motion-compensated prediction error. From experiments, the proposed model is
demonstrated to be useful for determining a quantitative solution for the number of encoded bits required
for motion-compensated prediction error when the frame-rate is increased.

The third article “From HD to UHD video: implications for embedded systems implementations of
software-base HEVC video encoders”, by Monteiro et al., from the Federal University of Rio Grande do
Sul, address challenges posed on practical implementations of HEVC encoders for UHD formats in
consumer devices. The article presents evidence to support the choice of cache memory configurations
that ensure minimum energy consumption and reduced hardware costs. In the same context, the authors
also present a method for reducing the computational cost of UHD HEVC encoding to allow encoder
implementations based on embedded processors.

The fourth paper “Contouring artefacts prevention in compressed UHD video sequences. tools and
analysis of their performance” by Seixas Dias et al. from the BBC, is concerned with contouring artefacts
that appear in coded UHD image areas with low contrast and smooth variations of pixel intensities. The
authors present two different methods to reduce the visibility of these artefacts in HEVC encoders in
order to prevent deterioration of the increased quality of experience provided by UHD video formats.
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Relevant solutions are presented based on two alternative approaches: post-processing at the decoder side
or modified quantization at the encoder. It is shown that the efficiency of such methods in reducing
visible artefacts is better for higher qualities, i.e., higher bit rates.

The fifth article is contributed by Asbun ef al. from InterDigital Communications, and is titled “DASH
segment scheduling for scalable UHD video streaming”. With increasing viewership of videos on mobile
devices, there is growing need for multimedia clients that can stream videos while consistently
maintaining high quality of user experience. To address this need, the authors present a DASH video
segment scheduling algorithm for an SHVC streaming client that can yield higher video quality over
traditional multi-rate streaming. The scheduling algorithm maximizes the video quality under a given
bandwidth, and selects segments that minimize quality variations during bandwidth fluctuations, while
maintaining the appropriate fullness of the download buffers.

Finally, the sixth article by Ferreira ef al. from Instituto de Telecomunicagdes addresses the problem of
video retargeting to enable seamless delivery of UHD video to mobile devices with small screens. Besides
a brief review of related works, the article presents a method for retargeting UHD video based on
aggregated saliency maps, which in turn are driven by visual attention models. To ensure temporal
consistency of the resulting video sequence, jitter removal is implemented through filtering of the spatial
trajectory of the cropping window. This has the effect of enhancing the visual experience, in addition to
improving the coding efficiency in a consistent manner.

The extremely wide technological scope of UHD video communications is obviously impossible to be
covered in the six E-Letters of this special issue. However, a good balance was achieved by addressing
diverse issues, ranging from UHD content, HEVC encoding, streaming and adaptation to small displays.
We would like to thank all authors for their great contributions and the E-Letter Board for making this
special issue possible. Obviously we hope that the technical and scientific community can find these E-
Letters interesting and inspirational for pursuing new ideas and making useful contributions for the field
of UHD video communications, always bearing in mind the ultimate goal of improving the quality of user
experience.
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1. Introduction

The paper presents of the most recent achievements in increasing the dynamic range and widening the
color gamut of ultra high definition video (UHD) format and associated high efficiency video coding
HEVC/H.265 technologies in MPEG/ITU standardization framework. The main advantage of HEVC is
better compression, and it is a better choice for increased spatial resolution in UHD application domains
[1, 2, 3]. The HEVC compression standard has been approved in 2013, with the approved second version
in 2014, including support for higher bit-depths and enhanced chroma formats. MPEG is currently
studying whether HEVC is optimal to support higher dynamic range and wider color gamut, and launch a
new standardization activity in 2015 to address the deficiencies.

UHD format would appear to be sufficient for video systems to display realistic images. ITU-R BT.2020
recommendation defines five parameters: pixel resolution (3840x2160 and 7680x4320), temporal
properties (up to 120 Hz frame rates), wide-color gamut RGB primaries, signal format describing color
encoding methods from RGB to luminance Y and chrominance CgCy signals, and the way to digitize the
RGB and Y’Cg’Cr’ signals. However, the human visual system has a significantly larger dynamic range
than that supported by current display devices. Developed devices that are able to support a much larger
dynamic range than conventional standard/high definition SD/HD systems are starting to appear on the
market. A key technical challenge for video delivery is how to signal the higher dynamic range (HDR)
while also supporting legacy standard dynamic range (SDR) displays. Next, current systems do not
support the wide range (WCG) of colors that the human eye can perceive. The emissive color can be both
bright and saturated. We emphasize the need for both a wider color gamut and a higher dynamic range,
simultaneously.

In response to this trend, several standardization organizations have launched efforts to better enable these
features in both the short- and mid-term. In this paper, we provide a timeline of MPEG standardization
activities and a summary of the underlying HDR/WCG coding tools and metadata. Our emphasis is on
both existing and potential extensions to the High Efficiency Video Coding (HEVC) standard.

2. HDR/WCG coding tools and metadata

The Moving Picture Experts Group (MPEG) as a working group of ISO/IEC has most recently developed
the HEVC (High Efficiency Video Coding, officially known as ISO/IEC 23008-2 and ITU-T Recomm.
H.265). HEVC enables the bit rate for video services to be approximately halved compared to the
previous standard, H.264/AVC, while achieving the same video quality. The recommended bitrate for
HEVC encoding of UHD format is 23.90 Mbps, for the HD format is 2.70 Mbps, while for the SD format
is 0.90 Mbps.

The first version of this standard was approved in January 2013, where Main Profile and Main 10 Profile
profiles were specified [2]. The Main Profile is used for mass market video services that historically
require only 8 bits of precision in their processing, whereas Main 10 Profile, which supports up to 10 bits
of processing precision, is expected to be used where additional accuracy is needed, notably for encoding
video that has a high dynamic range.
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The second version of this standard was approved in July 2014, where three amendments were added to
the original specification [4]. The first, known as the Range Extensions amendment, added support for
colour sampling formats beyond 4:2:0 and up to 16 bits of processing precision [5]. The second, known as
Multiview HEVC (MV-HEVC), added support for providing efficient representation of video content with
multiple camera views and optional depth map information, such as for 3D stereoscopic and auto
stereoscopic video applications [6]. The third, known as Scalable HEVC (SHVC), added support for
embedded bitstream scalability in which different levels of encoding quality are efficiently supported by
adding or removing layered subsets of encoded data [7].

HEVC versions already comprise a set of coding tools and metadata relevant for increasing the dynamic
range and widening the color gamut of UHD format: support of higher bit-depth signals (with the
definition of a consumer profile, Main 10), BT.2020 color gamut for UHD format, PQ (Perceptual
Quantizer, SMPTE ST 2084) and transfer functions (OETF) that can be used for HLG (Hybrid Log-
Gamma, ARIB STD-B67) correction with RGB and YCbCr color components, one SEI message
providing descriptive information on color volume (the color primaries, white point, luminance range) of
the content display, three SEI messages embedding processing parameters for an efficient adaptation at
rendering side (fone mapping, knee function, color remapping).

video HEVC/AVC
elementary —» d d
bit stream ecoder
YChCr vor vul SEl and VUI
4:2:0 colour_primaries transfer_ elements
1(3b;'ts and matrix_coef characteristics
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Figure 1. Usage of VUI (Video Usability Information) and SEI (Supplemental Enhancement Information)
messaging at rendering side [8].

In the context of scalable coding, HEVC contains two tools, the color gamut scalability and bit-depth
scalability, allowing the support of HDR and WCG with backward compatibility with standard SDR
BT.709 HD format [9]. HEVC is therefore, already usable for HDR and WCG video distribution
applications.

3. HEVC standardization process

Recently, MPEG has launched in June 2015 a fast-track standardization process to enhance the
performance of the Main 10 profile for HDR and WCG video, that would lead to the HExt extension
around mid-2016. To achieve this, immediately following its meeting in February 2015, MPEG issued a
Call for Evidence (CfE) of new tools that may improve the performance of HEVC when used to encode
high dynamic range and wide color gamut video [10, 11, 12].

In parallel to its rapid-track effort, MPEG plans to launch a second track to address long-term
requirements that may include even further improved compression of HDR/WCG content. This second
effort could be part of a larger future video compression effort within MPEG [13]. The current goal is to
have the International Standard for this new video coding standard around 2020. A formal Call for
Proposals for the second track is expected to be issued in 2017.

4. H2M test model for HExt video coding

After a successful call for evidence (CfE) for High Dynamic Range (HDR), the technical work starts in
the video subgroup with the goal to develop an architecture (H2M) as well as core experiments (CE)
[14, 15].
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Document MPEG113 Exploratory Test Model for HDR extension of HEVC presents a first draft of the
H2M test model. The test model focuses on possible normative process changes to the HEVC
specification. The process is out of loop and does not involve changes in the normative decoding process.
The only normative tool in the HDR reconstruction post-process in H2M is the inverse reshaper. H2M
provides an example on how the syntax and semantics of the reshaper would be included in the SPS/PPS
(Sequence/Picture Parameter Set) extension which contains general video parameters.

A functional diagram of the H2M test model is shown in Figure 2. The proposed system uses HEVC
Main 10 profile for the bitstream generation and bitstream decoding, and uses metadata provided by the
decoder to control decoder side processing used for HDR reconstruction and WCG representation.

input A output
HDR —» HDR analysis .| HEVC HEVC | HDR HDR
video | @nd processing | encoding | decoding | reconstruction " yigeo

RESHAPER HEVC 10 bits Inverse RESHAPER ot

Figure 2. H2M functional diagram [14].

The input HDR signal is pre-processed to produce a modified HDR signal that is provided to the HEVC
Main 10 encoder. The HEVC Main 10 decoder output is used to reconstruct the HDR signal. The pre-
processing and post-processing steps primarily aim at improving the coding efficiency of HDR content,
and at providing support for SDR backward compatibility.

The HDR analysis and processing is applied prior to the HEVC encoding. It maps the input HDR signal
to a format adapted to the HEVC Main 10 profile. The normative encoding process utilizes the adaptive
reshaper module after the HDR signal is converted from color sampling format 4:4:4 to 4:2:0. The
purpose of the reshaper is to change the signal characteristics of YCbCr to improve the coding efficiency
of the existing HEVC Main 10 codec, and also to potentially enable producing the SDR compatible
reshaped version. The motivation of the reshaper has three aspects:

v PQ (Perceptual Quantizer) is designed to cover the full range of HDR signal from 0 to 10,000 nits
(measure of luminance). However, due to the display limitation and director's intent, the video range
might be smaller than the full range;

v For HDR and WCG signal has a much larger color volume than SDR which includes both color
and intensity;

v In case of SDR-backward compatibility, the reshaper performs dynamic range reduction with
control of color shift resulted from this dynamic range reduction.

Parametric reshaper model is designed to simultaneously improve texture sharpness and color
performance. It can additionally enable SDR backward-compatible support. The reshaper is used to
implement the following two features:

v Adaptive codeword re-distribution;

v Re-quantization of luma and chroma signal components.

Parameters of the luma and chroma reshaper models are signaled in the PPS (Picture Parameter Set)
syntax and usually updated when there is a scene change or IRAP (Intra Random Access Point).

The luma reshaper is modeled using a piecewise 2nd order polynomial or piecewise linear model. The
maximum number of pieces is 8. The use of 8 segments allows approximation of most reasonable curves,
i.e., continuous and bounded derivative. The 2™ order polynomial model is used to approximate complex,
non-linear smooth curves efficiently without the need to use a large number of segments. For less
complex curves, the piecewise linear model with up to 8 pieces provides sufficient performance with
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reduced complexity. For specific implementation, the piecewise polynomial and linear model can be
implemented using a LUT or computation procedure. The segment locations are part of the reshaper
parameters. The segment locations are derived at the decoder side from segment lengths, which are
signaled for each segment. The freedom to select the segment locations allows adaptation to a particular
signal being modeled.

For chroma, the reshaper is based on piecewise linear model reshaper functions with up to 32 pieces. The
piecewise linear model is constructed from parameters which include number of utilized segments, a
length of each segment and a scale value applied for each segment, and a global offset value. Chroma
reshaper can operate in two possible modes [14]:

*In Mode 0, reshaper is performed as Dynamical Range Adjustment (DRA), which is applied
independently to each chroma component using piecewise linear functions;

* In Mode 1, reshaper is performed as Cross-Component Scaling (CCS), with a scaling factor applied to
each chroma sample and being a function of the co-located luma sample. This scaling factor function is
also modeled as a piecewise linear function.

Figure 3 provides an illustration of the reshaper functions for luma and chroma components.

A

Poly_coef[i][0]
Poly_coef[i ][ 1]

Global o

Range{i]

a) polynomial function for luma

> x

Global o ]
Rangdi]

b) linear function for chroma sample value

Figure 3. Piecewise models of the inverse reshaper [14].

The further development of HExt extensions for HEVC are based on set of core experiments (CE) of
specific tools under investigation and a time line of simulation and cross-check reports. Core experiment
is the regular process for a tool to be adopted into the draft specification. Conceptually, a successful core
experiment can be considered as the step before adopting a proposal into the draft specification.
Document MPEG113 Common test conditions for HDR/WCG video coding experiments defines common
test conditions (CTC) and software reference configurations [16] to be used in the context of core
experiments conducted in the AhG for HDR/WCG video coding experiments [15]:

CE1. Optimization without HEVC specification change. The goal of this CE is to identify and
investigate methods for optimization of the HEVC Main 10 coding of HDR/WCG content without any
specification changes.

CE2. NCL fixed point for HDR video coding. This document describes the core experiment on
normative 4:2:0 YCbCr non-constant luminance fixed point for HDR video coding.

CE3. Objective/subjective metrics. This document describes the core experiment on objective metrics
for HDR/WCG video coding evaluation. This experiment focuses on the performance analysis of selected
luminance and color metrics. Correlation with subjective testing of CfE responses will be conducted.

http://www.comsoc.org/~mmc/ 53/85 Vol.11, No.1, January 2016



IEEE COMSOC MMTC Communications - Frontiers

CE4. Consumer monitor testing. The aim is to investigate the visual performance of test reshaper
technologies on consumer monitors and compare it against the performance on professional HDR
monitors.

CES. Colour transforms and sampling filters. The aim is to investigate the use of alternative colour
transforms and sampling filters. The performance will be measured using the common test conditions,
objective metrics and optional subjective assessments.

CE6. Non-normative post processing. This relates to HDR and WCG video coding technologies and
focuses on the reconstruction of HDR video with the decoded output video from an HEVC Main 10
decoder. In this CE, only solutions that operate as pre-processing to the encoder and post-processing to
the Main10 decoder are considered.

CE7. HLG investigation. The CE investigates how to generate compressed HDR/SDR video using HLG
(Hybrid Log Gamma) transfer function and HEVC.

CES8. Viewable SDR testing. An identified use case and requirement of high-dynamic range (HDR)
video is the potential to provide bit-stream compatibility with legacy HEVC decoders. This CE will
examine how to evaluate (by means of a formal subjective test) and report the quality of the SDR images.

5. Conclusion

The enhanced resolution of ultra high definition video (UHD) format provides undoubtedly better picture
quality. Further enhancements of higher dynamic range, wider color gamut, and higher frame rates, are
becoming technologically feasible and are generating much interest within the industry. Also, we have
observed the growing activities within the standardization community.

The HEVC compression standard is essential to make UHD format feasible. Its approved second version
includes support for higher bit-depths and enhanced chroma formats. In June 2015, MPEG has launched a
fast-track standardization process to enhance the performance of the Main 10 profile for HDR/WCG
video. In parallel to its rapid-track effort, MPEG plans to launch a second track to address long-term
requirements.

Recently, MPEG has published a first draft H2M test model for HDR/WCG video compression. The main
pre/post-processing block, the parametric reshaper, is designed to improve texture sharpness and color
performance. We emphasize the need for efficient processing, both for a wider color gamut and a higher
dynamic range, simultaneously.
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1. Introduction

Recent advances in imaging technologies and communication network technologies are expected to grow
the market of high realistic communication using high quality videos. The visual representations for high
realistic communication require improvements to the following four elements: spatial resolution, dynamic
range, reproducing accurate color, and temporal resolution. For example, 4K UHDTV (3840%x2160
pixels) and 8K UHDTV (7680%x4320 pixels) [1] offer digital videos with high-resolution. The high-
dynamic-range imaging technologies [2] are being developed for generating images with high contrast
found in the real world scene. The efforts to reproduce accurate color are made with spectrum-based
imaging technologies [3].

In our studies, we focus on video with high temporal resolution, that is, high frame-rate video. The
current frame-rate (60 [frames/sec] or [fields/sec]) was selected from the viewpoint of suppressing flicker.
Unfortunately, suppressing flicker is not directly connected to the representation of smooth movement
needed for realistic communication. Relationship between frame-rate and human vision [4, 5] are
evaluated from the viewpoints of human visual sensitivity to spatial and temporal frequencies. Studies on
subjective quality evaluations related with frame-rate [6, 7] report that subjective quality of video can be
improved through increasing frame-rate up to 240 fps or 300 fps. Additionally, cloud gaming applications
[8] also demand high frame-rate to provide smooth experience to end users. The latest video coding
standard H.265/HEVC [9, 10] supports high frame-rate video signal.

Since high frame-rate video generates far more encoded bits than low frame-rate video, it is important to
understand the relationship between frame-rate and bit-rate for designing efficient encoder. It is easily
predicted that increasing the frame-rate leads to a decrease in the amount of the encoded bits of inter-
frame prediction error. However, the quantitative effect of frame-rate on bit-rate has not been clarified.

In this paper, we summarize studies on mathematical models [11, 12] of the relationship between frame-
rate and bit-rate in anticipation of encoding high frame-rate video. The models quantifies the impact of
frame-rate on bit-rate of motion-compensated prediction error.

2. Modeling motion-compensated prediction error with frame-rate

In a study [11], we derive a mathematical model that describes the relationship between frame-rate and
motion-compensated prediction error. In motion-compensated prediction scheme, a frame is divided into
rectangular block, and each block is predicted from the previous frame by using estimated displacement.
Our models approximates motion-compensated prediction error, by using the first order approximation of
Taylor expansion and the assumption that the noise element is statistically independent of the video signal.

Furthermore, focusing on displacement estimation error between estimated displacement and the true
displacement, we approximate displacement estimation error as the function of the frame-rate. Finally,
using the approximation of motion-compensated prediction error, we have the following model for
information of motion-compensated prediction error:

I(F) =log,(AF + A,F " + 4,) (1)

where F is frame-rate. 4,4,,4, are constants that depend on predicted video signal. For details on
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derivation of the above model and the above parameters, refer to the literature [11]. The derivation of
equation (1) premises that frame-rate is set by temporal sub-sampling, that is, frame-skip. The model of
equation (1) does not consider the effect of motion blur caused by the open interval of the shutter (shutter-
open interval) in the image sensing device.

In modeling motion-compensated prediction error, it is important to consider the effect of shutter-open
interval. Increasing the shutter-open interval increases the occurrence of motion blur in a frame. On the
other hand, increase in the shutter-open interval reduces the jerkiness caused by temporal down-sampling.
Therefore, shutter-open interval can control the trade-off between jerkiness and motion blur to suit the
characteristics of the imaging system. By considering shutter-open interval, we extend the model of
equation (1) to the following:

I(F,r)=Ar ' F + 4" F 2 4 47 F+ 4, (2)

where r is called the shutter-open ratio, and is defined as the ratio of the shutter-open interval to the
frame interval determined by frame-rate F. Parameters ,?11 A ,, ,213, ,?14 are constants that depend on predicted

video signal. For details on derivation of the above model and the above parameters, refer to the literature
[12].

3. Experiments

We performed evaluation to validate the proposed models using three sequences captured by high speed
camera whose specification is shown in Table 1. Sequences taken with the high speed camera consisted
24 bits RGB format. We converted the color format from RGB data to YCbCr data. Y-data with 8 bits
gray scale were used for these experiments. The frame rate for capturing the original sequences was 1000
Hz. We evaluated the models over sequences with frame rates set to 1000, 500, 250, 125, 62.5 and 31.25
Hz. Sequences with frame rates less than 1000 Hz were generated by applying the temporal averaging
method on the original sequence captured at 1000 Hz. The motion-compensated prediction was
configured as shown in Table 2. The information of motion-compensated prediction error was evaluated
with entropy.

We evaluate our proposed models from the viewpoint of information criteria, and compare them with the
conventional model [13] that is expressed as follows:

I(F) = ab(l - exp(-1/(bF)))

where a and b are constants that depend on the video signal. Table 3 and Table 4 show two kinds of
information criteria Akaike's Information Criterion (AIC) [14] and Bayesian information criterion (BIC)
[15] for each model, where the values of both AIC and BIC are the average values of three sequences
with above-mentioned six kinds of frame rates. AIC and BIC evaluate a candidate model in terms of both
the goodness of fit of the model and the complexity of the model. It is preferable to select the model with
smaller value of AIC and BIC. Note that AIC and BIC can take negative value, because the goodness of
fit in AIC and BIC is calculated as negative value. Table 3 and table 4 shows results in the case of shutter-
open ratio » = 50[%] and r = 100[%], respectively. We confirmed that proposed models achieved smaller
values of both AIC and BIC than the conventional one. Furthermore, by considering shutter-open interval,
the proposed model of equation (2) reduced the values of both AIC and BIC compared with that of
equation (1). These results verify that proposed model of equation (2) is better than the proposed one of
equation (1) and the conventional one from the viewpoint of model selection based on AIC and BIC, even
allowing for its increased degree of freedom.

The above evaluations were over VGA sequences, due to the upper limit of spatio/temporal pixel rate
which can be captured by the high speed camera used in this experiment. However, since the proposed
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models are not limited to low resolution sequences, they are applicable to higher resolution sequences

such as 4K and 8K as well.

4. Conclusion

Table 1: Specifications of high speed camera

Item Specifications
Frame-rate 1000 [Hz]
Shutter-speed 1/1000 [sec]
Resolution 640x480 [pixels]
Number of frames 480 [frames]
Color format 24bit RGB
Table 2: Configurations of MC prediction
Item Configurations
Block size 16x16 [pixels]
of MC prediction
Accuracy Quarter pixel
of MC prediction
Motion estimation Full search algorithm
scheme
Criterion Sum of absolute
of motion estimation difference (SAD)

Table 3: Information criteria
(shutter-open ratio » = 50 [%])

AIC BIC
Proposed model
-58.4 -58.6
(eq.(2))
Proposed model
-40.2 -40.5
(eq.(1))
Conventional model -3.7 -3.8
Table 4: Information criteria
(shutter-open ratio » = 100[%])
AIC BIC
Proposed model
-78.1 -76.6
(eq.(2))
Proposed model
-45.2 -44.0
(eq.(1))
Conventional model -3.2 -2.3

In this paper we summarize mathematical models that explains the impact of frame-rate on motion-
compensated prediction error. By using this model, we can describe the variation in the relationship
between frame-rate and motion-compensated prediction error, and offer a quantitative solution to the
question of how many encoded bits of motion-compensated prediction error are required when the frame-
rate is increased.
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1. Introduction

The HEVC standard [1] achieved the goal set earlier of halving the bitrate of encoded video with respect
to that attainable with its predecessor H.264/AVC. However this efficiency gain was accompanied by an
increase in both computational costs [2] and memory requirements [3]. The coming of age of UHD
capture and display technology with large amounts of video data to be transmitted and stored fits nicely

with the high COd}ng efﬂmepcy of HEVC. TABLE I. CACHE MEMORY SETTINGS

Unfortunately th(? implementation .of HEVC | e Hirarachy | Capacity | Associativity Ene

encoders poses serious challenges both in hardware e
d f b d platf A h . h Cortex L1C 16 KB 4-way

an sq tware .ase plattorms. As shown 1in the A8 LLC 512 KB B-way 64

following sections, the move from HD to UHD Cortex LIC 64 KB 4-way bytes

formats enabled by the inclusion of UHD capable AS3 LLC 2MB 16-way

cameras in consumer devices such as tablets and

smartphones further complicates the design of software-based encoders to run in embedded platforms
with CPUs such as the line of Cortex processors. The work presented will show that a judicious choice of
cache memory configurations is necessary to ensure minimum memory energy expenditure and reduce
the hardware costs. It will also be shown through controlled experiments that HEVC encoding of UHD
video is much more computationally complex than encoding HD video, to the point that heuristic-based
optimizations of the encoding process are absolutely necessary. A computation reduction method will be
presented which reduces UHD HEVC encoding computational costs to levels that allow encoding using
embedded processors.

2. Experimental Setup

The experimental setup used in this work is described in the following three subsections, video coding
setup, cache memory analysis setup, and computational complexity analysis setup.

Video Coding Setup

The encoding experiments reported were performed using HEVC test Model (HM), version 16.2 [4], with
Quantization Parameters (QP) set to 22, 27, 32 and 37. The configuration used was Main, Low Delay
following the HEVC Common Test Conditions (CTC) [5]. Four video sequences from the Ultra Video
Group repository [6] (Beauty, Jockey, HoneyBee, and YachtRide), both at HD (1920x1080) and UHD
(3840x2160) resolutions were used as test content.

Cache Memory Analysis Setup

The move from HD to UHD formats, complicates the design of software-based encoders that run in
embedded platforms with application processors such as those of the Cortex line. To study the effect of
the video resolution on the cache memory behavior and energy consumption two Cortex processors were
chosen, A8 and A53. Table 1 lists the specifications of their memory systems.
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Computational Complexity Analysis Setup

The computational complexity analysis was performed using the HM software, compiled with the
Microsoft Visual Studio C++ compiler and run on a dedicated core of an Intel® Xeon® E5520 (2.27
GHz). Computational complexity was measured in terms of processing time. Additionally, changes in
compression efficiency resulting from the use of the computational complexity reduction strategy used in
this work were quantified in terms of bit rate and image quality variations, measured by the Bjontegard
Delta (BD)-rate and BD-PSNR objective metrics [7].

3. Cache Memory Energy Consumption Analysis and Optimization

This section presents a comparative analysis of the behavior of a cache memory hierarchy when encoding
video with HD and UHD resolutions and also a study of cache behavior of two Cortex processors when
encoding UHD video. Firstly a comparison will be made of the cache memory access statistics, hits and
misses, and energy consumption for both HD and UHD resolutions. Afterwards a comparison will be
made of the cache memory behavior, accesses and energy consumption, when two different processors,
Cortex A8 and 53, are used to encode UHD video. The cache memory usage parameters recorded and
analyzed are the miss rates, number of accesses to last level memory and the energy consumption.

Methodology

The cache memory evaluations described in the following paragraphs were done using the Memory
Energy Estimation Framework (MEEF) composed of three main tools and estimation models.

The MEEF is a set of Python scripts that handle the communication interfaces between the tools and the
models of the framework: (i) HEVC Encoder: the HEVC reference software (HM) used to encode the
video sequences; (ii) Cachegrind: part of the instrumentation framework Valgrind [8], used to collect and
summarize information on cache behavior while running HM; (7ii) Cacti [9]: a tool from the HP Labs
used to estimate the energy consumption costs of each access to the cache memory. MEEF includes
analytical models to compute the energy consumed by each read and write operation to the level 1 cache
(L1C) and lower level cache (LLC). The model equations use as input parameters the number of cache
hits and misses that occur at each level. When a hit occurs, energy is consumed only to read data from the
corresponding level. On other hand, when a misses happens, it is necessary to write in the cache the block
fetched from lower levels before reading it. The energy equations used are listed below.
ReadEnLl = (nRead_HitsL1 * CReadLl)
+ (nRead_MissesLl (1)
* (CReadL1 + CWriteLl))
ReadEnLL = (nRead_HitsLL * CReadLL)
+ (nRead_MissesLL (2)
* (CReadLL + CWriteLL
+ CReadRAM))
Writegn,, = (Mwrite_Hits,, * Cwritey,)
+ (nWrite_MissesL1 (3)
* (CReadL1 + CWriteLl))
Writegn;; = (Mwrite_nits;, * Cwrite,,)
+ (nWrite_MissesLL (4)
* (CReadLL + CWriteLL
+ CReadRAM))
Totalgnergy = Readgn;, + Readgy,, )
+ Writegy,, + Writeg,,,
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Figure 1. From HD to UHD: Energy Consumption (A) and Number of Memory Accesses (B)

The variables ngeqamiss* and Freqanisses* are respectively the hit and miss counts output by the Cachegrind
profiler. Cgeuq+ and Cyyex stand for the energy costs of read and write operations for each level, also
estimated by Cacti. The LL cache read energy equation in (2) is analogous to (1), except that an extra
main memory (RAM) read operation is considered in case of a miss (at LL level). The write energy
models of eqns. (3) and (4), were formulated analogously to the read energy models. The costs of read
and write operations at all levels (L1, LL, and RAM) are considered. Lastly, (5) expresses the total energy
consumed by the memory hierarchy computed by adding the read and write energy costs.

Comparative Analysis of Cache Memory Behavior for HD and UHD

This section presents a comparison of cache memory behavior when encoding UHD and HD resolution
video. Fig. 1 presents data for the energy consumption and the number of cache memory accesses
according to video resolution and test sequence used. From the plots in Fig. 1 (A) one realizes without
surprise that the energy consumption incurred during UHD video encoding is higher than that observed
for HD resolution video encoding. Furthermore the energy costs grow, also as expected, proportionally to
the increase in the number of pixels, with UHD encoding requiring 4.05 times the energy needed for HD
resolution video encoding. Fig. 1 (B) presents data about the number of cache memory accesses during
the HD and UHD video encoding process. These results show that encoding of UHD resolution video
generates 4.05 times more accesses (per frame) to the cache memory hierarchy than encoding HD video.

In conclusion, the results show that both energy consumption and cache memory accesses grow in direct
proportion to the increase in the number of pixels of the video frame. Other results not presented reveal a
similar trend although with small differences in the growth factor.

Cortex Cache Memory Analysis of UHD Video Coding

The previous section showed that going from HD to UHD resolutions increases the cache memory
accesses and energy consumption. A second important question which is now analyzed is whether cache
memory architectural parameters can be chosen which result in less misses and less energy consumption
during encoding of UHD video. This question is partially answered through a comparative study of the
behavior of two distinct cache memory configurations employed in two current Cortex processors. The
main goal of this evaluation is to show that cache configurations are indeed important and should be
chosen carefully to ensure minimum memory energy consumption and to reduce the hardware costs.

This investigation considers two conventional Cortex processors, listed in Tab. I, A8 and A53. Fig. 2
shows a comparison of the cache miss rates for both levels of the cache (A) and the absolute number
cache memory accesses to the LLC (B) observed with these two cache memory configurations. Observing
Fig. 2 one notices that these cache memory configurations exhibit different behaviors, reflecting the
simpler cache memory hierarchy of the A8 Cortex device when compared to that of the A53 model. The
results in Fig. 2 (A) show that the A8 cache memory organization suffers from higher miss rates than that
of the A53. On average the A8 cache suffers 3.68 and 4.54 times more misses in the L1C and LLC,
respectively, when compared with the A53 cache memory configuration. In addition, the plot presented in
Fig. 2 (B) shows that the LLC of the A8 processor has, on average about 270% more accesses than that of
the A53.
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Therefore we conclude that the higher capacity cache memories provide higher cache memory
performance both at L1 and LL levels. The other important variable, energy consumption, is compared in
Fig. 3. The plot in this Figure shows that the A53 processor cache requires about 20% more energy than
that of the A8. In addition, the A53 processor cache is more expensive compared with the latter. These
energy costs are significantly higher, since read and write operations on the A53 cache consume 61.2 and
82.2 times more power than the A8 counterparts. It should be noted that the more economical cache
memory variants were selected from those offered by the processor manufacturer. In conclusion, the study
indicates that the A8 processor cache is a better choice for energy and cost constrained platforms to be
used in software-based UHD video encoding.

7000 TABLE II. COMPLEXITY OF HD VERSUS UHD VIDEOS (HM)

S 6000 Video Enc. Time (s) Increase
‘é. 5000 /-——-/. Sequence HD UHD Factor
2 4000 /——/ Beauty 2,610 | 12,737 4.9
8 3000 Jockey 2,531 10,770 4.3
§ 2000 HoneyBee 1,825 8,383 4.6
::j 1000 YachtRide 2,871 1 1,695 4,1

o Average 2,459 10,896 4,5

HoneyBee Jockey Beauty YachtRide
Figure 3. A8 vs. A53: Energy Consumption. This brief study shows that controlled HEVC

video encoding experiments can be a useful tool
to choose cache architectures with low hardware costs and energy consumption, both in general and in the
specific case of software based UHD video encoding. The next section will analyze the related problem of
UHD video encoding computational cost.

4. Computational Complexity Analysis and Reduction

This section presents a discussion on the issue of HEVC UHD video computational complexity costs.
Initially, a comparative analysis between the computational complexity of encoding HD and UHD videos
is presented. Then, the application of a state-of-the-art complexity reduction strategy for HEVC encoders
is evaluated for the encoding of UHD sequences in terms of computational complexity and coding
efficiency.

Complexity Analysis of UHD Video Coding

In order to evaluate the computational complexity demanded by the process of encoding UHD sequences
according to HEVC, the video sequences mentioned in section II.A have been encoded with the HM
software under the experimental setup described in section II.C. For each sequence, both HD and UHD
resolution versions were encoded and their respective encoding times were recorded for comparison.
Table II presents the results obtained in terms of average absolute encoding time (in seconds) and relative
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encoding time increase (in times) of the UHD version over the HD version of each video sequence.

Average results were calculated considering the four QPs mentioned in section II.A. On average, the
change from HD to UHD represents an increase of 4.5 times in computational time. Notice that this
increase is roughly the same as the increase in the number of pixels of UHD over HD videos (4 times).

Complexity Reduction applied to UHD Video Coding

Several works have been published in the last few years proposing techniques for computational
complexity reduction of HEVC encoders. However, they are usually tested in accordance with the
sequences of the CTC [5], which does not include any UHD video.

In this section, we analyze the performance of a data mining-based strategy proposed by Correa et al. [10],
which is considered a state-of-the-art work, since it decreases the computational complexity of HEVC
encoders by 2.9 times (or 65%) with BD-rate increases of only 1.3%, on average. When considering only
HD video sequences, the method proposed in [10] is capable of decreasing the computational complexity
by 3.3 times (or 70%), on average.

Table III presents the average results in terms of absolute encoding time (in seconds) for UHD videos
encoded with the original HM encoder and with the fast encoder proposed in [10]. The table also presents
in the rightmost column the encoding time reduction factor obtained when the fast encoder is used instead
of the original HM. Notice in the last row of Table III that the encoding time can be decreased by a factor
of 4.1 (about 75%), on average, which is very close to the increase caused by changing from HD to UHD
representations (see Table II). This large reduction means that the undesired drawback of increasing the
computational complexity when encoding UHD instead of HD videos can be nearly overcome if fast
encoding strategies are applied. Also, notice that these experiments revealed that the data mining-based
strategy proposed in performs still better with UHD videos than with HD and other lower resolutions.
Finally, the compression efficiency results have shown a small average increase of 1.7% in bit rate (BD-
rate) and a decrease of only 0.03 dB in image quality (BD-PSNR), when compared to the original HM
encoder. These values are close to those obtained for HD videos and smaller resolutions, which proves
that the strategy is suitable for UHD video encoding.

5. Conclusion

This letter showed that software-base encoding of UHD resolution video does indeed require more
resources, both computational and memory related, when compared to the case of HD video encoding.
The increase factors were quantified with recourse to simulations based on the HEVC reference software
together with accurate memory usage monitoring tools and time-based complexity estimation procedures.
The results presented show that the increases in both memory related costs (hardware cost and energy
expenditure) and computational complexity incurred when moving from HD to UHD resolution video can
be minimized with the use of a careful cache memory size and architecture choice and the use of
heuristic-based HEVC computational complexity reduction methods.
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1. Introduction

With the rapidly increasing availability and affordability of Ultra High Definition (UHD) consumer
displays in the market, UHD video content and services are expected to become more popular in the near
future. With its increased spatial resolution, UHD video allows a more detailed representation of the
visual information and therefore is expected to provide end users with a more immersive and compelling
quality of experience. Because of increased spatial resolution, UHD content is associated with
significantly higher volumes of data, which challenges video compression technologies needed for its
distribution.

The High Efficiency Video Coding (H.265/HEVC, [1]) standard significantly improves bitrate reductions
with respect to its ancestors (e.g. H.264/AVC) for the same video quality [2]. Nevertheless, in certain
scenarios, e¢.g. when the bitrate is low, hybrid block-based video codecs such as the ones specified by
HEVC can introduce visual artefacts in the decoded output video, with the most prominent being
blocking, ringing and blurring. Moreover, in image areas with low contrast and smooth variation of pixel
intensities, contouring artefacts may also appear with false edges located along pixel variations,
contributing to an undesirable degradation of the perceived video quality. For some UHD video
sequences, this degradation occurs even when the objective quality measured in terms of PSNR is very
high (e.g. around 45 dB). It is therefore important to reduce the visibility of these artefacts, since they can
significantly deteriorate the superior quality of experience that UHD formats can deliver.

During compression, quantisation of residuals in the frequency domain causes the suppression of some
small magnitude transform coefficients, leading to the loss of fine variation of pixel values in smooth
image areas, thus introducing contouring. It should be noted that contouring mainly appears in standard
dynamic range content (i.e. 8 bits per pixel) while is not present in high dynamic range content (e.g. 10
bits per pixel). This letter presents two main contouring prevention techniques specifically designed for
hybrid block-based video codecs such as the one specified by HEVC. The first technique varies the
Quantisation Parameter (QP) in contour prone areas in intra coded frames and propagates the
reconstructed pixels in inter coded frames so that fine pixel value variations are preserved. To increase the
granularity at which the quantisation step is varied, the second approach uses an adaptive quantisation
method whereby the quantiser dead-zone is adjusted for some coefficients whose rounding to zero would
lead to contouring. This second technique was originally proposed and tested only for Intra coding. In this
letter, a further extension is proposed for Inter coding.

2. Related Work

Several solutions have been proposed in the literature to decrease the visibility of contouring artefacts.
These solutions can typically be grouped into two main classes. The first class comprises post-processing
techniques performed at the decoder side, without modifying the decoding process. As an example, Wang
et al. [3] proposed a block-based dithering method to recover gradient and boundary smoothness after
compression. This technique was applied only in image blocks prone to contouring, identified in the
original frames based on the average pixel value level difference between a given block and its 8
neighbouring blocks.

http://www.comsoc.org/~mmc/ 67/85 Vol.11, No.1, January 2016



IEEE COMSOC MMTC Communications - Frontiers

The second class comprises methods which modify the encoding/decoding process. Yoo et al. [4]
proposed a method to reduce the visibility of contouring by injecting pseudo-random noise after the in-
loop deblocking filter of an H.264/AVC encoder. Visual quality improvements are reported with low RD
losses. Contouring artefacts were also addressed during the development of HEVC [5]. The problem was
considered to stem from a discontinuity in the reference samples used to perform Intra prediction in
32 x 32 blocks. This discontinuity was then propagated to the remaining frames. The solution consisted of
modifying the reference samples by applying a bi-linear interpolation of the samples in the corners only in
32 x 32 blocks.

Given the increased computational resources needed at the receiver side to decode a UHD video, post-
processing techniques may not be suitable for contouring removal. Therefore, the two techniques
addressed in this letter ([6], [7]) fall into the second class.

3. Adaptive quantisation tools for contouring artefacts prevention

In this section, two proposed tools for contouring prevention in UHD video content are described. Figure
1 illustrates the integration of these tools in the workflow of a typical HEVC video encoder. As depicted
in Figure 1, both techniques aim to adapt the quantisation process in areas that might suffer from
contouring. The first technique [6] relies on the reduction of the QP and modified RD costs while the
second [7] relies on an adaptive variation of the quantisation dead-zone.

Contouring
areas detection

Local QP selection [6] /

Input video signal Dead zone adjustment (7]
Entro
*@' Transform » Quantisation —» Py
encoder
Intra/Inter
prediction

Figure 1: Proposed tools integrated in a HEVC encoder workflow

QP reduction and modified RD costs.

This technique relies on reducing the QP used by a video encoder in Intra frames, to enhance the
perceived quality of contour prone areas [6]. As depicted in Figure 1, the contouring areas detection
process takes as input the original video signal and determines which areas of each frame are prone to
contouring after compression (contouring areas) and which areas are not (non-contouring areas). This
classification was achieved by the block-based method proposed in [3], using a granularity of 64 x 64
blocks. The generated contouring map is then used to command the QP used in the quantisation process,
only in Intra frames. This way, for areas where the compression process is likely to generate contouring
artefacts, the QP used is lower in order to preserve the details in the prediction residual. For the remaining
areas, the base QP is set according to the desired level of compression. It is important to note that
decreasing the QP in contouring areas comes with the drawback of increasing the bitrate of the
compressed bitstream. This bitrate increase also depends on the reduced QP used in contouring areas (the
contouring QP), as in some cases, very low QPs need to be used to avoid contouring. In this letter, a
QP = 20 for contouring areas was used in all sequences.

For Inter-coded frames, the QP reduction technique applied in Intra frames is replaced by a modification
of the RD costs. This method was selected to prevent bitrate increases and possible persistence of
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contouring artefacts in the decoded video [6]. The RD cost is modified to enable copying of previously
encoded blocks as predictions in Inter frames, avoiding completely flat blocks in the output video signal.
In order to do this, the computation of the cost for each merge mode in Inter frames is slightly modified
according to

J=p-D+AR, (1)

where D denotes the distortion introduced by the merge mode being evaluated, A denotes the Lagrangian
multiplier, R denotes the associated bitrate of the merge mode being tested and p is a parameter
introduced to intentionally reduce the weight of the MSE-based distortion. The Ningyo sequence from the
test set was used to assess the trade-off between coding penalty and contouring prevention at different
coding points. From these experiments, the parameter p was set to

0.1 ifCBF=0
p= . (2
0.7 otherwise

where CBF represents the Coded Block Flag for the merge mode being tested. A null CBF indicates that
the residual after quantisation for the particular merge mode being tested is null, meaning that the final
reconstructed block will be provided only from the selected predictor samples. The parameter p was
introduced based on the assumption that the computed MSE-based distortion is not well correlated with
the visual quality observed in contouring areas and that copying areas of previously encoded frames
results in a better subjective quality for these cases. By introducing p, the weight of the distortion in the
cost computation is reduced, since MSE is not a reliable metric to assess the perceptual quality of the
decoded video in contouring areas.

Adaptive variation of the quantiser dead-zone

The technique presented in the previous section selects one QP for the whole coding block. When a finer
level of granularity to adjust quantisation is required, the technique in [7] prevents contouring by
adaptively varying the quantiser dead-zone so that the frequency coefficients associated with smooth
transitions are retained. As shown in Figure 1, the luma component of each coded frame is used to detect
contour-prone image areas by means of the same detector described in the previous section [3]. The map
computed by the detector is then used to perform adaptive quantisation. More precisely, a dead-zone
adjustment process is performed by tuning the rounding offset §. In order to minimise the bitrate
increment associated with the coding of more coefficients in contour prone image areas, the dead-zone
adjustment is only performed over some particular coefficients. These coefficients represent the
frequency distribution of image areas with smooth variations of pixel intensities. The coefficients where
the adaptive quantiser dead-zone is performed are shown in Figure 2 for Transform Block (TB) sizes of
32 x32, 16 x 16 and 8 x 8. The adjustment is not performed for 4 x 4 blocks as it was concluded that
contour-prone areas are coded with larger block sizes. For more details about the frequency analysis
performed to derive the coefficient positions in Figure 2, the reader is referred to [7]. For all the
remaining coefficients, i.e. the non-shaded blocks in Figure 2, the value for @ is set to the default one used
by the HEVC reference software, that is 1/3 or 1/6 for Intra- and Inter-coded slices, respectively.
8x8 16x16 32x32

I-0 OI0-0 OO
Figure 2. Selected coefficients for dead-zone adjustment, [7].

Given the critical coefficients highlighted in Figure 2, the value for 6 is selected from a set of predefined
values in the range ® = [0.5, 0.8] spaced by a step s = 0.05. The optimal offset is selected on a TB basis

http://www.comsoc.org/~mmc/ 69/85 Vol.11, No.1, January 2016



IEEE COMSOC MMTC Communications - Frontiers

by counting the number of non-zero levels after quantizing the critical coefficients in each TB for a given
offset 8’ € ®. When the number of non-zero levels is greater or equal than a given threshold 7, offset 6’ is
selected for the current TB and quantisation takes places as specified in the HEVC standard. In this letter,
7=1 for 8 x 8 blocks while 7=2 for 16 x 16 and 32 x 32 blocks. These values were determined after
visual inspection over some sequences in the test set where contouring artefacts were more noticeable.

As mentioned in the Introduction, this adaptive quantisation has been originally proposed for Intra coding
[7]. In order to adapt this technique to Inter coding, the Random Access Structure Of Picture (SOP) is
considered. This SOP is employed in broadcasting video coding applications given the efficient
exploitation of temporal redundancy and the possibility to minimise the delay incurred when a channel
switch occurs (which requires the insertion of an Intra-coded or random access point frame). Typical
Random Access SOP has a length of eight frames and a hierarchy for temporal prediction is defined with
four temporal layers. Each temporal layer in the hierarchy depends on layers in the higher levels with
level 1 being the highest. Given this dependency, the adaptive dead-zone adjustment is applied as
described above to frames in temporal layers 1 and 2. This choice is introduced to control the bitrate
increments when more coefficients are retained. Finally, over TBs affected by contouring, the Rate-
Distortion Optimised Quantisation (RDOQ, [8]) is disabled since its cost function does not take into
account contouring artefacts.

4. Experimental Results

This section reports and analyses the performance of both techniques described in Section 3. The test set
comprises five sequences with 8 bits per component, 4:2:0 chroma format, 3840 x 2160 spatial resolution
and frame rate of 50 and 60 fps. Figure 3 depicts the thumbnails for the first frame for each video. The
test set is composed of content representative of broadcasting (e.g. Badminton and ShowDrummer) with
all sequences containing large contour prone areas. The HEVC reference software (HM Version 14.0)
was used as the base software for the implementation of both methods using the Random Access SOP and
the JCT-VC common test conditions [9]. For the sake of simplicity, the QP reduction with modified costs
technique is denoted as QPMC while the adaptive dead-zone adjustment is denoted as ADZA.

ShowDrummer

Badminton qndleSmoke

Ningyo YoungDancers

R

Figure 3. Original UHD test sequences.

Performance indicators

The performance of both contouring prevention methods is assessed in terms of coding efficiency penalty
and image quality improvement. The coding efficiency penalty is measured by using the Bjentegaard
Delta-rate (BD-rate, [10]) assuming HM as anchor and considering the luma component only since in the
YCbCr colour space contouring mainly affects this component. For picture quality, the Pixel Variation
Preservation (PVP) score [7] is used. PVP quantifies the preservation of pixel variations over contour
prone blocks. PVP assumes values in the range [0, +oo) wherein the higher the score the less visible is
contouring.

Results and analysis

Table 1 reports the BD-rate values for both the QPMC and ADZA techniques with respect to the HM
reference software. All coded sequences have been also visually inspected to ensure that no noticeable
contouring was present in the content coded with both methods. From the results in Table 1, it can be seen
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that the impact in terms of BD-rate penalty associated with the ADZA is smaller than QPMC. This can be
explained by the fact that in QPMC, a very low QP needs to be selected in contouring areas to completely
remove contouring artefacts, even for lower target qualities (e.g. base QP =37). This means that the
QPMC technique is more suitable for high target qualities, where the difference between the base QP and
the contouring QP is not significantly high.

Table 1. BD-rate results for QPMC and ADZA.

Y BD-rate [%]

Sequence QPMC | ADZA
Badminton 10.0 2.3
CandleSmoke 12.4 2.0
Ningyo 13.9 7.9
ShowDrummer 15.7 2.0
YoungDancers 12.7 5.2
Average 12.9 3.9

The results of the PVP score are depicted in Figure 4. Both techniques described in this letter achieve
higher PVP scores than the anchor, which means that both succeed in preserving the small details in
contouring areas that are discarded after compression. Due to the QP reduction used in contouring areas,
the QPMC method is able to preserve these details consistently better than the ADZA technique.

Badminton CandleSmoke Ningyo ShowDrummer YoungDancers
12 1 07 2 04
~r—r——e
! / 0.8 06 16 03 o~

08 / 05 -

’ 0.6 0.4 12 o
Sos B 2 s zo02

204 203 == QPMC 0.8 =@ QPMC
04 —— QPMC 0.2 ADZA =@ QPMC

0.1 ADZA

0.2 —8—QPMC .
02 ADZA Anchor 0.4 ADZA Anchor

Anchor ADZA 01 Anchor
0 0 Anchor 0 0 0
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Figure 4. PVP Scores for QPMC and ADZA.
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4. Final Remarks

This letter described and compared the performance of two methods proposed to prevent contouring
artefacts in UHD video content. The first technique (QPMC) is based on the reduction of the QP and
modified RD costs while the second (ADZA) relies on an adaptive variation of the quantisation dead-zone.
The results show that both methods are able to avoid contouring in HEVC encoded video and therefore
improve the perceptual quality of the output video with a moderate BD-rate penalty. Although the QPMC
method is able to preserve better the pixel variations in contouring areas according to the PVP score,
higher bitrate increases are introduced for lower qualities, which makes this method more suitable for
higher target qualities, where the associated bitrate increase is lower.
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1. Introduction

Streaming of multimedia content over the HTTP is ubiquitous, using technologies based on international
standards (e.g., MPEG DASH [1]) and on proprietary solutions (e.g., Apple’s HTTP Live Streaming
(HLS) and Microsoft’s Smooth Streaming). In HTTP-based streaming, content coded at different bit rates
is partitioned into segments, typically between 2 and 10 seconds in length. Segments are stored in
streaming servers and distributed via content delivery networks (CDN) and/or edge server networks.
When users request multimedia content, the HTTP origin server sends back to the client a media
presentation description (MPD) manifest file, describing all available bit rates of the requested content as
well as available URLs from which video may be downloaded. At the beginning of the session, clients
typically request segments at low rates, allowing them to assess network conditions. Bit rate of the
following segments is chosen by optimizing a combination of factors, including quality requirements,
available network bandwidth and device capabilities, allowing clients to receive better quality video with
lower latency and shorter start-up and buffering time.

As device capabilities increase, streaming of immersive audio and of video content of higher spatial
resolution (e.g., ultra-high-definition, UHD — 3840 x 2160 and above), frame rate (e.g., 60-120 Hz), bit
depth (e.g., 10-12 bits), high dynamic range (HDR) and wide color gamut (WCG), is becoming
increasingly common. This poses new challenges for streaming systems because new video coding
techniques must be used to efficiently carry a much larger amount of information. The HEVC video
coding standard and its scalable extensions, referred to as SHVC [2], are the latest technologies used to
address this problem.

2. Ultra-High-Definition SHVC Streaming System

In this paper, we describe an algorithm used by a proprietary multimedia client to stream ultra-high-
definition video using SHVC. The goal of the algorithm is to maintain consistent video quality during
playback; that is, it aims to avoid abrupt video quality fluctuation, which may degrade user’s quality of
experience. In our system we use layered video coding, a core technology of SHVC, along with DASH, to
efficiently deliver content to devices of different capabilities. For example, in a simple SHVC
configuration for spatial scalability, a base layer (BL) may carry an HD video stream, while an
enhancement layer (EL) may be combined with the base layer to obtain a UHD video stream. When
DASH is used to stream SHVC content, video may be segmented by layers and stored separately: one set
of segments contains the BL bitstream, while other set holds the EL bitstream. (Other sets may exist if
more than one enhancement layer is used.) In this example, some clients, due to limited device
capabilities, may request BL segments only and decode them using a HEVC decoder to obtain a HD
stream. Other clients may request both BL and EL segments and pass them to a SHVC decoder to obtain a
UHD stream, as shown in Figure 1. Other more elaborate configurations for streaming video systems are
described in [3].
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Figure 1. Example of a SHVC system with spatial scalability. (DPB: Decoded Picture Buffer)

In DASH, dependencies across layers are signaled in the MPD. Let S(i,j) be the j-th segment of the i-th
layer, with the (i+1)-th layer being dependent on the i-th layer. A client can decode S(i+1,7) only if S(i)))
has already been decoded. That is, a layer can only be decoded if all its dependent layers have already
been decoded. This dependency across layers is shown in Figure 2. SHVC is flexible in that a layer may
be dependent on only a subset of layers below it. However, to simplify the presentation in this paper, this
use case is not discussed

[ ——

B Souf [ Juyerna
-- :| S(i+1, j) || | |Layeri+1
— ) T
---jLavem
e

T e

j-th segment time

Figure 2. Dependencies across layers in SHVC.

3. Video Segment Scheduling

In this section, we describe the segment download scheduling algorithm of our SHVC streaming client.
After downloading segment S(i,f), the client must decide whether to download a higher quality segment
S(i+1,/) or the next segment in temporal order, S(i,j+1), as shown by green arrows in Figure 2. Our
algorithm uses the following constraints to make the selection:

a. The selected segment must maximize the video quality under current bandwidth constraints.

b. After downloading the selected segment, the buffer fullness of each layer must be between low and
high thresholds to avoid underflow or overflow.

c. The selected segment must minimize quality variation despite network bandwidth fluctuation.

An algorithm for scheduling SHVC segment downloads is different from multi-rate HEVC simulcast,
because of inter-layer dependence. That is, segments from multiple layers must be downloaded and
passed together as a set to the SHVC decoder. The conventional downloading approach solely based on
the network bandwidth may lead to frequent changes in video quality as the client adapts to varying
network conditions. We address this challenge with the algorithm described next.
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Algorithm description

To satisfy the constraints listed above, we keep separate download buffers for each layer and set a
“backfilling threshold” for each buffer. The client fetches segments of layer i until the backfilling
threshold is reached. Then, it fetches segments from layer i+1, as shown in Figure 3.

The backfilling threshold, BF[i], represents the buffer fullness level at which sufficient segments are
considered to be available in the i-th layer’s buffer, such that the client may fetch earlier segments of the
(i+1)-th or higher layers. Denote the last segment in the i-th layer buffer as S(i, j). When BF[{] is reached,
the client will start fetching segments S(/, k), for which / > i, and k <. In other words, the backfilling
threshold is a threshold that determines when a condition (for example, available bandwidth) is sufficient
for the client to backfill the buffer with higher quality (i.e., higher layer) segments from a time earlier
than the latest downloaded segment. Figure 3 illustrates buffer thresholds for a three-layer buffer model
where layer-2 depends on layer-1 and layer-1 depends on layer-0. Segment S(1,3) (#7, in yellow) is the
latest downloaded segment and the backfilling threshold for this layer (BF[1]) has been reached.
Therefore, the client determines that S(2,1) (#8) should be downloaded next, assuming bandwidth is
sufficient. Buffer fullness (F[i]) is determined by the latest segment downloaded in each layer.

%)

S(2,1) Layer 2

F[2]—

«——BF[2]—>
#5 #6 #7

Layer 1

< FI1] >
< BF[1]

#1 w2 #3 #4
S(0,1) I s(0,2) W S(0,3) Layer 0

———BFO— |
Figure 3. Backfilling threshold (BF) and buffer fullness (F) of download buffers of a three-layer SHVC
system.

\ 4

The backfilling thresholds are chosen to balance between consistent video quality vs faster adaptation to
bandwidth changes. For example, a high backfilling threshold value would maintain more consistent
video playback quality when bandwidth changes, but may not switch up to higher quality video quickly
when more bandwidth becomes available. A low backfilling threshold value would increase the video
quality faster when bandwidth increases, but may introduce quality oscillation when network bandwidth
fluctuates. Due to the layer dependency, the backfilling threshold of a higher layer must be less than or
equal to the backfilling threshold of its dependent layers (BF[i+1] < BF[]).

Segment selection process

As segments are removed from the download buffer to be passed to the SHVC decoder (e.g., #1, #5 and
#8 in Figure 3), it is possible that download of a higher layer segment may not be completed in time (e.g.,
#8), forcing the client to discard the partially downloaded segment, thus increasing network utilization
without improving visual quality. Therefore, the client must determine whether download will complete
before a segment’s decode time. Otherwise, a more effective use of resources would be to download a
later segment of the same layer. Thus, for layer i, the client has to calculate the download time of segment
using the current bandwidth estimate, and compare it with the decode time of the segment. This is done as
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follows for layer i: Let S[j] be the segment size in bits, D[/] be the decoding time of the segment and
BW,.y be the estimated network bandwidth. Further, assume that the duration of each segment (T),
indicated in the MPD, is the same. (While this assumption may not be accurate, the client only learns
about the actual size in bytes and duration in seconds when the segment is received.) Figure 4 shows the
candidate segments for layer i.

T «—T—> <1 «—T—>
t 5
‘D[] D[j+1] D[j+2] D[j+N] time

Figure 4. Candidate segments for layer i.

Given the current time t, the minimum bandwidth BW ,;,[/] required to download S(j) can be obtained by:
BWuin [/] = S[/1/(D[j]-t)The maximum download time for S(j) is:
DWa[j] = D[] -t

The maximum download time for S(j+1) is:
DWpa[j+1]1=D[j+1]—t=D[j]+ T -t

Therefore, the minimum bandwidth required to download S(j+1) is:
BWain [+1]1= S[j+11/DWiax[j+1] = S[j+11/(D[j]+T-t)

BWni, for all candidate segments is calculated. The segment S(k) to be downloaded is the first segment
for which the following condition is true:

BWcst > BWmin [k]

4. Performance evaluation

We implemented a SHVC streaming client, using the open source OpenHEVC as decoder [4]. In our
testbed, shown in Figure 5, we varied the bandwidth available to the client with Linux traffic control tools
that use a token bucket filter (TBF) as the queueing discipline. In our tests we evaluated performance by
simulating varying network conditions using artificial test patterns and a bandwidth trace from an LTE

network.
SHVC
HTTP hBW streaming HDMI 4K
server X 2.0 | UHD TV
control)] Router client

Linux workstation Linux workstation

Figure 5. Testbed for SHVC streaming client.

In Figure 6, we show a plot of bandwidth utilization during a portion of a UHD streaming session. In the
plot, the current time (“now”) is when t=0, and events for t>0 occurred in the past. In this test, we
controlled the available bandwidth using a binary pattern (20 and 45 Mbps) for a two-layer SHVC stream
encoded at 16 and 43 Mbps (BL: 1536x832 / EL: 3072x1664, 24 fps, 2 seconds per segment). The plot
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shows a streaming session that lasted approximately 40 seconds. The client initially fetches base layer
segments only (shorter blue bars) to fill up its buffer and because the available bandwidth (20 Mbps) is
not enough to download EL. When available bandwidth increases to 45 Mbps, backfilling takes place,
that is, consecutive EL segments (longer blue bars) are downloaded. This improves the visual quality of
decoded video because these EL segments correspond to BL segments that have already been downloaded.
Thereafter, the client fetches BL and EL segments because enough bandwidth is available to fetch both.
When available bandwidth decreases, the client continues to fetch BL and EL segments but at a slower
pace. If available bandwidth remains the same, the client would eventually fetch BL segments only (not
shown in Figure 6).

- Bandwidth Utilization

Rate ‘ r" ) e Bandwidth used
40 [Mbps] ‘ H ‘ Available bandwidth
35 ‘ “ \ u Backfilling @» DASH segment requests
rl—:)n::s::nct)s H H ‘ | by downloading
zsl “now” ‘ H H \ :tz:z::;:s Session starts
Wil it /1

|||| |||| |l |||I |l||||||l|||l||nm |||||||||| |||||||+ < —

Figure 6. Bandw1dth utilization of the proposed segment scheduhng algorithm.

Figure 6 also shows one of the advantages of scalable video, namely improved visual quality when
available bandwidth increases. The client can fetch EL segments that correspond to BL segments already
downloaded and combines them to show higher quality video, that is, it can improve quality
incrementally. In the same scenario but using traditional multi-rate streaming, lower rate segments
already downloaded would have to be discarded and replaced by higher rate segments, effectively wasting
data; or there would be a delay in transitioning to higher rate, decreasing user experience.

5. Conclusion

In this paper, we described an algorithm used for scheduling download of DASH segments by a SHVC
streaming client. Goals of the algorithm are to minimize variation of visual quality, while using network
bandwidth effectively. Development of segment scheduling algorithms for scalable video has challenges
different from the ones found in conventional multi-rate streaming, in particular, inter-layer dependence.
Thus, development of custom algorithms that address these challenges is important given the increasing
importance of scalable video streaming.
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1. Introduction

The widespread use of mobile devices with increasing computational and communications resources has
been pushing users to access and subscribe a great variety of multimedia content and services. However,
the current trend towards Ultra High Definition (UHD) video still imposes constraints in small screen
devices, which may limit the access to such type of content. For this reason, video and image retargeting
methods have been receiving increasing attention from the research community due to its importance for
content and service providers to guarantee flexible and seamless access to all types of content [1][2].

In general, video retargeting may include image resize, crop and even frame rate adaptation, but common
to all solutions is the fact that the most relevant information of each frame should be maintained, while
less relevant regions might be discarded according to the service or application requirements. In addition,
temporal consistency is required in retargeted video sequences to ensure smooth transitions between
consecutive cropped images such that the equivalent camera motion appears realistic, i.e., without
noticeable visual artifacts [3]. Among the most common visual artifacts one may identify object
truncation, jitter and/or flickering in temporal domain. To address these problems, several content-aware
retargeting methods have been proposed. Some of them are focused on keeping the visual salient regions
(e.g. [4]) while others are designed to reduce visual artifacts and ensure the temporal consistency [5][6].

This e-Letter deals with UHD video retargeting based on visual saliency regions and temporal consistency.
A new method is presented to adapt UHD video to lower resolution formats based on aggregated saliency
maps, which identify the salient regions to be cropped in each image followed by temporal filtering of
their spatial location in the UHD resolution to improve temporal consistency and fluidity. The visual
saliency maps were computed by fusion of three intermediate saliency maps and center-bias weighting to
better match the observer behavior. The results show that enforcing temporal consistency leads to better
visual quality of the retargeted video as well as higher coding efficiency.

2. Related work

In general, video retargeting is a content-aware adaptation process achieved through cropping and scaling
of high-resolution images [7]. As mentioned before, its application to mobile communications has been
driving research and development of efficient methods for seamless content adaptation. Although fixed
approaches may be used, such as cropping the center of all images in a sequence, useful retargeting
methods should take into consideration the type and location of objects in the visual scene [8].

Useful methods of video retargeting include constraints to enforce various types of visual consistency in
order to achieve improved performance [9,10]. Such methods can be classified into: content-aware, seam
carving, warping and hybrid methods. The content-aware methods are mostly based on the principle that
salient regions must be preserved while the content in the borders of the frame can be dropped [8]. Seam
carving changes the size of a video according to its content but the saliency regions are not considered,
which may cause artifacts in large objects. Kolf [11] and Grundmann [12] used image seam carving
methods with adaptations to keep temporal coherence in video. Yan et al., [13] present a motion-aware
seam carving solution to guarantee temporal smoothness of seams. More recently, Wang et al., [14]
proposed a shape matching solution to protect the shapes of the salient curves from deformation. In
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addition to the above methods, some combinations may be used. The most advanced methods use visual
attention models to identify the important regions of high-resolution images [15]. However, adequate
temporal consistency is not guaranteed with visual attention models, because even those that include
motion in saliency computation cannot provide adequate smooth transition between consecutive cropped
windows.

3. UHD video retargeting with temporal consistency

The UHD video retargeting method presented in this e-Letter is comprised of two main steps (Figure 1):
(1) the saliency map computation based on attention modeling and (ii) image cropping based followed by
jitter removal through temporal filtering of the spatial location of the cropping windows. Although this e-
Letter includes examples of retargeting from UHD 4K to HD 720p, application to any lower resolution is
straightforward.

Original Video
(UHD)
Saliency Map ) Image (f:oppmg
Computation Jitter Removal

\

< Retargeted Video >

Figure 1. UHD video retargeting method

Saliency map computation

The saliency map computation is based on the method described in [16], which aggregates three saliency
feature maps, computed from the spatial (texture), temporal (motion) and face presence information.
These saliency feature maps are combined into a single saliency map per frame. Figure 2b shows the
saliency map obtained for the Jockey sequence, where the white regions are the most relevant and the
white square represents the face-region of the horseman.

Image cropping

A cropping window identifies the most important region of each UHD frame, based on the saliency map.
The size of the cropping window is the same as that of retargeted images and it is given as a user-defined
parameter. A search is performed within a search window (SW) of the saliency map to find the best sub-
image with the pre-defined resolution, i.e., the cropped image. This is the one that maximizes the energy
of the saliency map signal located inside the cropping window. For each UHD frame, a single cropping
window is determined to define the cropped image, as shown in Figure 2

(a) Original UHD image 38402160 (b) Agreggated saliency map
3840%2160
Figure 2. Red box: cropping window of size 1280%720 Jockey sequence
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Filtering for temporal consistency (jitter removal)

Temporal consistency is achieved by filtering abrupt changes in the spatial location of cropped images
across consecutive frames, i.e., jitter removal. Figure 3 shows the temporal evolution of the up-left corner
of the cropping window (horizontal and vertical position). The blue and red lines represent the x and y
spatial positions before and after median filtering, respectively. As shown in Figure 3, after jitter removal,
the up/down displacements of the cropping window follows a much smoother trajectory in comparison
with the initial one, i.e., the raw data obtained directly from the maximum-energy criterion applied to the
saliency map.
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Figure 3. Temporal evolution of the spatial location of the cropping window (Jockey sequence).

4. Performance evaluation

The performance of the previous UHD retargeting method was evaluated through comparison with a
downsizing method (using the MPEG-4 downsampling filter) and centered cropping. A visual comparison
was performed as a user-driven approach while the impact of enforcing temporal consistency in the
coding efficiency of retargeted video was also evaluated. Rate-distortion (R-D) efficiency was used for
the latter. The Bosphorus and Jockey UHD test sequences were used in the evaluation. The same HD
720p resolution (1280%x720) was used for all cases of retargeting from the UHD 4K resolution
(3840%2160). The HEVC reference software HM-16.6 was used to encode the retargeted video sequences.
The encoder configuration was set to Random Access. The R-D operational points used to obtain the R-D
function were obtained from the set of QP={22,27,29,32} for 100 frames.

Visual comparison

Figures 4b, 4c and 4d show the visual results of three different retargeting methods: (i) downsizing, (ii)
centered cropping and (iii) the method presented in Figure 1, for sequence Jockey. Downsizing preserves
the context of the scene but some important objects may not be recognizable due severe loss of detail. For
example in the Jockey scene, the horse number and rider face are not discernible. In centered cropping it
is assumed that the region of interest is always located in the center of the image, but such assumption is
not true in many cases, particularly in UHD because the number of regions of interest tend to be highly
spread over larger resolution images. For instance, in Figure 4c, one may clearly observe that center
cropping is not an acceptable solution. Regarding the method described in this e-Letter, the retargeted
images contain the essential information of the scene, as shown in Figure 4d. Since downsizing is not
used, it is possible to keep some high-resolution details, such as the bird on the fence and the face of the
horseman.
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(b) Downsize (c) Centered cropping  (d) Cropping from
visual saliency

Figure 4. Visual comparison of Jockey sequence.

The influence of temporal consistency on coding efficiency

To evaluate the impact of enforcing temporal consistency in the coding efficiency of retargeted video, a
set of simulations were carried out specifically for this purpose. In these tests, the R-D efficiency of the
retargeted video with and without temporal consistency is compared for two test sequences, Jockey and
Bosphorus. Figures 5 and 6 show that better efficiency is always obtained for retargeting with temporal
consistency. The difference between the two methods lies in range 0.5~1.0dB for both test sequences.
This is because temporal consistency ensures greater correlation between adjacent frames, which
improves motion compensated prediction and benefits coding efficiency. When jitter removal is not used
and just the maximum-energy cropping window is used to produce the retargeted video, there are sharp
discontinuities between the spatial locations of adjacent frames. This leads to non-matching regions in the
borders, thus more failures in motion estimation and lower coding efficiency. Implicitly, a smooth
trajectory of the cropping window over the time dimension benefits the R-D efficiency. From additional
experiments carried out with different sequences, a PSNR gain of approximately the same magnitude was
obtained for various types of content, which seems to indicate that more important than the content itself
is the jitter removal filter used to enforce the temporal consistency.
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4. Conclusion

In this paper UHD video retargeting was discussed and a method based on visual saliencies driven by
visual attention models was presented. A visual comparison of the outputs generated by such method
shows its ability to preserve the relevant content of the UHD scene. Furthermore, when HEVC RA is used
to encode retargeted UHD video, consistently better PSNR is obtained when temporal consistency is
enforced through filtering for jitter removal, which shows a double benefit, both for the visual quality and
for the coding efficiency.
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