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Abstract

The next industrial revolution (commonly referred to as Industry 4.0) aims
at improving the efficiency, flexibility and versatility of the factories. It fore-
sees a fully digital industrial paradigm in which all the players along the
value chain are interconnected. In this context, a wireless communication
technology capable of supporting delay-critical transmissions at very high
reliability levels plays a crucial role. The fifth generation (5G) of cellular
technologies emerges as a candidate as it is designed to support ultra-reliable
and low-latency communications (URLLC). Unlicensed spectrum is seen as
an attractive option for industrial verticals due to its easy access and global
availability, as well as its simplicity and low cost of deployment as compared
to licensed spectrum. However, the strict spectrum regulations impose addi-
tional challenges in fulfilling the URLLC requirements in unlicensed bands.
The PhD analyzes the capabilities of unlicensed radio access technologies
(RATs) in supporting stringent latency and reliability requirements. Radio
resource management (RRM) techniques and mandatory channel access pro-
cedures are investigated and optimized given the observed limitations. The
PhD project answers research questions such as: What is the impact of chan-
nel access mechanisms on the overall system performance? Which latency-
reliability requirements can be fulfilled by cellular RATs operating in the
unlicensed spectrum? Which RRM and channel access enhancements are
promising for supporting Industry 4.0 use-cases?

First, the impact of the channel access procedures on the latency and reli-
ability is assessed in a realistic multi-user, multi-cell setting. Initially, Multe-
Fire is adopted as the reference model. The study concludes that the channel
access mechanisms based on listen-before-talk (LBT) are the main bottleneck
for supporting delay-sensitive applications. At the base stations (BSs) side,
the channel access account for 18 % to 42 % of the overall packet delay, de-
pending on the network load and reliability level. At user equipments (UEs)
side, it is shown that the channel access also plays an important role. With the
insights acquired in the study, promising RRM techniques aiming at reducing
the channel access impact are proposed and evaluated. Specifically, multiple
hybrid automatic repeat request (HARQ) opportunities for uplink control
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Abstract

transmissions, grant-free for uplink data transmissions, and the avoidance of
the uplink LBT (under specific conditions defined by spectrum regulations).

The second part of the PhD focuses on 5G operation in the unlicensed
spectrum, also known as New Radio Unlicensed (NR-U). Key technology
components, initially design for 5G licensed operation, are analyzed for unli-
censed operation. Selecting higher subcarrier spacing, faster processing times
and shorter transmission time interval (TTI) are shown to provide additional
latency-reliability benefits as compared to the reported in licensed deploy-
ments. For instance, reducing the TTI leads to faster and more reliable LBT
as the channel is occupied for shorter durations. Towards further improving
the NR-U latency-reliability performance, novel unlicensed-specific enhance-
ments are developed. A time-diversity technique that mitigates the impact
of the channel access in uplink data transmissions is proposed. UEs follow-
ing grant-based uplink are provided with multiple time resources for uplink
transmissions. The target is to reduce the need for several grants for a single
uplink (UL) transmission. The proposal is shown to be especially useful in
scenarios with high LBT failure probability. Additionally, two enhancements
for the channel access are presented. Both are designed based on coordi-
nation among the nodes. The first optimization introduces the usage of a
periodic structure that dictates the channel access and channel occupancy
instances. This ensures a bounded delay at the BS channel access in single
network deployments. On top of that, BSs are also coordinated in the frame
selection. This approach achieves latencies below 10 ms for any of the con-
sidered network loads in the study. As an alternative, an approach based on
silent gap coordination is introduced. Nodes following the silencing pattern
defer their transmissions for a certain duration to favour the LBT outcome of
neighbour nodes. Both enhancements fully remove the uncertainty added by
LBT on the uplink transmissions. A 16-fold reduction on the packet delay is
achieved by switching from MulteFire (77.3 ms) to a delay-optimized NR-U
(4.75 ms), for a network load of 2.5 Mbit/s and 99.99 % reliability.

The third part of the study evaluates the NR-U performance in scenarios
with additional RATs coexisting in the 5 GHz band. The presence of un-
planned inter-RAT interference harms the NR-U performance, reducing the
channel availability and increasing by a factor of 3 the experienced latency. To
cope with this, multi-channel techniques such as carrier aggregation, wide-
band operation and packet duplication are proposed. The study shows that
mechanisms that allow for a dynamic adjustment of the transmissions to sub-
channels with low or absence of interference are essential for fulfilling certain
URLLC requirements.
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Resumé

Den næste industrielle revolution, generelt refereret til som Industri 4.0, har
til formål at forbedre fabrikkernes effektivitet, fleksibilitet og alsidighed. Et
fuldt digitaliseret industrielt miljø hvor mennesker, maskiner og varer kom-
munikerer på tværs af værdikæden forventes. I denne kontekst, spiller trådløs
kommunikations teknologi, som er i stand til at understøtte transmissioner
der er yderst følsomme overfor forsinkelser, med højt niveau af pålidelighed,
en afgørende rolle. Den 5. generation af cellulære teknologier er en kan-
didat til dette, da den er designet til netop at understøtte ultra-pålidelig,
lav latens kommunikation (URLLC). Det licensfrie spektrum er en attraktiv
mulighed for industriens vertikale aktører grundet nem adgang og global
tilgængelighed, samt fraværet af omkostninger ifbm. spektrum licensering.
Men, reglerne for brug af licensfrie bånd er forbundet med udfordringer,
specielt når det vedrører opfyldelse af URLLC krav. PhD projektet analyserer
licensfrie radioadgangsteknologiers (RATs) evne til at supportere URLLC re-
laterede krav. Teknikker til styring af radioressourcer (RRM) og spektum-
adgangsprocedurer undersøges og optimeres. Der besvares forskningsspørgs-
mål såsom: ”Hvordan påvirker spektrum-adgangsprocedurer det samlede
systems evne til at understøtte URLLC?”, ”Hvilke latenstid-pålidelighed krav
kan opfyldes af cellulære RATs, der opererer i det licensfrie spektrum?”,
”Hvilke RRM forbedringer har størst potentiale?”.

Første del af PhD projektet omhandler spektrum-adgangsprocedurers ind-
flydelse på latenstid og pålidelighed i et realistisk multibruger, multicelle
miljø. Først anvendes MulteFire som referencemodel. Studiet konkluderer
at mekanismer baseret på listen-before-talk (LBT) er den største flaskehals i
understøttelsen af latenstid følsom kommunikation. Afhængig af netværks-
belastning og det krævede pålidelighedsniveau, så bruges 18% til 42% af
den samlede latens budget på LBT. Lovende RRM teknikker, der mindsker
påvirkning fra LBT er derfor blevet udviklet. Dette er specifikke løsninger,
bl.a. multiple hybrid automatic repeat request (HARQ), transmissionsmu-
ligheder, grant-free uplink data transmissioner, og undgåelse af uplink LBT
under visse betingelser. Anden del af studiet fokuserer på 5G New Radio
Unlicensed (NR-U). Dette inkluderer større subcarrier afstand, hurtigere pro-
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Resumé

cesseringstider og kortere transmission time interval (TTI), som giver yderlig-
ere fordele for latenstid og pålidelighed, sammenlignet med de rapporterede
ved licenseret anvendelser. Eksempelvis vil en reduktion af TTI føre til hur-
tigere og mere pålidelig LBT da kanalen er optaget i en kortere tidsperi-
ode. Nye NR-U forbedringer foreslås: En tidsspredning teknik, der afhjælper
påvirkningen fra kanaladgang i uplink data transmissioner. Yderligere præsen-
teres to kanalindgangforbedringer baseret af koordination. Den første opti-
mering introducerer brugen af en periodisk struktur som foreskriver kanal-
adgang og kanalbrug. Dette sikrer en begrænset forsinkelse ved base stations
(BSs) kanaladgang. Denne tilgang opnår latenstider på mindre end 10ms.
Alternativt foreslås en tilgang, der koordinerer de tidsrum, hvor der ingen
transmission er mellem netværkselementer. Begge forbedringer eliminerer
til fulde den usikkerhed som LBT tilføjer til uplink transmissioner. En fak-
tor 16 reduktion af pakkeforsinkelser opnås ved at skifte fra MulteFire (77.3
ms) til en forsinkelses optimeret NR-U (4.75 ms) ved netværksbelastning på
2.5 Mbit/s, indenfor den 99.99%-pålidelighed. Tredje del af studiet evaluerer
NR-U under påvirkning af interferensen fra andre RATs. Inter-RAT interfer-
ens skader NR-Us ydeevnen, i kraft af mindsket kanalledighed, hvilket resul-
terer i en faktor 3 øget latenstid. For at overkomme dette, foreslås multikanal
teknikker. Det eftervises, at mekanismer, som tillader dynamisk justering af
transmissioner til subkanaler med lav eller ikke eksisterende interferens, er
afgørende for opfyldelse af visse URLLC krav.
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Introduction

Nowadays, wireless communications have become an essential part of our
lives, playing an important role in the society and the economy. Ubiquitous
connectivity is paving our way towards a fully interconnected world where
people, machines and objects collaborate and mutually exchange informa-
tion. Over the last decades, cellular technologies have experienced a rapid
evolution to accommodate the needs of the society [1]. It all started back in
1980 with the first generation (1G) of mobile communications. It employed
analogue radio transmissions schemes and circuit-switched networks to pro-
vide voice services. In the 1990s, a transition from analogue to digital enabled
the second generation (2G). As in 1G’s design, 2G supported voice-centric
services. During the deployment of 2G, networks were further improved to
also provide data services at modest rates, in the order of hundreds of kbit/s
(200 kbit/s in downlink (DL) and 90 kbit/s in uplink (UL)). Additionally, it
enabled new services such as short message service (SMS). An increase in
the demand for higher data rates led to a new cellular generation. The third
generation (3G) went beyond the voice-centric perspective of previous gen-
erations and it is considered the foundation of mobile broadband services.
To ensure global applicability of the 3G specifications, a consortium of sev-
eral telecommunication standard organizations jointly created the 3rd Gener-
ation Partnership Project (3GPP). 3GPP standards are structured in Releases
(Rel), with Rel-99 as the first 3G standard available in 1999. Enhancement
to push the 3G potential were conducted in future releases, specifically, until
Rel-10 in 2011. As compared to 2G, 3G increased the data transfer capa-
bilities: early specifications supports theoretical DL bit rates in the order of
15 Mbit/s whereas evolved versions of 3G reaches values above 150 Mbit/s
using a combination of multi-carrier and multi-antenna techniques [2]. It
supported circuit-switched networks, for voice services, and packet-switched
networks, for data services. Relying on its advanced capabilities, 3G enabled
real-time services such as video conferencing or mobile TV. The society and
market trends demanded higher capacity for mobile broadband applications.
To fulfil the requirements, the fourth generation (4G) was firstly standard-
ized in Rel-8 (2008), under the name of Long Term Evolution (LTE), and it
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was commercially available in 2009. It came with a transition from the exist-
ing circuit + packet-switched networks to a fully packet-switched approach.
It provided superior performance in terms of efficiency and achievable data
rates, reaching DL peak data rates of 300 Mbit/s and 75 Mbit/s in DL and
UL, respectively. The evolution of the standard continued in 3GPP and a ma-
jor enhancement to LTE led to the standardization of LTE-Advanced (LTE-A),
specified in Rel-10 (2011). LTE-A reaches theoretical data rates of 3 Gbit/s in
DL and 1.5 Gbit/s in UL. LTE brought mobile Internet access to hundreds
of millions of people [3]. Moreover, it successfully enabled new applications
that go beyond the mobile broadband services, expanding to use cases with a
large number of low-cost devices with low battery consumptions [4]. Driven
by the ambitious communications requirements specified by the International
Mobile Telecommunications for 2020 and beyond (IMT-2020), 3GPP initiated
the design of a new cellular generation. Apart from the natural evolution
in the mobile broadband requirements, novel use cases with diverse and un-
precedented requirements, which are not possible to meet with LTE, are en-
visioned. The fifth generation (5G) shall provide connectivity to all kind of
services anywhere, anytime, to anyone and anything.

The focus of the thesis is on the support of ultra-reliable and low-latency
communications (URLLC) over unlicensed spectrum. This type of commu-
nications requires 5G networks to support transmissions where packets are
delivered in a very short time interval (in the order of milliseconds) and
with a very high probability of success (above 99.999 %). The achievement
of these requirements will enable the applicability of 5G to verticals such as
industry, health and safety. Meeting the requirements represents a challenge
that brings additional difficulties when transmissions are carried over the
unlicensed spectrum. Unlicensed bands are shared among multiple wireless
technologies, which imply that a steady quality of service can not always be
guaranteed. In the thesis, the implications of using unlicensed spectrum and
their impact on latency and reliability are analysed. Given the need for im-
proving the baseline performance, novel radio resource management (RRM)
techniques are proposed. The thesis provides recommendations for achiev-
ing demanding latency and reliability requirements in unlicensed spectrum.
At the time the PhD was started, 5G operation over unlicensed spectrum was
not supported. MulteFire was the only 3GPP-based radio access technology
exclusively operating in unlicensed spectrum, i.e. with no anchor carrier in
licensed spectrum, for which radio specifications were available. MulteFire
is based on LTE standard and it was adopted as the reference system model
for the initial studies. A transition towards 5G unlicensed is carried out dur-
ing the PhD. In the remaining of the chapter, 5G service classes, URLLC and
3GPP unlicensed-based technologies are described. Moreover, the term In-
dustry 4.0 and the role of unlicensed spectrum is introduced. The research
methodology, thesis contributions and thesis outline are also detailed.
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1. 5G overview and service classes

1 5G overview and service classes

As envisioned by the International Telecommunications Union (ITU) in the
IMT-2020 recommendation [5], 5G shall support a wide range variate of ap-
plications which are far beyond the ones supported by any of the previous
cellular generations. ITU identifies three main cornerstones as the main ser-
vice classes to be supported by 5G:

• Enhanced mobile broadband (eMBB): it corresponds to the natural evo-
lution of the previous cellular generation, driven by the increasing de-
mand for traffic in human-centric communications. It targets to support
indoor hotspots scenarios with stringent user density requirements and
high peak data rates, targetting up to 20 Gbit/s in DL and 10 Gbit/s in
UL. Wide-area scenarios with requirements such as seamless coverage
and medium to high mobility (up to 500 km/h) while supporting high
data rates should be fulfilled.

• Massive machine type communications (mMTC): this service class rep-
resents machine-centric communications. It covers use cases with a
large number of devices, in the order of 1 000 000 devices/km2, sparsely
transmitting small packets with delay-tolerant requirements. Deployed
devices are required to be low-cost, low-complexity devices with long
battery life.

• Ultra-reliable and low-latency communications (URLLC): it comprises
human- and machine-centric communications defined by sporadic trans-
missions of small payloads with stringent requirements for latency, in
the range of 1 ms, and reliability, in the order of 99.999 %.

3GPP started the standardization process of the new generation using
these service classes as a reference. Different technical solutions were iden-
tified and evaluated as 5G candidates as part of the Rel-14 Study Item (mid-
2016), resulting in the first version of the 5G standard, known as New Radio
(NR), in Rel-15 (end of 2017). With Rel-15, the focus was mainly on eMBB use-
cases. Key enhancements for the support of mMTC and URLLC were also
standardized. The work for Rel-16 started in 2018, aiming to cover new usage
scenarios for different industrial verticals. As a result, important functional-
ities for the support of factory automation and vehicular to anything (V2X)
were standardized. Additionally, unlicensed spectrum operation is standard-
ized as part of Rel-16 specifications [6]. The work towards a new Release
started in December 2019. One of the goals in Rel-17 is to keep expanding
the versatility of 5G to a wide variety of industry verticals. Enhancements in
sidelink, positioning and URLLC - including the support in unlicensed spec-
trum - are part of the work for enabling new industrial use cases. 3GPP has

5



Introduction

started working on the definition of the key feature for Rel-17, from January
2020. According to the agreed time-plan, the technical work is expected to be
completed by the end of 2021.

2 Ultra-Reliable and Low-Latency Communications

Latency and reliability are the key performance indicators (KPIs) determining
URLLC. Both metrics are closely related and they are described as [7]:

• User-plane latency: interval of time that takes to successfully deliver
a packet measured in layer 2/3 at both ends of the communication.
Potential additional delays from the core network are not included in
this definition.

• Reliability: success probability of transmitting X bytes within a specific
packet delay and a certain channel quality. A common URLLC reliabil-
ity requirement is 1 − 10−5 for a 32 bytes packet transmission with a
user-plane latency of 1 ms. In other words, 99.999 % of the total packet
transmissions must be successfully delivered within a time boundary
of 1 ms.

Meeting the stringent latency and reliability requirements suppose a big
challenge as it requires modifications in the system criteria design, which is
no longer only devoted to serving mobile broadband (MBB) traffic. Novel and
advanced technology enablers are designed to make 5G systems compliant
with the URLLC requirements and allow the support of mission-critical com-
munications [8]. For latency reduction purposes, flexible numerology allows
the possibility of conveying the information in shorter time intervals. This is
achieved by increasing the sub-carrier spacing, which implies shorter orthog-
onal frequency-division multiplexing (OFDM) symbol duration, and employ-
ing small scheduling units such as mini-slots. Fast processing times to pre-
pare and decode data transmissions are also optimized for latency-sensitive
applications. Schemes such as self-contained subframe and grant-free UL
also bring latency benefits. Reliability can be enhanced, among others, by di-
versity techniques in different domains: time, frequency and space. Support-
ing URLLC opens the possibility to expand the 5G applications, providing
services to new business models and use cases not supported with previous
generations. It will enable applications in different industrial verticals such
as medical and health care, transport and safety, media and entertainment
and industrial automation. The latter is expected to have a big impact on our
society as it enables the achievement of the next industrial revolution.
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2.1 Industry 4.0

Industry 4.0 refers to the fourth industrial revolution. It aims to evolve the
current manufacturing industry by improving the flexibility, versatility, re-
source and cost efficiency, worker support and quality of the production and
logistics. Connectivity is one of the key enablers of Industry 4.0 as it re-
lies on a powerful network infrastructure to connect people, machines and
objects. Traditionally, connectivity within the factory is provided via wired
technologies as wireless alternatives unsuccessfully support the industrial-
specific communication requirements. Wired solutions present several draw-
backs: impose limitations in terms of mobility, increase the installation and
maintenance cost, and reduce the reliability as they are prone to suffer from
wear and tear. These implications, especially the lack of flexibility, hinder the
feasibility of smart factories envisioned for Industry 4.0. In such factories,
a reconfigurable production line is essential as real-time adjustment leads to
more efficient and costumer-specific manufacturing [9]. Therefore, a transi-
tion to wireless deployments is required. Industry-specific wireless solutions
are currently available, however, they are tailored solutions specifically de-
signed for very limited applications. Moreover, they often are proprietary
solutions with lack of interoperability. In this situation, 5G emerges as a wire-
less alternative for industrial deployments. It provides a single, standardized
and with flexible design wireless technology to the industry players. 5G
offers the deployment of private networks with full control of the network
parameters given certain requirements. The usage of private networks also
provides isolation from other networks, ensuring strong security, privacy,
safety. Applications within Industry 4.0 require the support of eMBB, in aug-
mented reality applications, mMTC, in massive wireless networks sensors,
and URLLC, in motion control or mobile robots [10] [11].

3 Unlicensed spectrum: description, regulations and
technologies

5G is designed to operate at any frequency of the radio spectrum between
400 MHz and 100 GHz [7]. Currently, the 5G standard is limited to frequency
ranges up to 52 GHz [12] but on-going work in 3GPP is expected to allow
deployments on higher frequencies, e.g. between 52 GHz and 71 GHz [13].
The usage of a specific frequency range depends on the target application,
e.g. sub 1 GHz bands are used for wide area coverage and deep indoor pen-
etration whereas millimeter waves (mmWave), i.e. above 30 GHz bands, are
intended for providing extreme throughput performance at short-range dis-
tances and under primarily line-of-sight (LOS) conditions. Across the avail-
able frequencies, the spectrum can be classified into licensed, shared and
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unlicensed bands. Unlicensed bands, also known as licensed-exempt bands,
comprise a set of frequencies which are free of access for any radio access
technology (RAT) that operates according to specific regulatory requirements.
Examples for unlicensed bands for mobile services are the 2.4 GHz and 5 GHz
in sub-7 GHz spectrum as well as 60 GHz in the mmWave range. Addition-
ally, spectrum regulators have recently agreed on releasing a large portion of
the spectrum for unlicensed operation in the 6 GHz band, in the United States
ranging from 5.925 GHz to 7.125 GHz [14] and in Europe from 5.925 GHz to
6.425 GHz [15]. In the sub-7 GHz spectrum, frequency bands are present in
the form of unpaired spectrum and therefore, time division duplex (TDD) is
adopted for operation in the unlicensed spectrum. As compared to licensed
bands, which ensures an exclusive usage of certain frequencies, in unlicensed
bands RATs operate collectively and without any cooperation nor required li-
cense. In contrast, they must be compliant with certain guidelines which are
defined to govern the spectrum usage. Although the rules are regional- and
band-specific, the essence of the spectrum regulatory requirements points
to the same direction: ensure fair usage of the unlicensed frequency bands
among the different RATs. With that objective, spectrum regulations limit
the maximum transmit power levels and the occupied bandwidth, avoid co-
channel operation with radar systems and provide guidelines to fairly use
the channel [16].

3.1 Unlicensed technologies

Various wireless technologies operate over unlicensed bands. Several ex-
amples are found among the IEEE technologies. Bluetooth (also known as
IEEE 802.15.1) and Zigbee (also known as IEEE 802.15.4) use the industrial,
scientific and medical (ISM) 2.4 MHz frequency band for short-range com-
munications. The 802.11 group of standards [17], commonly known as Wi-
Fi, are deployed over the 2.4 GHz and 5 GHz unlicensed frequency bands.
IEEE 802.11ax, the latest Wi-Fi version also known as Wi-Fi 6, is also capa-
ble of operating over the 6 GHz. Cellular technologies also put interest in
the unlicensed bands. The usage of unlicensed spectrum is motivated by the
scarceness and high cost of the licensed spectrum. Cellular technologies can
leverage from the additional frequency resources by offloading part of the
traffic carried over the licensed bands into the unlicensed channels. It allows
for the improvement of the system throughput, i.e. it is mainly designed for
the support of MBB applications. Licensed-Assisted Access (LAA), based on
the LTE standard, is the 3GPP LTE unlicensed technology [18]. It operated
over the 5 GHz band and ensures global applicability by following the most
stringent regulatory requirements among those standardised in the different
regions. It uses carrier aggregation to combine a licensed channel with one
or more unlicensed channels. In LAA, an anchor-licensed connection must
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be maintained since it carries all the control and signalling information. LAA
was introduced for offloading DL traffic in Rel-13 and further improved to
support UL in enhanced-LAA (eLAA) as part of Rel-14. Other examples of
cellular technologies are LTE-Unlicensed (LTE-U) [19], whose mode of op-
eration resembles LAA but with limited applicability as it is not compliant
with spectrum regulations in some regions, and LTE-WLAN Aggregation
(LWA) [20], where tight collaboration between LTE and wireless local area
network (WLAN) allows for LTE data offloading to Wi-Fi links.

MulteFire Driven by the need for overcoming certain limitations presented
in LAA, a consortium of companies denoted as MulteFire Alliance (MFA)
designed a radio access technology capable of solely operating over the un-
licensed bands. This mode of operation expands the usage of unlicensed
to new use cases and markets since the usage of an anchor carrier in the li-
censed spectrum is no longer needed. The first specifications were released in
January 2017 under the name of MulteFire. It is based on LAA specifications
(Rel-13 and Rel-14) but modified to introduce the support of standalone oper-
ation in unlicensed spectrum [21]. The first version of the standard designed
MulteFire to be deployed over the 5 GHz frequency band. Further Multe-
Fire releases bring optimizations for Internet of Things (IoT) and Low Power
Wide Area (LPWA) support. Hence, the supported frequency ranges were ex-
tended to 2.4 GHz and sub-1 GHz bands. MulteFire offers industry verticals
the possibility of creating, installing and operating private networks while
taking benefit from the LTE technology and ecosystem and with the sim-
plicity of Wi-Fi-like deployments. As compared to Wi-Fi 5 (IEEE 802.11ac),
MulteFire supports twice as much capacity, increases the coverage area and
allows mobility around the deployment [22]. It is the first cellular standard
for standalone unlicensed operation and supposes the first step towards a
global wireless unlicensed solution for smart industries.

New Radio Unlicensed Following the trend established during the LTE
era, 5G also considered unlicensed spectrum as an attractive resource. 3GPP,
in Rel-16, started to investigate the support of 5G-NR over the unlicensed
bands. The 5G-NR unlicensed variant is known as New Radio Unlicensed
(NR-U) [6] and, based on Rel-16 agreements, it is designed to operate over 5
and 6 GHz. Further releases expect to broaden the NR-U application to the
mmWave range (60 GHz). Different NR-U deployment designs are identi-
fied for NR-U operation. Among them, carrier aggregation between licensed
and unlicensed bands, as in LAA, and standalone unlicensed operation, as
in MulteFire, are considered. The latter is the special interest for industrial
verticals as connectivity can be provided without the need of a licensed car-
rier, which implies a significant reduction in the network infrastructure costs.

9



Introduction

Moreover, simplicity in the deployment and larger available bandwidth are
also strong points in favour of standalone unlicensed. On the other hand,
spectrum regulations impose limitations to the NR-U performance. There-
fore, for fulfilling the most demanding Industry 4.0 use cases, NR-U needs
to be further enhanced. With that purpose, 3GPP has recently agreed on the
need for supporting ultra-reliable low-latency communications over the un-
licensed spectrum (URLLC-u), as stated in the Industrial Internet of Things
(IIoT) Study Item for Rel-17 [23].

3.2 Challenges to achieve URLLC-u

The aforementioned spectrum regulations impose additional challenges in
the achievement of URLLC-u requirements in standalone mode. Especially
critical for latency and reliability are the mandatory channel access mecha-
nisms. They are meant for guaranteeing a fair usage of the spectrum among
devices simultaneously operating on the same unlicensed channel. To achieve
this, devices from each unlicensed RAT must ensure there is no activity on
the channel before transmitting as well as restrict the amount of time that
the channel can be continuously occupied. The channel access mechanisms
are built on the concept listen-before-talk (LBT). LBT is a contention-based
protocol that allows devices to use the same frequency channel without any
coordination. It consists of a sensing procedure, in which devices measure the
received interference, and a posterior comparison with a predefined energy
detection (ED) threshold. If the measured interference is above the threshold,
the device declares the channel as busy, meaning that the channel is currently
used by another device. Otherwise, the channel is declared as idle. A device
can start a transmission only if the channel is observed as idle for a certain
amount of time. These mechanisms impact the channel availability, which is
crucial for achieving the URLLC requirements.

4 Scope and Objectives of the Thesis

The conducted study focuses on achieving low-latency and ultra-reliable
communications for an industrial deployment over the 5 GHz unlicensed
band. As compared to the licensed spectrum, unlicensed operation brings
additional limitations which makes the achievement of the URLLC require-
ments more challenging. The goal is to propose RRM solutions that tackle
these difficulties, striving to achieve a performance similar to the equiva-
lent 5G licensed spectrum deployments. Although the focus is on the 5 GHz
band, the findings of the PhD can be generalized to any unlicensed band that
adopts LBT as the coexisting mechanism.
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ULTRA-RELIABLE AND LOW-LATENCY COMMUNICATIONS TECHNOLOGY ENABLERS

Fig. I.1: 5G technology enablers candidates for achieving URLLC classified into spectrum ag-
nostic and unlicensed band-specific techniques.

In the first stage of the PhD, a study understanding the main bottlenecks
limiting the achievement of low-latency and high-reliable communications is
conducted. The evaluation is performed in an indoor scenario resembling a
factory plant under different network offered load conditions. Our focus is
to analyze the impact of the spectrum regulations, specifically the mandatory
channel access mechanisms, in DL and UL transmissions. Transmissions are
susceptible to be delayed due to these mechanisms, limiting the supported
quality-of-service (QoS). In the DL, base stations (BSs) continuously sense
the channel until it is declared available. This results in transmissions suf-
fering from additional delays depending on the channel activity. In the UL,
channel access procedures impose critical limitations in grant-based trans-
missions. user equipments (UEs) transmissions are subjected to the interfer-
ence measured on a single measurement interval. If the channel is declared
as occupied during that timespan, the UL transmission is not performed.
The relevance of the channel access for UL transmissions is studied from a
latency-reliability perspective, highlighting the need for improvement.

The acquired knowledge is then used for design and evaluate novel RRM
techniques that improve the system performance from a latency and reliabil-
ity perspective. As introduced in Fig. I.1, techniques can be classified into
two groups: i) spectrum agnostic and ii) unlicensed spectrum-specific. The
first group includes well-known techniques defined in the NR standard for
latency reduction purposes. The goal is to analyze any additional benefit
of these techniques when they are applied to unlicensed operation. Among
others, reduced transmission times interval and faster processing times are
evaluated. To improve the UL performance, grant-free is also considered as a
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candidate. The change in the UL paradigm, as compared to grant-based UL,
can provide additional benefits in unlicensed operation since fewer channel
access procedures are needed before the uplink data transmission. However,
it may impose some limitations due to the lack of dedicated resources per UE.
Techniques classified as unlicensed spectrum-specific are designed to reduce
the influence of the channel access on the system performance. Time and
frequency diversity techniques as well as multi-node coordination as part of
this group of solutions. Time diversity techniques are evaluated to increase
the success probability of accessing the channel at the UEs side. Both control
and data transmissions are addressed. Providing more UL resources, in a
TDD system, might have an impact in the DL performance. An analysis of
the trade-offs is also conducted.

Multi-node coordination is also considered as an enabler for URLLC-u.
Previous techniques aim to mitigate the impact of the channel access mech-
anisms, in this case, we directly tackle the source of the problem. Based on
multi-node coordination, the effects on the channel access can be completely
removed. Our goal is to propose a coordinated scheme that aligns the channel
sensing interval of the nodes in the deployment. Synchronicity at the BSs side
is supported by spectrum regulations for the 5 GHz. However, UEs sensing
intervals depend on the scheduling decision, which is independently deter-
mined at each BS. Consequently, non-zero blocking probability is observed
in this case due to interference created by other nodes transmissions. Coor-
dination from a high-level hierarchy node is needed to achieve synchronized
channel access at both ends. Thus, a central node is in charge of ensuring
the synchronicity. The performance of this type of deployment is addressed.
The application of this approach brings certain trade-offs which are also in-
vestigated. One of the trade-offs of using a fully synchronous approach is
that BSs must use the same frame configuration. This assumption, especially
in conditions with very diverse traffic conditions in the scenario, can lead to
longer frame alignment delays. To overcome this problem, a coordination
scheme based on silencing patterns is proposed and evaluted.

Additionally, frequency diversity techniques are proposed for reducing
the channel access delay. To evaluate them, a more challenging scenario is tar-
getted by assuming multiple RATs coexisting over the same frequency band.
In our study, an NR-U deployment partially shares the frequency resources
with Wi-Fi. In such deployment, the gains of the previously presented mech-
anisms for achieving URLLC-u are diminished by the presence of Wi-Fi. Wi-
Fi is the incumbent technology in the 5 GHz band and it is designed with a
more favourable channel access configuration as compared to other RATs. For
instance, Wi-Fi uses a higher energy detection threshold (−62 dBm) as com-
pared to NR-U (−72 dBm) which allows for faster channel access. We evalu-
ate the latency-reliability degradation due to Wi-Fi presence and analyze the
performance of several frequency diversity techniques. The goal is to pro-
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vide NR-U nodes with supplementary frequency resources to be employed
in case the channel availability is reduced due to Wi-Fi transmissions. Thus,
it is always assumed that, at least, a 20 MHz band is free of Wi-Fi interfer-
ence. The evaluated techniques are solutions currently available for licensed
operation and whose target is to boost the available bandwidth, i.e. suitable
for eMBB applications, or to increase the packet decoding probability, at the
receiver side, by sending copies of the same packet, i.e suitable for URLLC
applications. For unlicensed operation, our approach is to adopt them from a
novel perspective and exploit the diversity in frequency to increase the chan-
nel access probability at the transmitter side. With several channels available
for transmission, the impact of Wi-Fi can be mitigated while maintaining the
fair coexistence and supporting a stringent latency-reliability QoS.

In the following, the main research questions and their corresponding
hypothesis addressed during the PhD are formulated:

Q1 What is the impact of spectrum regulations on the unlicensed cellular
latency and reliability performance?

H1 Mision-critical communications are expected to be delayed due to re-
duced availability of the unlicensed channel. A study for understand-
ing the impact of the spectrum guidelines on the latency and reliability
of the system is needed as a starting point for deriving further enhance-
ments.

Q2 Which technology components, initially designed for URLLC in licensed
spectrum, are suitable for unlicensed operation?

H2 Mechanisms targetting latency reduction in licensed spectrum can be
adopted to unlicensed operation, potentially bringing additional bene-
fits. They are equally valid for unlicensed operation, while their exact
benefits may differ from that observed in licensed bands due to e.g.
the interaction with the channel access mechanisms. Technology com-
ponents such as shorter tranmissions interval times, faster processing
times or configured-grant are evaluated.

Q3 How to mitigate the performance impact of the channel access by means
of RRM techniques?

H3 Grant-based UL transmissions, both control and data, are heavily af-
fected by the channel access mechanisms. These transmissions are sub-
jected to the measured interference during few µs before the allocated
resources. An unsuccessful LBT before a data transmission requires a
new grant, and therefore, additional channel access attempts at BS and
UE sides. In contrast, in for DL data, a BS can simply transmit in the
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data on the next occasion. For UL control information, e.g. hybrid au-
tomatic repeat request (HARQ) feedback, experiencing an LBT failure
introduce uncertainty in the BS about the decoding outcome at the UE
side. This triggers a dilemma at the BS side to whether retransmit the
data or not. In scenarios targetting ultra-reliable QoS, it is assumed that
the BS decides to retransmit the data. This implies the performance of
additional channel access and postponing any new packet transmission
to further occasions. In summary, channel access blocking in UL im-
plies a degradation in the UL and DL performance. To overcome this
issue, time-diversity techniques to increase the probability of successful
channel access are proposed.

Q4 How to efficiently deploy a NR-U network to cope with the reduced
channel availability?

H4 Uncoordinated channel access might lead to cases with large channel
access delays. Synchronicity in the channel access can reduce the chan-
nel access delay, improving the channel availability, and hence, the la-
tency and reliability performance. Coordination among the nodes is
study as an enabler for achieving URLLC targets.

Q5 How to achieve URLLC requirements in a scenario with multiple RATs
share part of the available spectrum?

H5 Coexisting with other RATs brings additional challenges. In such de-
ployment, the spectrum guidelines make sure that the resources are
shared among the RATs. In order to maintain the URLLC QoS, fre-
quency diversity techniques for a multi-channel deployment are con-
sidered as potential solutions.

5 Research Methodology

Based on the research questions and hypothesis, a classical research method-
ology is applied to acquire knowledge, provide insights and fulfil the study
objectives. Several steps are identified as essential during this process and a
summary of them is presented as follows:

1. Problem and objective identification: A clear problem description and
short and long-term targets definition are key to the research process.
Solid knowledge about the state of the art is built by extensive literature
review. Fruit of the interaction with supervisors and other academy
and industry experts, the current status of the unlicensed technologies,
their performance and limitations to achieve stringent latency-reliability
requirements are identified. A carefully understanding of the spectrum

14



5. Research Methodology

regulations is required in order to establish realistic objectives which are
compliant with the established spectrum rules. As part of this initial
phase, it is also important to become familiar with the performance
evaluation tool.

2. Hypotheses formulation and potential solutions: The acquired knowl-
edge helps us in the formulation of the hypotheses and potential so-
lutions. Additionally, a more detailed literature review searching for
state-of-art techniques that might solve the formulated hypotheses is
conducted. As part of this stage, preliminary analyses also help in for-
mulating the hypotheses. Discussion with supervisors and colleagues
brings new proposals to combat the communications bottlenecks. The
proposals are intended to be as feasible as possible to current and future
unlicensed deployments while respecting the unlicensed regulations.

3. Validation of the proposals: Accounting for all the dynamics involved
in a real wireless deployment is a complex task. Evaluation of the pro-
posals following a strictly theoretical approach is proven to be very
difficult. Therefore, a system-level simulator is chosen as the evaluation
tool. The proposals are implemented in the Nokia Bell Labs propri-
etary system-level simulator and evaluated following the Monte Carlo
method [24]. The system-level simulator is capable of reproducing, with
a high degree of realism, the majority of the process involved in a wire-
less communication. It is built over complex mathematical models that
mimic the stochastic and complex nature of mobile networks. It is de-
signed to model multi-cell multi-user deployments, under advanced
channel propagation conditions and with most of the 5G radio resource
management techniques. It is also inlined with the required guidelines
for unlicensed operation. A sufficient number of samples is collected
during the Monte Carlo simulations in order to obtain statistically reli-
able results. The methodology used implies the execution of multiple
realizations of the considered scenario. In order to account for all the
dynamics in the system, each realization has a different UEs location.
The samples of each realization are combined afterwards.

4. Performance analysis: The potential solutions are compared against
baseline assumptions, highlighting the performance impact of the pro-
posed schemes based on the KPI. In this stage, statistical analysis of
the simulation results as well as a sensitivity analysis are performed.
It helps in understanding missing behaviours or corner-cases that were
not identified when formulating the research questions and potential
proposals. Re-adjustment of the proposed radio-resource management
techniques might occur during this phase.
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5. Dissemination of the results: The proposed solutions are described
in details and presented to the research community in form of scien-
tific publications, targetting highly-impacting conferences and journals.
Dissemination of the acquired knowledge is also achieved by giving
presentations in project-related meetings at Wireless Communication
Networks (WCN) section and Nokia Bell Labs. As part of ONE5G, a
European project driven by the development of new radio technolo-
gies for 5G, results have been presented with positive feedback [25].
The conducted work has also influenced Nokia Bell Labs views on its
contributions to 3GPP for unlicensed spectrum. Additionally, perfor-
mance results will be included as part of a Nokia Bell Labs whitepaper
in which the company express its view on unlicensed technologies. As
an outcome of this research process, novel ideas are generated and pro-
tected, acquiring intellectual property rights via patent applications.

6 Contributions

The main findings of the study are summarized bellow:

1. Identifying the challenges of achieving low latency in unlicensed de-
ployments. A comprehensive analysis of the bottlenecks limiting the
system latency performance is carried out. It is shown that the channel
access mechanisms heavily impact the latency performance at both ends
of the communication. BSs channel access is shown to increase with the
offered load and, already in low-to-moderate loads, it often surpasses
the delay budget of delay-sensitive QoS. Nonetheless, due to its con-
tinuous sensing approach, the BSs ensure that the channel is accessed
in the long run. On the other hand, UEs typically use a single-shot
approach, in which the channel is assessed based on a single sensing
interval. It leads to frequent blocking in the channel access, increasing
the packet delay and limiting the application of unlicensed technolo-
gies to delay-tolerant applications. The study highlights the need for
improvement to make unlicensed standalone technologies a candidate
for URLLC deployments. The analysis is conducted following the Mul-
teFire assumptions but conclusions apply to any unlicensed technology
working in standalone mode.

2. Analyzing the impact of URLLC RRM techniques over unlicensed
spectrum, highlighting their additional benefits. Supporting URLLC
technology components, initially designed for licensed operation, has
been shown to provide additional benefits in the unlicensed spectrum.
Shortening the transmission time interval, apart from providing the
inherent reduction in latency, it also reduces the time the channel is
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actively used. This has a direct effect on the channel access perfor-
mance making it faster and with higher success probability. Introduc-
ing multiple transitions between downlink and uplink within a single
TDD frame configuration also brings benefits as messages exchange be-
tween BSs and UEs can be contained in a single channel occupancy
time. Grant-free UL is also studied as an alternative to grant-based UL.
It is shown to provide latency reductions as less channel access pro-
cedures are performed as compared to grant-based UL. Additionally,
UL transmissions are more likely to happen as the continuous channel
sensing, rather than the single-shot channel access, is followed. How-
ever, grant-free performance is bounded by the supported system load
as collisions among UEs might appear.

3. Proposing RRM techniques to cope with the channel access impact.
The channel access performed at the UE side is especially critical for
delay-sensitive applications. Assuming grant-based scheduling, UEs
transmissions are subjected to two conditions: i) receive a grant from
the serving BS with specific time-frequency resources and ii) success-
fully access the channel right before the allocation starts. In case the
channel is declared as busy, the granted resources are not used as
transmissions are not allowed to take place. Thus, the BS must is-
sue a new grant, which requires the performance of additional chan-
nel access mechanisms. This process can take several iterations until
the UE successfully access the channel. To overcome this issue, we
propose time-diversity RRM techniques that allow the BS to indicate
several time instances for attempting the channel access in UL. Conse-
quently, the channel access probability at the UE side is increased and
the number of channel access attempts at the BS side reduced. For the
physical control-plane transmissions, specifically HARQ responses to
previously received DL transmissions, UEs are provided with K consec-
utive attempts to perform the channel access. Only after K consecutive
channel access failures, the DL transmission is retransmitted due to the
uncertainty at the BS of the UE decoding outcome. For the physical
user-plane UL transmissions, BSs signal in the grant the M consecutive
resources that UEs can potentially use for the UL data transmission.
Additionally, the possibility of skipping the performance of LBT as a re-
sponding device is studied under different load conditions. Spectrum
regulations allow for transmissions without LBT under the condition
that the gap interval between the last DL transmission and the next UL
transmissions is shorter than 16 µs.

4. Introducing an unlicensed mode of operation free of channel access
impact. A new concept based on coordination among the nodes is pro-
posed. The technique remains compliant with the spectrum regulations,

17



Introduction

as the channel access mechanisms are performed, but the sensing inter-
val timings are common for all the nodes. Synchronicity in the channel
access together with coordination in the frame selection leads to full
mitigation of the impact of LBT. To do so, the presence of a central
node that coordinates the transmissions is required. The set-up is stud-
ied under different load points and compared against the asynchronous
case, highlighting the benefits and limitations. The application of this
proposal ensures that, by having a well-designed deployment, similar
latency-reliability performance as NR TDD licensed can be achieved.
However, agreeing on the TDD frame among the nodes may introduce
unnecessary frame alignment delay, especially in scenarios with large
variations in the traffic conditions, due to non-ideal frame selection. To
overcome this, an alternative based on silent gap coordination among
nodes is proposed. There, nodes are configured with a common silenc-
ing pattern that collides with the potential sensing intervals of neigh-
bour nodes. It achieves 0 % channel access blocking probability in the
system while allows each node to select the optimal frame that fits best
their traffic conditions.

5. RRM proposals to combat sporadic interference from other RATs and
its impact on latency and reliability. Sharing the channel with multi-
ple RATs unavoidably reduces the channel availability, which in turns,
significantly degrades the system delay performance. In order to keep
the stringent latency and reliability requirements, we propose to seek
additional resources in the frequency domain. Techniques designed
for licensed spectrum operation are applied to unlicensed band from
a different perspective. Initially, for licensed operation, the frequency
diversity techniques aim to either increase the supported throughput,
i.e. used for mobile broadband purposes, or increases the decoding
probability at the receiver side, i.e. for reliability improvement. In our
case, the target is to increase the successful channel access probability
at the transmitter side. The evaluation is conducted on an indoor fac-
tory scenario with NR-U and IEEE 802.11ax contending for the channel.
Both technologies partly coexist over the unlicensed bands, as our as-
sumption is that the NR-U network has more spectrum available than
IEEE 802.11ax. Carrier aggregation, wideband operation and packet
data convergence protocol (PDCP) duplication are studied from a la-
tency and reliability perspective. Performance comparison against the
case in which IEEE 802.11ax is not present is conducted. The study
shows that carrier aggregation, under the current standard specifica-
tions, do not properly combat the presence of inter-RAT interference.
The fact that transmissions are not flexibly re-scheduled to other chan-
nel limits its performance. The study concludes that to mitigate the
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effect of unplanned interference, schemes with flexible readjustment of
the selected channel for transmission are required.

The thesis is composed of a collection of papers. Formulations, models,
ideas, and results from these papers are therefore presented throughout the
thesis. The main findings and contributions are included in the following
publications:

Paper A: R. Maldonado, C. Rosa, F. Frederiksen and K. I. Pedersen, "On the
Impact of Listen-Before-Talk on Ultra-Reliable Low-Latency Com-
munications", IEEE Global Communications Conference (GLOBECOM),
December 2018, pp 1-6.

Paper B: R. Maldonado, C. Rosa, F. Frederiksen and K. I. Pedersen, "Up-
link Ultra-Reliable Low Latency Communications Assessment in
Unlicensed Spectrum", IEEE Globecom Workshops (GC Wkshps), De-
cember 2018, pp 1-6.

Paper C: R. Maldonado, C. Rosa and K. I. Pedersen, "Latency and Reliabil-
ity Analysis of Cellular Networks in Unlicensed Spectrum", IEEE
Access, 2016, pp 49412-49423.

Paper D: R. Maldonado, C. Rosa and K. I. Pedersen, "Analysis of High-
Reliable and Low-Latency Communication Enablers for New Ra-
dio Unlicensed", IEEE Wireless Communications and Networking Con-
ference (WCNC), April 2020, pp 1-6.

Paper E: R. Maldonado, C. Rosa and K. I. Pedersen, "A Fully Coordinated
New Radio-Unlicensed System for Ultra-Reliable Low-Latency
Applications", IEEE Wireless Communications and Networking Con-
ference (WCNC), April 2020, pp 1-6.

Paper F: R. Maldonado, C. Rosa and K. I. Pedersen, "Multi-link Techniques
for New Radio-Unlicensed URLLC in Hostile Environments", IEEE
Vehicular Technology Conference (VTC), April 2021, Submitted for
publication

Paper G: R. Maldonado, C. Rosa and K. I. Pedersen, "A silent gap coordi-
nation for supporting URLLC in unlicensed deployments", Work
not submitted for publication

Additionally, several patent applications have been drafted. Among them,
the ones below have been successfully filed:

Patent Application 1: Mechanism to determine the channel access param-
eters based on the transmission of robustness indi-
cation by neighbour nodes
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Patent Application 2: Scheduling request enhancement for URLLC/IIoT
in NR-U

Patent Application 3: Smart channel access implementation

Patent Application 4: Method for dynamic temporary adaptation of mea-
surement gap configuration in NR-U

Patent Application 5: Mobile device capable to send wakeup signal to nearby
devices

Patent Application 6: Relaying paging messages for proximity service re-
mote UEs

The Nokia proprietary system-level simulator is the tool adopted for sys-
tem performance evaluation in this study. The simulator is built in C++
and it models the majority of the physical layer (PHY) and medium-access-
control layer (MAC) mechanisms involved in a cellular communication such
as packet scheduling, HARQ and link adaptation, power control. It is capable
of three dimensional (3D) channel modelling and accurate interference cal-
culation. It also includes the specific functionalities for unlicensed operation.
The simulator has been calibrated against other 3GPP companies simulators
and it is extensively used for providing LTE and 5G performance analysis
for both academia and industry. Additionally, the simulator supports the
modelling of Wi-Fi deployments. It includes the possibility of running co-
existence studies with detailed modelling of interference from one RAT to
another. During the PhD, the simulator has been developed according to
the specific needs of each of the conducted studies. Time is invested in un-
derstanding the key functionalities of the simulator as well as in debugging,
testing and documenting the new implementations, ensuring their perfor-
mance consistency under different conditions. The added contributions to
the simulator are summarized in the following:

• Unlicensed spectrum operation: following the 5 GHz spectrum regu-
lations, a realistic model of the guidelines for unlicensed operation is
added to the system-level simulator. Aspects such as the aynchronous
and synchronous channel access designs, avoidance of channel access
under specific conditions as well as the limitation in the channel occu-
pancy time are taken into consideration.

• Improvement of RRM functionalities: a realistic scheduling request
model for grant-based UL transmissions and a grant-free UL scheme
for UL transmissions are implemented (Papers B and C). Adaptation
of the TDD frame based on the instantaneous traffic conditions, i.e.
dynamic TDD, is also developed.
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• Uplink control transmissions dependant on channel access: success-
ful delivery of the signaling information between UEs and next gener-
ation Node-Bs (gNBs) is only possible given a successful LBT. Control
information such as HARQ responses to previously received DL trans-
missions, scheduling request (SR) messages prior to any UL data trans-
missions and channel quality indicator (CQI) reports, are enhanced to
be dependant on the LBT outcome. Adding this functionality align the
simulator with reality, adding more challenges to unlicensed spectrum
operation.

• Time diversity techniques: contributions described in Papers C and
D are based on providing additional attempts for transmissions in the
time domain. Techniques for improving the channel access probability
when transmitting UL control and UL data are implemented.

• Nodes coordination: as part of the studies conducted in Paper E, a
centralized scheme was proposed. For that, a functionality for coor-
dinating the channel access and frame selection among the deployed
nodes is added. Additionally, a functionality where nodes are coordi-
nated according to a silent gap pattern is added.

• Frequency diversity techniques: the support of different frequency di-
versity techniques for unlicensed operation was required for the studies
in Paper F. Adaptation of carrier aggregation to unlicensed spectrum
and implementation of wideband operation were performed. Different
algorithms for the channel selection and multi-band channel access are
also part of the contributions.

• Indoor factory channel model: during the development of the PhD,
a specific channel model for indoor factory scenarios was defined. It
supposes an alternative to the indoor hotspot scenario used for indoor
office deployments. In unlicensed spectrum, apart from the usual gNB-
to-UE channel model, it is also important the gNB-to-gNB and the UE-
to-UE channel model as they impact the LBT outcome. The possibility
of using a specific channel model among the defined for the indoor
factory for each of the links is added.

7 Thesis Outline

The thesis is written as a collection of papers and it is structured in
6 parts. In Part I, an introduction describing the conducted work is
presented. The main contributions are included in Parts II, III and IV
and they are presented in the form of articles. Each of these parts
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contains a summary highlighting the motivation and the main findings.
Conclusions are found in Part V. Part VI includes an appendix with
unpublished results. The content of each part is described here:

• Part I: Introduction - This part introduces the PhD topic, motivates
the research and summarizes the added contributions during the con-
ducted study.

• Part II: Challenges in supporting URLLC over unlicensed spectrum -
This part includes an analysis of the impact of the channel access mech-
anisms on the latency-reliability using MulteFire as the reference model.
DL and UL directions are analyzed in an indoor deployment. Several
mechanisms are also proposed to enhance the baseline performance.

• Part III: URLLC over unlicensed spectrum in controlled environments
- A transition from MulteFire to NR-U is covered in this part. This part
focuses on the evaluation of the gain that key NR technology compo-
nents can provide when applied to unlicensed spectrum. Additionally,
to strive for the achievement of URLLC-u requirements, coordination
among the nodes is shown as a promising technique. The analysis is
based on controlled environments conditions, i.e. a single NR-U net-
work is deployed in the channel.

• Part IV: URLLC over unlicensed spectrum in hostile environments
- RRM techniques to overcome the presence of multiple radio access
technologies, i.e. in hostile environments, is addressed in this part. We
analyze different frequency diversity techniques from a latency and re-
liability perspective.

• Part V: Conclusions - In this part we draw the conclusions of the study,
summarize the main findings and provide design recommendations for
fulfilling the URLLC-u requirements. Topics that should be addressed
in future studies are also mentioned.

• Part VI: Appendix - A new coordination scheme is described in this
part. Coordination among the nodes is achieved by following a peri-
odic silencing pattern. It represents an alternative to the coordination
scheme presented in Part III.
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Impact of channel access
mechanisms on latency and
reliability

This part provides insights about the feasibility of supporting high-reliable
low-latency applications over unlicensed cellular technologies. It focuses on
the analysis of the limiting factors that prevent the support of stringent la-
tency and reliability QoS requirements with an emphasis on the channel ac-
cess mechanisms. This initial part of the PhD is used as a reference for the
rest of the study as it highlights the weaknesses of unlicensed band opera-
tion. Under the assumptions of an indoor deployment, the chapter includes
an analysis of the impact of the channel access mechanisms at both ends of
the communication. Based on the extracted conclusions, novel RRM tech-
niques are introduced and evaluated to minimize the impact of the spectrum
regulations on the system performance.

1 Problem Description

Using unlicensed bands for transmissions adds further complexity to the
challenge of achieving low-latency and high-reliable communications. Due
to the open-access nature of the unlicensed bands, spectrum regulators must
ensure a fair coexistence among the multiple radio access technologies shar-
ing the same frequency bands. Regulatory requirements by the European
Telecommunications Standards Institute (ETSI) are among the most stringent
for operation in the 5 GHz spectrum. LAA, MulteFire and NR-U are de-
signed based on ETSI specifications as baseline for operation in the 5 GHz
band. ETSI includes in [1] the technology-agnostic guidelines to govern the
5 GHz spectrum usage. Due to their influence on the channel availability,
the channel access mechanisms are thoroughly analyzed in the following.
Two different implementations of the channel access are specified by ETSI.
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Latency and reliability channel access impact

The first channel access design is denoted as frame-based equipment (FBE)
and assumes a periodic timing structure that defines the channel sensing
and channel occupancy intervals. On the other hand, load-based equipment
(LBE) adopts an asynchronous approach in which the channel sensing and
the channel occupancy intervals occur at any time instance. The focus on this
part is on LBE, the only channel access design commonly supported by LAA,
MulteFire and NR-U. NR-U also supports FBE and it is therefore studied at
a later stage of the PhD. In the spectrum regulations, ETSI differentiates be-
tween initiating and responding devices. In both cases, devices must perform
LBT to evaluate the channel activity. However, the sensing protocol is applied
differently. Firstly, the channel access is acquired by the initiating devices. To
do so, they continuously perform LBT over, at least, N consecutive sensing
slots of 9 µs. N is given by a uniform distribution and defines the minimum
number of sensing slots where the channel must be assessed as free before
LBT can be declared successful. This type of channel acess is denoted as
Type 1 or Category 4 LBT [2]. Upon the LBT success, the initiating devices
are allowed to transmit and gain access to the channel for a limited amount of
time. This time is also known as maximum channel occupancy time (MCOT).
During that time interval, responding nodes can leverage from the recently
acquired channel and, upon an authorization reception, share it with the ini-
tiating devices. In this case, responding devices adopt an LBT with a fixed
sensing duration, in the order of tens of µs, to evaluate the channel activ-
ity. This type of LBT is denoted as Type 2 or Category 4 LBT. A negative
LBT outcome implies the blocking of the responding devices transmissions.
Applying these concepts to a 3GPP-based technology leads us to typically
define BSs as initiating nodes and user equipments (UEs) as the responding
devices. This is in line with the usual BS-centric approach in which base
stations are in charge of the scheduling and ultimately provide UEs with the
specific time and frequency resources for transmissions. In a few cases, UEs
may also act as initiating devices, for instance, during random access and
scheduling request procedures.

Channel access mechanisms add uncertainty to the performance of the
transmission. Interference generated by other radio access technologies, i.e.
inter-system interference, and interference from nodes from the same tech-
nology, i.e. intra-system interference, can postpone the access to the medium.
In the DL, before any transmission, BSs must acquire the channel by means of
the continuous LBT. Due to the lack of control of these source of interference,
BSs might experience high channel access delay which, in some cases, can
already surpass the latency budget of delay-sensitive applications. Once the
channel is acquired and the DL transmission is performed, the intended UEs
receive the data. After certain processing time, the UEs need to signal back
the positive acknowledgement (ACK) or negative acknowledgement (NACK)
based on the decoding outcome. UEs must perform the fixed duration LBT,
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also known as single-shot LBT, before the transmission. A potential failure
in the access of the channel occurs if: a neighbour node accesses the channel
during a gap without transmissions or due to the hidden node problem. The
hidden node problem is a well-known phenomenon that occurs when, due
to differences in the measured interference levels, a node (the BS) declares
the channel as idle after a successful LBT and grant access to another node
(the UE) that experiences interference higher than the ED. A blockage in the
channel access prevents the usage of the reserved UL resources. In such a
case, and since certain reliability level must be ensured, the BS retransmits
the DL packet independently of the decoding outcome at the UE side. Chan-
nel access mechanisms also influence the UL data transmissions. Assuming
grant-based (GB) scheduling, UE must go through a scheduling request (SR)
procedure before the UL data transmission. During the SR, a handshake be-
tween BS and UE is executed to agree on the dedicated time-frequency UL
resources to be used. In each step of the process, i.e. scheduling request
indication, grant transmission and UL data transmission, a successful chan-
nel access procedure is required. Therefore, a total of 3 successful LBTs are
required. A failure in any of the LBTs degrades the latency performance.
Similar to the ACK/NACK transmission, an LBT blocking before the data
transmission implies the impossibility of using the agreed resources and a
new allocation needs to be issued by the BS. In summary, transmissions in
both directions are susceptible of being delayed due to the mandatory chan-
nel mechanisms for operation in the 5 GHz frequency band.

2 Objectives

The goal of this part of the PhD is to provide insights in the following direc-
tions:

• Understand the limitations of supporting high-reliable low-latency com-
munications in standalone mode over the unlicensed spectrum by ex-
tensive system-level simulations. A decomposition of the DL and UL
packet delay into several components, highlighting the unlicensed-specific
contributions, is provided.

• Analyze the impact of the channel access procedures in DL transmis-
sions and quantify their contribution to the overall packet delay.

• Study the implications of a channel access blockage at the UE side and
propose alternatives to mitigate its negative effects. For UL control
transmissions, the possibility to avoid the single-shot LBT, in accor-
dance with the regulations, and a time-diversity technique, are evalu-
ated. For UL data transmissions, grant-free (GF) UL is proposed as an
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alternative to GB UL. Performance analysis of the schemes is conducted
through highly-detailed system-level simulations.

3 Included Articles

The following articles form the main body of this part of the thesis:

Paper A. On the Impact of Listen-Before-Talk on Ultra-Reliable Low-Latency
Communications

The impact of the channel access mechanisms on the DL packets delay is
studied in this paper. Firstly, the continuous LBT is analyzed from a pure
probability perspective. Different LBT success probabilities are evaluated to
model diverse channel congestion conditions, i.e. a high probability implies
a less congested scenario in which fewer nodes content for the channel and
fewer transmissions are performed. Due to the limited accuracy of this anal-
ysis, a similar study is conducted on a system-level simulator which prop-
erly represents the dynamics of a real wireless deployment. Using Multe-
Fire as the reference model, the impact of the channel access in the overall
packet delay is measured under different load conditions. Furthermore, the
channel access performance at the UE side is also considered in the paper.
In a DL-only scenario, UEs transmit UL control information containing the
HARQ feedback of previously received DL packets. These transmissions are
subjected to the outcome of the single-shot LBT. In case of a failure in the
channel access, independently of the decoding result, a DL retransmission is
triggered. In order to understand the relevance of succeeding in the single-
shot LBT, a scenario with real UL LBT is compared against a scenario with
ideal UL LBT (with 100 % success probability). The study motivates the need
for improvement at both ends of the communication to better cope with the
channel access influence.

Paper B. Uplink ultra-reliable low latency communications assessment in
unlicensed spectrum

This paper addresses the analysis of UL transmissions in unlicensed bands
from latency and reliability perspective. Starting from GB UL, a study of the
SR procedure and the LBT associated with each control message exchange is
conducted. As in Paper A, the single-shot LBT before the UL data transmis-
sion is remarked as critical from a delay perspective. A block in the chan-
nel access implies the need for an additional grant with new UL resources.
Moreover, the SR procedure in unlicensed operation adds uncertainty and
potentially increases the packet delay as multiple LBTs must be performed
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before the actual UL data transmission. Striving for improving the UL perfor-
mance and for reducing the impact of the channel access mechanisms, GF UL
is evaluated as an alternative radio-resource management mechanism for UL
transmissions. With GF UL, UEs skip the SR procedure as the UL allocations
are pre-configured. On the other hand, the fact that the reserved resources
are shared by multiple UEs increases the probability of collisions and adds
complexity at the BS decoding process. Via extensive system-level simula-
tions, both UL procedures are compared in full-UL MulteFire deployment
under different load conditions.

Paper C. Latency and Reliability Analysis of Cellular Networks in Unli-
censed Spectrum

This contribution combines both previously described papers and analyzes
an indoor multi-cell deployment with simultaneous DL and UL URLLC traf-
fic. The paper introduces several enhancements for reducing the observed
packet delay. For improving the DL performance, two strategies are studied.
The first one is based on the ETSI guidelines for 5 GHz operation and allows
the UEs to skip the performance of the single-shot LBT in cases where a gap
between the last DL transmission and the next UL transmission is shorter
than 16 µs. However, this condition is frequently difficult to achieve. The
second proposal tries to cope with those cases with the channel access needs
to be inevitably performed. It consists of using a time-diversity technique
for increasing the probability of channel access. It is intended for UL control
transmissions and UEs are provided with multiple opportunities to trans-
mit the HARQ feedback. For the UL, GF is analyzed in a deployment with
bi-directional traffic conditions.

4 Main Findings

Impact of downlink channel access on downlink data transmissions

For the DL performance (Paper A), the pure probability analysis shows that
channel access delays of 3 ms to 18 ms at 99.99 % reliability are observed for
LBT success probabilities of 0.8, 0.7 and 0.6, respectively. A similar trend is
confirmed by evaluations performed using the system-level. It is shown that
the continuous LBT accounts for 18 % to 42 % depending on the outage level
and the supported load. This leads to the conclusion that a significant part of
the latency budget is spent in the performance of the channel access. In both
studies, the channel access delay is found to directly depend on the offered
load in the scenario. Boosting the offered load increases the number of nodes
contending for the channel which substantially increment the channel access
delay, and consequently the overall packet delay.
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Impact of uplink channel access on downlink data transmissions
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Fig. II.1: Effect of UL LBT failure in the system. The ratio between the number of triggered
DL retransmissions due to UL LBT failure and the total received DL packets is shown under
different assumptions for the number of additional UL resources (M) and the offered loads.
(Source: Paper C)

For the HARQ feedback, it is observed that by assuming ideal LBT con-
ditions, a significant decrease in the DL packet delay is achieved (Paper A).
A reduction in delay by a factor of 2.8 is reached in the high-load case. En-
suring the channel access avoids the performance of unnecessary retransmis-
sions (packets decoded correctly at the UE side but retransmitted due to UL
LBT failure) which reduces the queuing delay and improves the spectral effi-
ciency of the system. Moreover, it reduces the number of nodes contending
for the channel. The ideal LBT conditions studied in Paper A are revisited
in Paper C. In this case, the possibility of skipping LBT is only allowed, as
described in the spectrum guidelines, given the fulfilment of the gap dura-
tion condition. Under these realistic conditions, the LBT blocking rate can
only be reduced by 12 % for the high load conditions, and by a modest 2 % in
low-loaded cases. At 99.99 % reliability, providing UEs with multiple oppor-
tunities for the HARQ transmissions presents an homogeneous gain across
the load ranges as shown in Fig. II.1. In Paper C, the gain of this technique
is measured according to the NACK ratio. This metric is related to the UL
LBT blocking probability and measures the number of DL packets considered
as NACK, due to single-shot LBT failure, in relation with the total number
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of received DL packets. Providing the users with an additional opportunity
for the ACK/NACK transmissions gives a NACK ratio reduction ranging
from 31 % to 38 % depending on the offered load. At high offered loads,
due to a large number of users contending for the channel and transmissions
taking multiple subframes, the NACK ratio can be further reduced by an ad-
ditional 12 % when 2 additional opportunities are provided. However, the
benefit at low-load is bellow 4 %. Intuitively, reserving supplementary re-
sources for UL transmissions in a TDD system suppose a degradation in the
DL performance. Nonetheless, the DL latency-reliability is improved due to
the reduction of the unnecessarily triggered retransmissions which, in turn,
directly impact the channel access and packet delays. At 99.99th percentile,
a latency reduction of ∼10 % and ∼55 % is achieved at low and high loads,
respectively.

Impact of uplink channel access on uplink data transmissions

The fact that fewer DL retransmissions are triggered also benefits the UL per-
formance. Under GB conditions, allowing the skip of the single-shot LBT
(Paper C) brings a latency reduction, at 99.99th percentile, of 11 % for low
loads and 24 % for high loads. Similar behaviour is observed regarding the
provision of multiple HARQ opportunities. It improves the UL system la-
tency performance by 10 % and 18 % for low and high loads, respectively.
Changing the UL paradigm to a GF is verified as beneficial in Paper B and
Paper C. In Paper B, the analysis is conducted in an UL-only deployment and
it is shown that GF is the preferable scheme for UL transmissions at low to
moderate loads. However, the performance of GF UL degrades as the load
increases due to the non-orthogonality of the UL resources. The trend is also
confirmed in Paper C under bi-directional traffic conditions. Nevertheless, at
low loads, a latency reduction of 52 % is achieved as compared to GB UL.

5 Key recommendations

After the conducted study, the following recommendations are identified:

• Benefit from the spectrum regulations and adopt the possibility of skip-
ping the UL LBT for improved latency-reliability performance.

• Providing UEs with multiple resources for HARQ transmissions is ad-
vised. It reduces the impact of negative UL LBTs in the system.

• An efficient approach to reduce the uncertainty on UL data transmis-
sions is to use GF, as compared to GB. However, its usage is only ad-
vised in scenarios with relative modest UL offered loads.
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1. Introduction

Abstract

In this paper, we study the performance of ultra-reliable and low-latency communica-
tions (URLLC) for cellular standalone systems in unlicensed bands. Our focus is on
the 5 GHz band, adopting a system model in coherence with the MulteFire standard,
which essentially is a variant of Long Term Evolution (LBT) for unlicensed band
operation. We show that especially the mandatory listen-before-talk (LBT) procedure
suppose a challenge for achieving low latency communication. Our theoretical anal-
ysis indicated that the impact of the LBT procedure prior to downlink transmissions
can be significant, taking values of 3 ms to 25 ms for the considered offered load lev-
els. Furthermore, our advanced dynamic system-level simulations show that the time
spent performing LBT often accounts for 18 % to 42 % of the packet latency budget,
depending on the considered outage level and offered traffic. Therefore LBT represents
a major challenge for achieving URLLC-alike performance in unlicensed spectrum.

1 Introduction

One of the key features of fitfth generation (5G) wireless communication sys-
tems is the support of mission-critical applications demanding high reliability
and low latency, also known as ultra-reliable and low-latency communica-
tions (URLLC). URLLC is one of the enablers of the fourth industrial rev-
olution [1], as it facilitates the deployment of more flexible communication
infrastructures as compared to wired communication [2]. Requirements and
solutions enabling URLLC use cases have been comprehensively addressed
by 3rd Generation Partnership Project (3GPP) during the standardization of
the 5G Next Generation Radio Access Network [3]. However, 5G standard-
ization and related research have mainly focused on licensed spectrum. On
the other hand, due to its large availability globally and relatively ease of
access, unlicensed spectrum is also expected to play a key role in future
5G wireless communication systems. The growing interest in unlicensed
spectrum is confirmed by the introduction in 3GPP standard specifications
of solutions supporting better interworking and aggregation between Long
Term Evolution (LTE) and WiFi [4], as well as solutions that can leverage
LTE technology in the 5 GHz unlicensed band, in combination with licensed
spectrum and using carrier aggregation. The latter is also known as Licensed-
Assisted Access (LAA) [5]. However, these solutions all require an anchor in
licensed spectrum, and as such, they are mainly targeted at traditional mo-
bile network operators. More recently, the MulteFire Alliance (MFA) [6] has
addressed the need of large-scale technology enterprises and verticals for a
wireless radio access technology that can provide reliable access to private
networks, globally and without the need for expensive licensed spectrum.
MulteFire is based on LTE specifications, but differently from other 3GPP-
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based radio access technologies, it can provide standalone access to unli-
censed spectrum [6]. This trend continues in 5G, with 3GPP recently starting
a new study item on New Radio (NR)-based access to unlicensed spectrum,
targeting carrier aggregation, but also dual connectivity and standalone de-
ployment scenarios [7]. Nevertheless, so far, research on the topic of unli-
censed spectrum access has mainly focused on either providing enhanced
mobile broadband services or enabling massive machine type communica-
tion in unlicensed spectrum. No studies are available in the open literature
that specifically address the problem of providing highly reliable and low la-
tency communication using unlicensed spectrum in the 5 GHz band. Due to
the channel access uncertainty introduced by the requirement of clear chan-
nel assesstment (CCA) based on listen-before-talk (LBT), fulfilling the URLLC
requirements in the 5 GHz unlicensed band presents a big challenge.

In this paper, we study how well URLLC applications can be supported in
unlicensed bands, with emphasis on the downlink user-plane performance,
using the MulteFire system model. Our hypothesis is that the LBT proce-
dure plays an important role, and influences the achievable latency, so we
have a special focus on it throughout our study. We first assess the latency
contributed by the LBT procedure by means of analytical results. Secondly,
to gain further insight, we present state-of-the-art performance results from
dynamic system-level simulations with high degree of realism. Those simula-
tions are based on commonly accepted models, in line with 3GPP simulation
guidelines. The rest of the paper is organized as follows: Section 2 presents
the system model and explains in detail the LBT algorithm. Section 3 con-
tains a detailed mathematical representation of the overall delay and an anal-
ysis of the delay spent by an access point performing LBT. The simulation
methodology and system-level simulation results are given in Sections 4 and
5, respectively. Section 7 contains our concluding remarks and a reference to
future research.

2 System Model

2.1 Basic assumptions

The system model used throughout the paper follows the MulteFire stan-
dard. We assume an indoor scenario deployed in the 5 GHz band. In order to
mimic an industrial deployment, we consider a single operator scenario with
M evolved Nodes-B (eNBs) and K uniformly distributed user equipments
(UEs) as it is depicted in Fig II.1. Only downlink data transmissions are con-
sidered. Consequently, the user-plane data is generated at the eNB side and
transmitted to the intended UEs. The UEs send control information includ-
ing hybrid automatic repeat and request (HARQ) feedback in uplink. For
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Fig. II.1: Indoor scenario layout.

downlink transmissions, the data intended to the UEs is multiplexed using
orthogonal frequency-division multiple access (OFDMA) whereas, for up-
link control information, the UE transmissions are multiplexed using block-
interleaved frequency division multiple access (B-IFDMA) [8].

2.2 Traffic and frame structure

It is assumed that the packet generation follows a homogeneous Poisson
point process with an average packet arrival rate of λ. The packet size is
assumed to be fixed to B bytes. This type of traffic is also known as FTP-3 in
3GPP scope [9] [10]. In order to support different offered loads, the packet
arrival rate is modified accordingly. Assuming K UEs deployed in the sce-
nario, the offered load expressed in bits per second (bit/s) can be obtained
by the following equation:

L = K · B · λ · 8 (A.1)

For transmission in unlicensed spectrum, we assume time division du-
plexing (TDD) with a very flexible frame structure where each subframe can,
in principle, be downlink or uplink. The frame structure is defined based
on the dynamic conditions of the buffer’s status at the nodes. Additionally,
the use of a partial downlink subframe as a starting subframe is allowed. A
partial subframe consists of 7 OFDM symbols and allows the eNB to start a
frame in the second slot of the subframe. This is adopted due to the different
time resolution between the CCA and the LTE time slot. LBT can finish in
the middle of an LTE slot and, therefore, a mechanism for achieving frame
alignment is needed.

The transition subframe between downlink and uplink subframes, also
known as special subframe, is based on the following structure: a partial
ending subframe (DwPTS), a guard period and a shortened uplink sub-
frame. This short uplink subframe is known in MulteFire terminology as
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......

Fig. II.2: Frame structure and LBT procedure schematic.

MF-sPUCCH (MulteFire-short PUCCH). It is used for carrying uplink con-
trol information such as scheduling request or HARQ feedback. This feature
follows the specifications included in the release 1.0 of MulteFire [6]. The
frame structure, the partial subframe and the design of the MF-sPUCCH are
depicted in Fig. II.2. Further details included in Fig. II.2 are presented in the
following sections.

2.3 Listen Before Talk

In order to be compliant with the regulatory requirements in the 5 GHz un-
licensed spectrum, each node must assess the availability of the channel by
means of LBT prior to any transmission. LBT is a contention-based protocol
that allows devices deployed in the unlicensed spectrum to share the radio
channel without pre-coordination. It is based on an energy-threshold detec-
tion algorithm and it is performed in a CCA slots basis. Each CCA slot has
a duration of 9 µs. According to 3GPP specifications [5], an eNB operating
in the unlicensed band that wants to transmit shall first sense the channel to
be idle during a defer duration (td). The defer duration consists of a fixed
portion of time (t f ) with a duration of 16 µs, immediately followed by mp
CCA slots (tsl). During a CCA slot, the channel is considered to be idle if the
energy detected by the eNB is lower than a certain threshold for at least 4 µs.
This is also known as initial CCA (iCCA).

After this preliminary procedure, the extended CCA (eCCA) starts. Dur-
ing the eCCA, the channel is continuously observed for a duration of at least
N CCA slots, where N is a random variable uniformly distributed between
zero and the maximum value of the contention window size. While perform-
ing the eCCA procedure, if a CCA slot is sensed as idle, the eNB decreases
the value of the CCA counter (which is initialized to the value N). If a CCA
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slot is sensed as busy, the eNB enters the back-off mode, also known as defer-
ral mode. While in back-off mode, the eNB cannot decrease the CCA counter.
The eNB shall continuously sense the channel as idle for a period equal to
the defer time td before it can exit the back-off mode. The LBT is considered
successful when the CCA counter equals zero. After a successful LBT, the
eNB can transmit and occupy the channel for a duration equal to the maxi-
mum channel occupancy time (MCOT). This algorithm is commonly known
as category 4 LBT.

3GPP has established 4 different channel access priority classes where
several parameters related to LBT are defined [5] (Tab. 15.1.1.1-1). Based on
the priority class, the maximum value that N can take are delimited. Among
the possible values that the upper bound of N can take, the minimum value
is initially chosen. In the following transmission occasions, an adjustment
procedure for the contention window is performed. On it, if at least 80 % of
the HARQ feedbacks received for a given subframe are negative, then, the
upper bound is increased to the next possible value defined in the channel
access priority class [5]. The priority class also specifies mp, which is the
number of CCA slots that are observed during the iCCA, and MCOT per
channel access.

For uplink transmissions within the eNB acquired MCOT, it is assumed
that every UE perform a category 2 LBT. This is also known as Type B LBT in
3GPP terminology [5]. With category 2 LBT, the UE shall sense the channel
for a sensing interval of 25 µs prior to any UL transmission. If the channel
is sensed as idle, the UE can start the transmission. Otherwise, the UE shall
wait until its next transmission opportunity. In accordance with the MulteFire
specifications [6], a UE can skip the category 2 LBT and transmit immediately
if the MF-sPUCCH transmission starts no later than 16 µs after the end of the
downlink transmission. This feature will be employed in our work in order
to evaluate the impact of category 2 LBT on the packet delay.

2.4 Hybrid Automatic Repeat and Request

In order to handle possible failures in the decoding process, HARQ is as-
sumed. By means of HARQ, receivers can request a retransmission if needed.
Due to the flexible frame structure and the uncertainty in the channel avail-
ability, adaptive asynchronous HARQ is considered for downlink transmis-
sions. Unlike synchronous HARQ where retransmissions for certain HARQ
process can only occur at specific time occasions, asynchronous HARQ as-
sumes that retransmissions may occur at arbitrary time instants. In downlink,
the HARQ feedback is transmitted by the UEs in MF-sPUCCH resources. The
delay components of HARQ can be split as follows. The processing time at
the UE, that is, the time needed from the UE receives a downlink transmis-
sion until it can send the corresponding HARQ feedback, is 4 subframes.
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Regarding the eNB, the processing time (from eNB receives the HARQ feed-
back until it can either consider the transmission acknowledged or it can re-
schedule a retransmission) is 2 subframes. As it is depicted in Fig. II.2, due
to the delay constraints, only the downlink data transmitted up to the sub-
frame kth − 4 can be acknowledged in the kth subframe. The HARQ feedback
related to the pending downlink subframes that cannot be acknowledged in
the current MCOT need be transmitted in the next transmission opportunity.

2.5 Objective

Given the outlined system model (in coherence with MulteFire), our objec-
tive is to analysis the URLLC-alike performance for downlink packet trans-
missions. That is, we study the achievable one-way latency at high-reliability
levels on the order of 10−4. The latency, in downlink, is defined as the time
from a packet arrives at the eNB until it is correctly decoded and forwarded
to higher layers at the UE side. Our hypothesis is that the LBT procedure
plays an important role in the latency budget, so we first analyze it by means
of simple theoretical assessments. Secondly, we further quantify the per-
formance by using advanced dynamic system-level simulations with a high
degree of realism.

3 Latency analysis

Throughout this section, an analysis of the overall delay per packet trans-
mission is presented. Given that the emphasis of our research is on LBT,
a probabilistic study of the delay caused by the mandatory LBT procedure
is presented. From a packet is generated and stored in the node’s buffer at
layer 3 until the receiver is able to decode it, the delay can be split into several
components. These components are depicted in Fig. II.2. Assuming that the
packet is successfully decoded at first transmission, the following equation
contains the contributions of the overall packet delay for a downlink trans-
mission:

ΨTX = ΨeNB + ΨLBT4 + ΨFA + ΨTTI + ΨUE, (A.2)

where ΨLBT4 corresponds to the delay associated with the category 4 LBT
performed by the eNB, ΨFA is the delay spent due to the frame alignment,
ΨTTI is the time used for the transmission and ΨeNB and ΨUE corresponds
to the processing time used at the transmitter and receiver to prepare and
decode the packet, respectively.

Some of the terms in Eq. (A.2) are fixed. Specifically, the duration of ΨTTI
and the processing time at both ends. However, the delay associated with
LBT and frame alignment are random variables. The LBT delay depends
on the selection of N and the sensed interference level. The frame alignment
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(FA) delay is conditioned to when the eNB successfully finishes the LBT. As it
was introduced in Section 2.2, there are two opportunities to start a frame (1st

and 7th OFDM symbol of each subframe). Therefore, ΨFA follows a uniform
distribution between 1 and 7 symbols.

Assuming a non-zero probability of having an erroneous reception at first
transmission, HARQ mechanism is triggered. The time needed by the UEs
to transmit the HARQ feedback and have it processed at eNB side can be
expressed as follows:

ΨHARQ = ΨUE + ΨHARQocc. + ΨLBT2 + ΨTTI + ΨeNB, (A.3)

where in this case ΨUE is the time spent by the UE preparing the HARQ
feedback and ΨeNB is the time used at eNB side to decode it. Both processing
times and ΨTTI are considered to be fixed. ΨHARQocc. corresponds to the time
that a UE needs to wait until there is a HARQ feedback opportunity, that is,
the MF-sPUCCH resources. Regarding the delay spent performing category
2 LBT, ΨLBT2 , it is fixed to 25 µs. The time transmission interval (ΨTTI) for
sending the HARQ feedback is also fixed with a duration equal to the MF-
sPUCCH resources (4 OFDM symbols).

Assuming that q retransmissions are needed to successfully decode a
given packet, the overall delay can be expressed as:

Ψdelay = ΨTX + q
[
ΨHARQ + ΨTX

]
(A.4)

Regarding the LBT procedure, a Markov chain is used to model the state
transitions that an eNB experiences while category 4 LBT is performed. We
assumed that with probability p the channel will be sensed as idle within a
CCA slot while with (1− p) the channel is considered as busy. This proba-
bility is affected by several factors such as the node position, radio channel
conditions and the number of nodes competing for the channel. Here, we ne-
glect the contribution of the additional defer time that needs to be performed
after sensing the channel as busy in a CCA slot. The average time spent by
the eNB for sensing each of the N CCA slots as idle is given by the following
expression [11]:

tbacko f f = lim
n→∞

[
p · tsl + p(1− p) · 2tsl + p(1− p)2 · 3tsl+

+ p(1− p)3 · 4tsl + ... + p(1− p)(n−1) · ntsl

]
=

tsl
p

,

(A.5)

where n is the number of required CCA slots needed for sensing the channel
as idle and tsl is the duration of a CCA slot. Since the contention window size

43



Paper A.

0 5 10 15 20 25 30

Delay (ms)

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

C
C

D
F

Delay spent using category 4 LBT

p = 0.8

p = 0.7

p = 0.6

Fig. II.3: CCDF of the delay associated with the cateogry 4 LBT.

follows a uniform distribution limited by 0 and CWmax, the average value of
N is:

N̄ =
CWmax

2
(A.6)

Taking the equation (A.5) and the definition of iCCA included in Section
2, the average time spent in performing the category 4 LBT can be expressed
as:

ΨLBTCat.4 = t f + mp · tsl︸ ︷︷ ︸
iCCA

+ N̄ · tbacko f f︸ ︷︷ ︸
eCCA

(A.7)

Assuming LBT with channel access priority class 3, we have performed
a Matlab simulation where the delay spent in performing category 4 LBT
is studied. Based on different probabilities to sense the channel as idle, p,
we establish a comparison among the different cases. We assume that the
probability of sensing the channel idle and scenario load are closely related.
Therefore, we use the terms low, average and high load when referring to
high, average and low probability of sensing the channel idle respectively.
The values of p employed during the simulation are 0.8, 0.7 and 0.6. As the
priority class 3 defines [5], three different values for the upper bound of the
contention window are used {15, 31 and 63}. Since the selection of this value
is based on the percentage of negative acknowledgment (NACK) transmis-
sions received for a given kth subframe, we model it based on p. We assume
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an approach where there is a relation between p and the rate of NACK re-
ceived. For the low load scenario, the probability of choosing the lowest
value for CWmax is higher and vice-versa for the high load scenario. The set
of probabilities used in the numerical model for selecting the 3 possible val-
ues for CWmax are {0.8, 0.15, 0.05}, {0.75, 0, 2, 0.05} and {0.7, 0.2, 0.1} for the
low, average and high load respectively. The complementary cumulative dis-
tribution function (CCDF) of the time spent performing the category 4 LBT
is shown in Fig. II.3.

Meaningful information can be extracted from Fig. II.3. First, it can be
concluded that for high load situations, the eNB spends more time perform-
ing LBT as it can be deducted from Eq. (A.5). Moreover, different behaviours
are observed depending on the probability of sensing the channel idle. For
the low load case, the probability of sensing the channel idle in N consecutive
CCA slots at the first attempt is higher. Consequently, the CCDF is steeper as
compared with the two other cases since it is unlikely that the node enters in
back-off mode. For average and high load scenario, the delay associated with
category 4 LBT is notably increased. The reasoning for this performance is
the fact that every time the channel is sensed as busy, the node enters in a
deferral mode where it needs to wait for an additional interval of time of at
least 43 µs before it can start decreasing the CCA counter. Moreover, in highly
loaded scenarios, the fact that the probability of choosing higher values for
CWmax is high makes LBT a more time-consuming process.

This analysis of the category 4 LBT delay is based on fixed probabilities
and it does not take into consideration the different dynamics present in a
real system. In order to better understand the behaviour of LBT in a real
scenario, we employ a detailed system-level simulator.

4 Simulation methodology

We consider an indoor scenario which follows the guidelines of 3GPP [10].
It consists of 4 base stations and 50 users randomly placed within the sce-
nario. In order to make the system-level simulations in-line with 3GPP NR
assumptions for URLLC traffic [3], we assume a packet with a payload of
50 B. Different traffic loads are supported during the simulations. To achieve
it, several values of the generated traffic are obtained by means of modifying
the packet arrival rate (λ) of the Poisson process.

Detailed system-level simulations with subcarrier-OFDM symbol resolu-
tion inlined with 3GPP and MulteFire assumptions are carried out. The simu-
lator models the majority of the radio resource management techniques such
as time-frequency domain scheduling and HARQ. Moreover, channel quality
indicator (CQI) transmissions for performing an accurate link adaptation are
also implemented. The selection of the modulation and coding scheme (MCS)
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Table II.1: Simulation details

Parameter Assumption
Layout Indoor model

(3GPP TR 36.889, Annex A.1.1 [10])
Channel model International Telecommunications Union (ITU)

Indoor Propagation Model
Frame configuration TDD, MCOT: 8 ms, Bandwidth: 20 MHz
TTI 14 OFDM symbols, 15 kHz sub-carrier spacing
Scheduling metric Proportional Fair

max. scheduled transmissions per TTI: 10
Scheduling type DL: physical resource block based

UL: interlace based
HARQ Asynchronous HARQ, chase combining

6 retransmissions at maximum
Link adaptation OLLA enabled, BLER target 1 %
Traffic model B = 50 bytes, λ = {20, 50, 100} packets/s
Channel Access Category 4 LBT with priority class 3

Energy threshold: −72 dBm

is based on it and it is adjusted to fulfil the block error rate (BLER) by means
of the outer-loop link adaptation (OLLA) [12]. The rest of the simulation
assumptions are summarized in Table II.1.

5 System-level performance

5.1 Impact of category 4 LBT

Fig. II.4 shows the CCDF of the packet delay for different loads for a full
downlink scenario. It is observed that when the packet arrival rate is in-
creased the overall delay per packet is also increased. Among other relevant
aspects such as retransmissions or queuing delay, this behaviour is due to
the likelihood that category 4 LBT senses the medium as busy while trying
to access the channel. In that case, the eNB enters in back-off and it needs
to sense the channel free for an additional deferral time before it can start
decreasing the CCA counter. Consequently, especially in high load cases, the
overall delay is strongly impacted by LBT.

In Fig. II.5 we show the CCDF of the time spent by the eNBs performing
the category 4 LBT. As it was presented in Section 3, the time used to perform
the LBT is inverse proportional to the probability of sensing the channel as
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Fig. II.4: CCDF of the overall delay per packet.

idle. In other words, it is proportional to the amount of traffic generated
in the scenario. Results from Section 3 are also included in the figure. The
probabilities of sensing the channel as idle used in the numerical model are
0.8, 0.7 and 0.65 for low, average and high load, respectively. Comparing Fig.
II.4 and Fig. II.5, the impact of category 4 LBT on the overall packet delay
can be deducted.

To evaluate the impact of category 4 LBT on the overall packet delay, we
introduce a new metric defined as the ratio of the nth percentile of the time
spent doing cat 4 LBT to the nth percentile of the overall packet delay. This
metric is used to estimate the portion of the packet delay which is spent doing
category 4 LBT. Table II.2 summarizes the results obtained for different loads.
It can be noticed that LBT has a reasonable impact on the overall delay, e.g.,
for highly loaded scenario more than 40 % of the packet delay is spent in
performing category 4 LBT in 10 % of the cases.

5.2 Impact of category 2 LBT

LBT also impacts the overall delay of the system if the UE transmission is
blocked due to category 2 LBT failure. Assuming a full downlink traffic op-
eration, after the downlink transmission, the eNB waits for the HARQ feed-
back by the UE. However, especially in highly loaded scenarios, the UE may
not able to transmit the HARQ feedback due to the failure in the category 2

47



Paper A.

0 2 4 6 8 10 12 14 16 18 20

Delay (ms)

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

C
C

D
F

Category 4 LBT delay

Low Load (0.2 Mbps)

Average Load (0.5 Mbps)

High Load (0.8 Mbps)

Fig. II.5: CCDF of delay associated with the category 4 LBT. Solid lines correspond to the results
obtained from system-level simulator. Dotted lines show the delay obtained using the numerical
model described in Section 3.

Table II.2: Impact of category 4 LBT on the overall packet delay

Scenario Load LBT delay [ms] / Packet Delay [ms] (%)
90th percentile 99th percentile

Low load (0.2 Mbit/s) 0.7 / 3.9 (18.0 %) 1.9 / 13.3 (14.3 %)
Average load (0.5 Mbit/s) 1.85 / 6.2 (29.4 %) 3.8 / 21.1 (18.0 %)
High load (0.8 Mbit/s) 2.75 / 6.6 (41.7 %) 5.6 / 27.5 (20.4 %)
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Fig. II.6: CCDF of overall delay per packet. Solid lines correspond to the case when UEs perform
category 2 LBT before sending HARQ feedback whereas dotted lines show the packet delay
when category 2 LBT is disabled.

LBT. In this case, the eNB is not aware of whether the UE was able to decode
the message or not. The eNB will treat the absence of HARQ feedback as
a NACK and it will trigger a retransmission, even though, the UE already
decoded successfully the packet. This situation will not impact the delay of
the current packet transmission since it was already decoded at the UE, but
it will have a side effect in the following transmissions. First, the eNB will
compete for occupying the channel to transmit data that is not needed. More-
over, once the eNB is within its MCOT, the interference is also increased and,
potentially, it does not allow the access to the channel to neighbour eNBs. Po-
tential queuing delay might happen because part of the available resources
are used inefficiently for the retransmissions. So that, it prevents the use of
the available resources for new data transmissions. This assumption sup-
poses a trade-off between latency and channel efficiency. As asynchronous
HARQ is assumed the eNB could wait until, upon the LBT success, the UE is
able to send the HARQ feedback. However, this approach will highly impact
the packet delay. Therefore, preemptive retransmissions are assumed in case
that no feedback is received after the first transmission opportunity.

In order to evaluate this effect, we establish a comparison between a sce-
nario where the UEs need to perform category 2 LBT before sending the
HARQ feedback and one where they are allowed to transmit the ACK/NACK
avoiding LBT. As it was mentioned in Section 2.3, the possibility of skipping
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the category 2 LBT is included in MulteFire specifications [6]. The results are
shown in the Fig. II.6. It can be observed that there is a latency reduction
when the category 2 LBT used for transmitting the HARQ feedback is dis-
abled for any of the loads considered. It is especially noticeable when the
load is high since the probability of failing while performing the category 2
LBT is high. Using this approach the effect of the scenario’s load in the delay
is relaxed since now it only affects the category 4 LBT performed by the eNB.

6 Conclusions

We have analysed the impact of category 4 and 2 LBT in the overall packet
delay in a full downlink scenario using system level simulations supported
by a numerical analysis. In both cases, the main message is that when the
load in the scenario is increased, the impact of LBT is increased. Regarding
category 4 LBT, it has been demonstrated that highly impacts the overall
packet delay preventing from achieving the URLLC requirements, e.g. LBT
contributes with more than 40% in 10% of the cases when the load is high.
For the category 2 LBT, we have evaluated the impact of LBT failure. It
triggers unnecessary retransmissions that impact on neighbouring eNBs, by
avoidable channel accesses, and eNB itself, by increasing its queuing delay. It
has been shown that the solution adopted by MulteFire where the category
2 LBT is avoided is a good starting point to reach the URLLC requirements.
Using this study as a baseline, the next step will be to add uplink traffic
and study the impact on the latency and reliability performance by using
different channel access priorities. In order to follow the NR approach, higher
sub-carrier spacing and faster processing times will also be considered.
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1. Introduction

Abstract

Through this paper, the performance of uplink transmissions in terms of latency and
reliability in unlicensed spectrum is addressed. Our goal is to provide insights into
how ultra-reliable and low latency communications behave over the unlicensed spec-
trum in standalone mode. Our system model is based on the MulteFire radio access
technology and operates in the 5 GHz unlicensed band. Grant-free is an alternative
to scheduled uplink scheme aiming at reducing the latency of uplink transmissions.
With grant-free uplink, the users can transmit their uplink data without needing a
specific grant. In this paper, both grant-free and scheduled uplink are analyzed with
a focus on their performance in unlicensed spectrum. Based on extensive system-
level simulations, we show that the grant-free approach is also suitable for latency
reduction in the unlicensed spectrum under certain load conditions. Nevertheless,
scheduled uplink presents some advantages when the number of grant-free users
transmitting simultaneously increases.

1 Introduction

Future wireless communications systems are envisioned to support a wide
range of type of communication. Among others, communications with high
requirements in terms of latency and reliability are considered as key en-
ablers for new use cases such as vehicular to vehicular communications or
industrial control and automation. This type of communications, widely
known as ultra-reliable and low-latency communications (URLLC), suppose
a big challenge to the research community since the focus is no longer on
the throughput performance rather on the reduction of latency under certain
reliability constraints. Consequently, innovative techniques must be devel-
oped to fulfil the requirements established by the standardization bodies.
Due to its potential application to the industry, URLLC is considered as one
of the key enablers of the Industry 4.0 [1]. It will bring flexibility into the
industry and it will allow mission-critical communication among the ma-
chinery which will boost the overall industry productivity. In this scope, un-
licensed spectrum plays an important role. This free-of-use frequency band
allows deploying private wireless infrastructure with a lower cost and easier
deployments as compared to the licensed band. On the other hand, strin-
gent regulations must be fulfilled in order to assure the coexistence among
the technologies operating in the unlicensed band. Unlicensed spectrum has
been already considered by 3rd Generation Partnership Project (3GPP) as a
complementary resource that can boost the system performance. As part of
Long Term Evolution (LTE), 3GPP specifies Licensed-Assisted Access (LAA)
feature which leverages from the combination of licensed and unlicensed
bands, by means of carrier aggregation. It provides the base stations with
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the possibility to offload part of its traffic to unlicensed spectrum. However,
LAA needs an anchor cell in the licensed spectrum that provides quality-of-
service (QoS) and reliability for critical communications. Thus, its application
is limited to mobile network operators and mobile broadband services. With
the goal of proving full operability using only the unlicensed spectrum, the
MulteFire Alliance brought a solution called MulteFire [2]. This technology
is based on LTE systems and it is capable of operating in the unlicensed
spectrum in a standalone manner. Nowadays, the interest of 3GPP in the
unlicensed spectrum has been reaffirmed in a recent study related to New
Radio (NR) operation in unlicensed spectrum [3]. However, all the solu-
tions studied in 3GPP and MulteFire focused on providing baseline access
to unlicensed spectrum and did not consider the support of URLLC. As an
alternative to the conventional scheduling request uplink approach, where
every user needs to send a scheduling request message and receive a grant
before the transmission can be initiated, grant-free uplink (GUL) scheme was
proposed. GUL provides a contention based solution for the uplink trans-
missions where multiple users share the same preconfigured resources. It
allows skipping the lengthy scheduling request process adopted in LTE sys-
tems, thus, it is considered a mechanism of reducing the latency. GUL has
also been considered applicable to unlicensed spectrum. GUL, by means of
skipping the transmission of the scheduling request message by the users and
the corresponding grant by the eNBs, reduces the number of mandatory clear
channel assessments that each node must perform prior any transmission in
the unlicensed spectrum. It reduces the impact of the channel availability
on the transmission and, thus, it will reduce the latency. The performance
of uplink transmission using the unlicensed spectrum, comparing grant-free
and scheduling based approach, is addressed in [4] and [5]. However, the
analysis is mainly focused on the uplink throughput and Wi-Fi coexistence
as the main key parameter indicators (KPIs). Grant-free uplink transmis-
sions and URLLC has been analyzed in several papers in the licensed spec-
trum. In [6, 7], system level simulations are conducted to evaluate the latency
and reliability of grant-free transmissions from different perspectives. To the
best of the authors’ knowledge, there is no literature available that analyze
grant-free scheme in the unlicensed spectrum with a focus on the latency and
reliability. In this paper, the uplink performance of a MulteFire system is ad-
dressed. Based on extensive system-level simulations, a comparison between
scheduling request and grant-less uplink approaches in terms of latency and
reliability is provided. The rest of the paper is organized as follows: Sec-
tion 2 introduces the regulatory requirements of the unlicensed band and an
overview of both scheduling-based and grant-less uplink operations where
their strengths and drawbacks in terms of latency and reliability are high-
lighted. Section 3 describes the simulation methodology and the assumptions
considered to conduct the system-level simulations. A comparison between
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both schemes is included in Section 6 whereas, in Section 7, conclusions are
drawn.

2 System model

2.1 Scenario set-up

The system model assumed in this paper follows the guidelines provides
in MulteFire standard. A single-operator indoor scenario with M evolved
nodes-B (eNBs) and K URLLC user equipments (UEs) uniformly distributed
along the scenario is assumed. Each node operates in 5 GHz frequency band
in a time division duplex (TDD) manner with a bandwidth of 20 MHz. Up-
link data transmissions, both information and control and downlink control
transmissions are considered in the scenario. Data traffic is generated at UEs
side following a homogeneous Poisson point process with an average packet
arrival rate of λ. A fixed packet size of B bytes is adopted. The frame config-
uration is dynamically updated and the downlink-uplink heaviness depends
on the buffers’ status at the nodes. It is assumed that the M eNBs are syn-
chronized in a subframe level, meaning that all the subframes start and finish
at the same point in time for every eNB. However, each eNB selects its own
frame configuration based on the buffer status of the nodes and the clear
channel assessment outcome.

2.2 Regulatory requirements

In order to operate in the 5 GHz unlicensed band, a node must fulfil cer-
tain regulatory requirements and guarantee fair co-existence with other ra-
dio access technologies operating in the same band. In this paper, we assume
compliance with the requirements that have been embraced by the 3GPP and
MulteFire standardization bodies. These include restrictions on the trans-
mission power and power spectral density. It is also required that every
device must confine the 99 % of the signal energy within, at least, 80 % of the
channel bandwidth. Therefore, 3GPP agreed in the introduction of a new up-
link waveform called block-interleave frequency division multiple access (B-
IFDMA) [8] as an alternative to single-carrier frequency domain multiplexing
access (SC-FDMA) algorithm used in uplink LTE. The solution adopted spans
the frequency domain allocation of each UE over the available transmission
bandwidth. To do so, each UE is assigned with one interlace as minimum fre-
quency domain allocation. An interlace is a set of Ω physical resource blocks
(PRBs) where each of them is constantly equidistant in frequency from the
rest. For a 20 MHz bandwidth, it is assumed that each interlace is formed by
10 PRBs (Ω = 10) and, thereby, assuming a sub-carrier spacing of 15 kHz, 10

57



Paper B.

interlaces are available in each transmission time interval.

2.3 Channel access procedure

Another important requirement in 5 GHz unlicensed spectrum is the manda-
tory clear channel assessment (CCA) procedure which must be performed by
every node prior to any transmission. Listen-before-talk (LBT) is the solution
adopted by 3GPP and MulteFire. LBT is a contention-based protocol that
allows devices deployed in the unlicensed spectrum to share the radio chan-
nel without pre-coordination. It is based on an energy-threshold detection
algorithm and it is performed in a CCA slots basis (CCAint) where each slot
has a duration of 9 µs. Following the 3GPP and MulteFire specifications for
the unlicensed spectrum [9], two different types of LBT are defined: category
4 LBT (Cat.4 LBT) and category 2 LBT (Cat.2 LBT). Cat.4 LBT must be per-
formed by any node that needs to acquire access to the channel. It consists
of 1) an initial CCA (iCCA) where the channel is sensed during a defer dura-
tion (16 µs + mp · CCAint) and, upon the success of the iCCA, 2) an extended
CCA (eCCA) is performed. During the eCCA the channel is sensed during N
consecutive CCA slots also known as contention window. N is a random uni-
formly distributed variable between 0 and CWp. One regulatory restriction
implicitly fulfilled with LBT is the the amount of time that a node can occupy
the channel also known as maximum channel occupancy time (MCOT). It is
defined as the maximum time that a node can transmit upon the success of
a Cat.4 LBT. The MCOT duration, the possible values for the upper bound
of N (CWp), and the number of CCA slots that need to be sensed as part
of the iCCA (mp) vary based on the channel priority classes (p) defined in
3GPP and MulteFire standards. There is a direct relation between CWp and
the MCOT such that, for shorter values of the MCOT, the smaller is CWp and,
in principle, the faster is the LBT procedure. Regarding the Cat.2 LBT, it is
limited to uplink transmissions and allows the UEs to share the MCOT pre-
viously initiated by the serving eNB by a successful Cat.4 LBT. With this type
of LBT, a UE can transmit uplink data immediately after sensing the channel
as idle for a sensing interval duration of 25 µs. Detailed information about
the different types of LBT, channel access priority classes, procedure for N
selection , etc. can be consulted in 3GPP Release 15 ( [9], Section 15).

2.4 Scheduling-based approach

With the scheduled uplink (SUL) approach, a UE that intends to transmit up-
link data needs to first get a grant from its corresponding serving eNB. Prior
to the reception of the grant, the UE needs to inform to the eNB that it has
data to transmit. To do so, the UEs transmit a scheduling request on dedi-
cated physical uplink control channel (PUCCH) resources. A description of
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Fig. II.1: Scheduling request procedure. This figure depicts the case where there is no ongoing
transmissions by the serving eNB.

the scheduling-based procedure is depicted in the Fig. II.1. The scheduling
request (SR) dedicated resources are configured by certain periodicity and
frame offset. Different configuration for offset and periodicity are defined in
3GPP and MulteFire specifications [9](Table 10.1.5-1). Thus, SR transmission
instances are only possible in those uplink subframes that are defined by both
variables. Besides, in the unlicensed spectrum, each UE must perform LBT
before accessing the channel. On one hand, SR transmission may occur at
pre-configured time occasions provided that there is not an ongoing trans-
mission from/to the serving eNB. In this case, the SR transmission must be
preceded by a successful Cat.4 LBT using channel access priority class 1. In
case of an ongoing transmission from the serving eNB, the UE can transmit
the SR when the preconfigured time occasions are in correspondence with
the short PUCCH (sPUCCH). sPUCCH is a MulteFire-specific feature and it
is defined as the last 4 OFDM symbols of the special subframe between the
downlink and the uplink burst of the MCOT (see Fig. II.1). In this case, the
SR transmission must be preceded by a successful Cat.2 LBT procedure.

Once the SR is transmitted and after the SR processing time at the eNB
side, the eNB prepares the grant and performs a Cat.4 LBT before accessing
the channel to transmit the grant. After the reception of the grant, the UEs
need to decode the grant and prepare the data for transmission. This requires
some processing time at the UE. In accordance with LTE and MulteFire speci-
fications, we assume a minimum of 4 ms between the transmission of a grant
in downlink and the corresponding transmission on pysical uplink shared
channel (PUSCH) in uplink. Afterwards and, before the uplink transmission,
the scheduled UEs need to perform a successful Cat.2 LBT procedure.

Applying this approach to transmissions with extremely demanding re-
quirements in terms of latency is not considered a suitable solution. One
of the drawbacks is the inevitable delay that constrains the UE to transmit
the uplink data upon the reception of the grant. Therefore in an optimistic
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scenario, in which the processing at the eNB can be neglected and every sub-
frame is considered a candidate to send the SR, a packet will experience, at
least, 5 ms of delay. Moreover, employing the scheduling-based approach in
unlicensed spectrum could be seen as less appropriate due to the multiple
LBTs. The uncertainty in the outcome of the LBT will lead to increasing de-
lay in the transmission. Another critical issue is the fact that, in case the UE
fails to access the channel due to an unsuccessful Cat.2 LBT after the grant
reception, the resources allocated for the PUSCH transmission are wasted.
The serving eNB will detect that there was no transmission in the allocated
resources and it will re-scheduled the same data by means of sending the
grant again. This situation will lead to higher delays for uplink transmission
and it also may block the transmission of neighbour cells since the channel
must be occupied for a longer time.

2.5 Grant-free uplink approach

Due to the lengthy exchange of control information between UEs and eNBs
before the uplink data transmissions and the multiple LBTs, the scheduling-
based approach is not considered a good candidate for supporting commu-
nications with stringent latency requirements. As an alternative, grant-free
uplink (GUL) scheme is considered as a new candidate for providing lower
latency and lower signalling overhead in uplink transmissions. With GUL, a
UE is allowed to transmit using periodic pre-configured resources at specific
time occasions, here referred to as GUL resources, without transmitting SR
and receiving any specific grant. Prior to the transmission on GUL resources,
the UE needs to perform either Cat.2 or Cat.4 LBT depending on whether or
not the transmission is within the MCOT previously acquired by the serv-
ing eNB. GUL resources are shared among GUL UEs, meaning that several
UEs can transmit simultaneously in the same time-frequency resources. Ad-
vanced receiver techniques are considered to alleviate the impact of collisions
in the decoding process.

In case that the receiver is not able to decode the GUL transmission due to
low post-detection SINR for a given modulation and coding scheme (MCS),
hybrid automatic repeat request (HARQ) is supported. Due to the uncer-
tainty of the channel availability as a result of LBT, asynchronous HARQ is
assumed. Each UE transmits in the uplink control information (UCI) differ-
ent HARQ-related parameters such as the HARQ process ID or the redun-
dancy version. Given a failure at decoding process, we assume that the eNB
is always able to detect the UCI for each UE, based on the orthogonality
achieved by UE-specific demodulation reference signals (DMRS), and sched-
ule the GUL UE on reserved time-frequency resources. Using this approach,
the impact of the main source of decoding failures in GUL approach, the
collisions due to multiple UEs sharing the same resources, is relaxed since
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Fig. II.2: Grant-free procedure when there is no ongoing transmissions by the serving eNB. It is
assumed that the GUL UEs are already configured.

retransmissions are handled as scheduled transmissions.
Partial bandwidth is the scheme adopted by GUL transmissions. With

this scheme, GUL resources in the frequency domain are specified by fre-
quency domain pools (FD-PL). Each FD-PL consists of 5 interlaces and each
GUL UE is allowed to transmit in only one FD-PL. The even interlaces that
is, interlace 0, 2, 4 and 8, are part of the FD-PL 0. On the other hand, the
rest of interlaces compose the FD-PL 1. In GUL resources, the frequency
domain scheduler allocates randomly any of the 2 FD-PL to each UE. Thus,
every UE is allocated with 5 interlaces, or expressed differently, 50 PRBs. It
is assumed that, after the successful LBT, the GUL UEs initiate their trans-
missions simultaneously at the beginning of the OFDM symbol 1 of the GUL
subframe. In order to allow multiplexing capabilities between GUL and SUL
UEs, cell-specific timing advance settings can be used to align the GUL and
SUL starting points within the first OFDM symbol (see Fig. II.2). It is also
possible to prioritize scheduled transmissions by means of defining differ-
ent starting positions such that GUL UEs sense the channel right after the
SUL transmission has started implying that GUL UEs may be blocked due to
ongoing SUL transmissions.

3 Simulation methodology

We consider an indoor scenario which follows the guidelines of 3GPP [10].
It consists of 4 eNBs and 50 UEs randomly placed within the scenario. In
order to make the system-level simulations in-line with 3GPP NR assump-
tions for URLLC traffic [11], we assume a packet with a payload of 50 bytes.
Different traffic loads are supported during the simulations. To achieve it,
several values of the generated traffic are obtained by means of modifying

61



Paper B.

the packet arrival rate of the Poisson process which is used for modelling the
packet generation. The eNBs are assumed to be equipped with minimum
mean square error-interference rejection combining (MMSE-IRC) receivers.
Ideally, it is also considered perfect estimation of the interference covariance
matrix used for suppressing both intra-cell and inter-cell interference. Since
it is assumed each eNB contains 2 receiving antennas, the interference con-
tribution of one potential collision can be removed from the desired signal.
The decoding probability is based on the signal-to-interference-plus-noise ra-
tio (SINR) after the detection process. Exponential effective SINR mapping
(EESM) [12] is the method adopted in the link to system mapping to esti-
mate the effective SINR for a given MCS and a given set of per-subcarrier
SINR values. Based on this set-up, detailed system level simulations with
subcarrier-OFDM symbol resolution inlined with 3GPP and MulteFire as-
sumptions are carried out. The simulator is able to model the majority of
the radio resource management techniques such as time-frequency domain
scheduling, HARQ, link adaptation or power control. It is also capable of
emulating all the specific features related to unlicensed spectrum such as lis-
ten before talk or frequency allocation for uplink transmissions in interlaces
basis. Specific simulations assumptions regarding both uplink transmissions
schemes are listed bellow whereas general assumptions are specified in Table
II.1.

3.1 Scheduling based approach

Cat.2 LBT is considered as the type of LBT used by the UEs to send the SR
to the serving eNB. It is also assumed that the SR opportunities periodicity
is 1 ms and the scheduling delay is set to 4 ms. The minimum allocation size
in the frequency domain for uplink transmission is 1 interlace. We assume
channel access priority class 3 parameters for the Cat.4 LBT performed by the
eNBs. Thus, the MCOT has a duration of 8 ms and the contention window
upper bound can take the values of 15, 31 and 63 CCA slots.

3.2 Grant-free uplink approach

GUL resources periodicity is set to 1 ms and it is assumed the MCOT for
GUL UEs has a duration of 4 ms in case of absence of ongoing transmission
by the serving eNB. Moreover, we adopt that the MCOT cannot be shared by
the serving eNB so the GUL frame configuration only contains 4 uplink sub-
frames. Due to shorter MCOT, Cat.4 LBT with high channel access priority
class is considered. With this aggressive LBT, the contention window upper
bounds can be 7 and 15 CCA slots. On condition that the eNB has previously
acquired the channel, the GUL UEs can initiate the uplink transmissions by
means of a Cat.2 LBT. In this case and in order to provide higher preference
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Table II.1: Simulation details

Parameter Assumption
Layout Indoor model

(3GPP TR 36.889, Annex A.1.1 [10])
Users Uniformly distributed and static
Channel model ITU Indoor Propagation Model
Frame configuration TDD
TTI 14 OFDM symbols

15 kHz sub-carrier spacing
Scheduling metric Proportional Fair

max. scheduled transmissions per TTI: 10
Scheduling type DL: physical resource block based

UL: interlace based
Grant-free uplink max. GUL UEs per TTI: 10; FD-PL: 2
HARQ Asynchronous HARQ, chase combining

6 retransmissions at maximum
Link adaptation Outer loop link adaptation: enabled

Block error rate target: 1 %
Power control P0 = −60 dBm, α = 0.8
Traffic model B = 50 bytes, λ = {50, 125, 250} packets/s
Channel access LBT energy threshold: −72 dBm
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to scheduled transmissions, e.g. retransmissions of failed GUL transmissions,
an offset in the starting point of the GUL transmissions is assumed. Hence,
scheduled UEs avoid the possible interference caused by GUL UEs and, there-
fore, the probability of success in the Cat.2 LBT is higher. It is considered that
the GUL transmissions are deferred for 3 CCA slots, i.e. 27 µs, with respect
to scheduled based transmissions. Each eNB assigns randomly a frequency
domain pool for each of the GUL UEs and it remains fixed throughout the
entire simulation. A robust modulation, i.e. QPSK with a coding rate of 1/10,
is also considered as fixed.

4 System-level performance

Throughout this section, the results provided by the system-level simula-
tor are presented and analyzed. A comparison in the latency performance
between both uplink approaches is presented below. In the conducted sim-
ulations, all the UEs deployed in the scenario are using either scheduling
based procedure, referred to as SUL, or GUL approach. The complemen-
tary commutative distribution function (CCDF) of the delay per packet for
both approaches in different load conditions are shown in Fig. II.3. It can
be observed that the performance achieved by GUL approach outperforms
SUL when the uplink load is lower than 2.5 Mbit/s. This behaviour is due
to the skipping of the scheduling process, which at least reduces the latency
in 4 ms, and the relatively low scenario load that reduces decoding failures
in the serving eNB due to multiple collisions. To a lesser extent, the usage
of a high priority class for LBT is also impacting the delay. However, when
the load is increased to a certain point, 5 Mbit/s in our case, the GUL scheme
performs worse than the SUL approach as can be seen in the tail of the yellow
curve in Fig. II.3. The same trend can be observed for the case of 2.5 Mbit/s,
however, in this case, the GUL performance still exceeds the SUL approach.

This behaviour is mainly due to 2 reasons. Firstly, as the load increases,
the number of GUL UEs competing for the channel increases. Therefore, the
delay associated with the mandatory Cat.4 LBT (τLBT) increases accordingly
with the load as can be noted in Fig. II.4. On it, the contribution of the
Cat.4 LBT (∆LBT) to the overall packet delay (τTotal) for different reliability
values have been included. The LBT contribution is defined as the ratio of
the nth percentile of the time spent doing Cat.4 LBT to the nth percentile of
the overall packet delay. It can be noted that, with the load equal to 1 Mbit/s,
29 % and 48 % of the overall delay is due to the Cat.4 LBT for a reliability of
1− 10−3 and 1− 10−4, respectively. This implies that LBT heavily impacts the
GUL delay performance in low load cases. On highly loaded scenarios, even
though the highest delay corresponds to the highest load, the contribution of
LBT only counts for 16 % and 12 % of the overall packet delay.
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Fig. II.3: CCDF of the delay per packet for different scenario’s loads. Solid lines represents the
results provided by scheduling-based simulations whereas the dashed lines contains the results
for GUL simulations.

0 2 4 6 8 10 12 14

Time [ms]

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

C
C

D
F

Delay associated with Category 4 LBT

Load: 1 Mbps

Load: 2.5 Mbps

Load: 5 Mbps

Fig. II.4: CCDF of the delay spent while performing the Cat.4 LBT by the GUL UEs for different
loads. The contribution of Cat.4 LBT to the overall delay per packet for different reliability
requirements is included.

65



Paper B.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
ro

b
a

b
ili

ty

Probability of simultaneous transmissions and Cat.2 LBT failure

1 2 3 4 5 6 7 8

Simultaneous transmissions Cat. 2 LBT failure 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

P
ro

b
a

b
ili

ty
Load: 1 Mbps

Load: 2.5 Mbps

Load: 5 Mbps

Fig. II.5: Probability of simultaneous transmissions within the same FD-PL (left side) and prob-
ability of failure at performing Cat.2 LBT by the GUL UEs (right side) for different scenario
loads.

At high load scenarios, the aspect that mainly limits the GUL performance
is the fact that multiple UEs are transmitting at the same time using the
same resources. In such case, the serving eNB may not be able to decode
the uplink information transmitted by the GUL UEs in the same frequency
resources. In Fig. II.5, at the left-hand side, the probability of having k
GUL UEs transmitting in the same FD-PL in the same TTI is included. It
can be noted that the probability of having multiple UEs transmitting in the
same GUL resources achieves a more evenly distribution when the load is
increased. Therefore, even though we consider a robust MCS, the eNB may
fail at decoding and it will schedule the GUL UEs for a retransmission. In
that case, the GUL UEs need to process the received grant and prepare the
retransmission which lasts 4 ms. Moreover, the UEs must perform a Cat.2
LBT before initiating the retransmission. An unsuccessful Cat. 2 LBT may
happen due to other GUL UEs simultaneous transmitting while the sensing is
performed. It will cause an inefficient usage of the uplink resources since the
UL transmission cannot be carried out. Moreover, it will trigger an additional
retransmission that will increase the packet delay. In Fig. II.5, at right-hand
side, the probability of failure for the Cat.2 LBT performed by the GUL UEs
when needs to send a retransmission. At load equal to 1 Mbit/s, the eNBs
are able to handle the collisions in most of the cases and, in case of needed
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retransmissions, the UEs always sense the channel as free prior the starting
point. For 2.5 Mbit/s and 5 Mbit/s, the probability of failure is not negligible
which impacts in the overall packet delay.

5 Conclusions

Throughout the paper, we have analysed two different schemes for uplink
transmissions under the perspective of latency and reliability. It has been
shown by means of detailed system level simulations that, under certain con-
ditions, the grant-less uplink approach provides lower delays as compared
to scheduling uplink. Specifically, for uplink loads up to 2.5 Mbit/s, GUL
approach turns to be the preferable scheme to use for uplink transmissions.
The skipping of the control exchange before the uplink data transmission,
the reduction of the number of LBTs and the ability to handle possible col-
lisions by the eNBs make the difference between GUL and SUL. At certain
load, 5 Mbit/s in our scenario, the eNBs are not capable to handle the numer-
ous simultaneous transmissions from the GUL UEs, making SUL approach
outperforms GUL.
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1. Introduction

Abstract

In this paper, the achievable latency-reliability performance of a standalone cellular
network over the 5 GHz unlicensed spectrum is analysed. Fulfilling strict latency-
reliability requirements comes with significant challenges for unlicensed operation,
especially due to mandatory channel access procedures. Using MulteFire as the ref-
erence system-model, an analysis of a highly realistic multi-cell network with bi-
directional traffic shows that latency of 23 ms with a reliability level of 99.99 % is
achievable for low-loads, while latency is increased to 79 ms at high-loads. Differ-
ent techniques are described to improve the system performance. First, a pre-emptive
scheme to cope with continuous uplink listen before talk (LBT) failures for uplink con-
trol transmissions is proposed. It provides a latency reduction of 24 % at low-loads
with two transmission opportunities and 11 % for high-loads with three opportuni-
ties. Secondly, the possibility of skipping LBT performance under given conditions
is evaluated. This results in a lower uplink LBT failure rate which translates to a
latency reduction of 8 % for low-loads and up to 14 % for high-loads, at 99.99 % relia-
bility. Thirdly, as an alternative to grant-based uplink, grant-free uplink is evaluated.
Grant-free uplink achieves better performance than grant-based uplink at low-loads,
offering 50 % lower uplink latency. At high-loads, the gain of grant-free uplink de-
creases due to the high number of simultaneous transmissions.

1 Introduction

With the arrival of 5G New Radio (5G NR), plenty of novel use cases with
diverse requirements are envisioned to be supported. The 3rd Generation
Partnership Project (3GPP) has defined use cases and the corresponding re-
quirements for enhanced mobile broadband (eMBB) in [1], mission-critical
communications in [2] and massive Internet of Things (IoT) in [3]. Among
the use cases defined in the mission-critical communications domain, indus-
trial automation is foreseen as one of the most relevant use cases for private
networks. Industrial automation relies on reliable and broadband connectiv-
ity to lead to the next stage in the industrial revolution, commonly known as
Industry 4.0. The next industrial revolution aims to improve factory plants
and production lines in four main aspects: efficiency, flexibility, usability and
versatility. In [4], 3GPP describes several vertical domains use-cases includ-
ing the Factories of the Future. The 5G Alliance for Connected Industries and
Automation (5G ACIA) proposes industrial-specific use-cases and its corre-
sponding requirements in [5]. Both entities agree on the need for supporting
stringent requirements in latency and reliability for communications between
machines, objects and people as a key enabler for the Industry 4.0.

Unlicensed spectrum is considered a valuable asset to be used by cellular
technologies, especially for private network deployments. Unlicensed bands
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are characterised by being a global solution with low cost of operation and
larger available bandwidth at below 7 GHz as compared to licensed spec-
trum. The 3GPP’s interest in unlicensed band started with Licensed-Assisted
Access (LAA). In LAA, unlicensed bands are jointly operated with an anchor
cell deployed in a licensed band offering the possibility of offloading traffic
to unlicensed bands [6] [7]. An independent organisation from 3GPP, the
MulteFire Alliance, recently designed a system capable of operating in stan-
dalone mode in the unlicensed spectrum. This technology is bsaed the Long
Term Evolution (LTE) specifications and it is known as MulteFire [8]. Re-
search on unlicensed spectrum operation has continued by 3GPP during the
5G-NR development. As part of the current Release 16, 3GPP aims to design
New Radio-Unlicensed (NR-U) as a single and global solution for unlicensed
spectrum access based on NR specifications [9]. The considered unlicensed
frequencies for LAA, MulteFire and NR-U are located in the 5 GHz frequency
band. Currently, there are discussions about extending the frequency ranges
for unlicensed operation. Regulatory entities in the United States, Europe
and other parts of the world are considering the possibility of opening the
6 GHz band (5.925 GHz to 7.125 GHz) [10]. Frequency bands between 57 GHz
and 71 GHz, i.e. millimetre waves, are also candidates [11] [12]. However,
none of these bands are yet available for real deployments. The focus of LAA
and MulteFire technologies and the first design of NR-U is to support com-
munications with non-critical quality-of-service (QoS) requirements. Further
optimisations enabling the support of demanding QoS, such as low-latency
and high-reliable communications in unlicensed bands, are expected to be
included in future 3GPP releases, i.e Release 17.

As compared to licensed solutions, meeting tight latency-reliability re-
quirements in unlicensed bands brings additional non-trivial problems that
need to be properly addressed. Only few available studies address the per-
formance of latency-critical traffic with high-reliability constrains for unli-
censed bands in standalone mode. Examples include [13], where the im-
pact of listen before talk (LBT) for downlink-only traffic is analysed based
on extensive system-level simulations following the MulteFire design. Sim-
ilarly, the LBT influence on the uplink-only latency performance is studied
in [14], including a latency-reliability comparison between grant-based and
grant-free uplink schemes. As a non-standalone alternative, authors in [15]
propose tight cooperation between unlicensed and licensed bands to meet
the latency-reliability targets. Licensed spectrum is only used under condi-
tions in which unlicensed spectrum represents a bottleneck for the latency-
reliability performance. All these studies share a common message: channel
access procedures are found to cause increased latencies as transmissions are
frequently postponed due to high measured interference-levels. Therefore,
supporting tight latency-reliability requirements for standalone unlicensed
spectrum systems remains a challenge that calls for more research and devel-
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opment.
In this paper, we further study the latency-reliability performance of a

private network deployment operating over the 5 GHz unlicensed band in
standalone mode following the MulteFire model. We study advanced cases
with time-variant bursty bi-directional traffic. A performance analysis is con-
ducted under realistic conditions for a multi-cell and multi-user system-level.
Results are obtained from a highly detailed state-of-the-art system-level sim-
ulator. We present a solid baseline performance for latency-critical and high
reliable traffic for the 5 GHz unlicensed spectrum that goes beyond results
available in the existing open literature. This includes analysis of how the
performance varies with different parameters such as the offered traffic, as
well as the impact of LBT over the total packet latency. Based on the estab-
lished baseline performance, and the identified bottlenecks for achieving high
reliable and low latency performance, we present multiple promising guide-
lines and enhancements to further optimise the performance. In particular,
we show that by providing users with additional occasions for hybrid auto-
matic request and repeat (HARQ) transmissions achieves significant latency
reductions. Secondly, great latency gains at high offered load are obtained
by avoiding the LBT performance during the downlink-to-uplink transitions.
Finally, attractive uplink latency reductions are achieved by using grant-free
as compared to scheduled transmission, especially at low to medium loads.

The paper is organised as follows: the 5 GHz regulatory aspects for un-
licensed operation are described in Section 2. The system model definition
is included in Section 3, while Section 4 outlines the suggested proposals for
achieving improved latency-reliability performance. Performance evaluation
is provided in Section 5. Finally, concluding remarks appear in Section 7.

2 Regulatory requirements over 5 GHz band

The regulatory requirements for the 5 GHz unlicensed band vary depending
on the region and the specific sub-band. Therefore, to be worldwide deploy-
able, a radio access technology operating in unlicensed spectrum needs to
fulfil the most stringent regulatory requirements among those standardised
in various regions of the world. Besides, it needs to ensure fairness towards
other co-existing radio access technologies deployed in the same frequency
band. Consequently, the harmonized standard developed by the European
Telecommunications Standard Institute (ETSI) is used to define the minimum
requirements that 3GPP-based radio access technologies need to follow to
operate in the 5 GHz band. These requirements include limitations on the
transmitted power and power spectral density. There are also restrictions on
the occupied channel bandwidth. The occupied channel bandwidth should
be at least 80 % of the nominal channel bandwidth. Additional information
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about ETSI regulations can be found in [16].

2.1 Channel access procedures

In order to guarantee a fair coexistence among the different radio access tech-
nologies deployed over the 5 GHz band, each node is mandated to assess
the availability of the channel before any transmission. The channel access
mechanism adopted by 3GPP is based on a clear channel assessment (CCA)
procedure that uses LBT in compliance with the ETSI regulations. LBT is a
contention-based protocol that allows devices to use the same radio channel
without pre-coordination. It is based on an energy detection (ED) threshold
mechanism performed over intervals of 9 µs, also known as CCA slots (Ts).
During each CCA slot, a node detects the channel activity based on power
measurement and posterior comparison with a predefined ED threshold. The
medium is declared as idle during a CCA slot if, at least, the measured power
is lower than the threshold for 4 µs. Transmission is conditional on the de-
vice sensing the channel as idle for a certain number of CCA slots. Upon
the idleness declaration, a device is only allowed to occupy the channel for
a limited duration of time. LBT is also used by other radio access technolo-
gies deployed in the 5 GHz unlicensed band such as the IEEE 802.11 standard
(Wi-Fi) which ensures fair coexistence among them [17] [18].

Two types of LBT procedures are standardized. The so-called Category
4 (Cat4) LBT implements a random backoff and a variable contention win-
dow size algorithms. Cat4 LBT consists of 1) an initial CCA (iCCA) where
the channel is sensed during a defer period (Td = 16 µs + mp · Ts) and, upon
the success of the iCCA, 2) an extended CCA (eCCA). During the eCCA,
the transmitter generates a random number from a uniform distribution de-
fined over the contention window size. This number represents the mini-
mum number of CCA slots the channel needs to be sensed as idle before
transmitting. The transmitter can subsequently use the channel for a maxi-
mum time, also known as the maximum channel occupancy time (MCOT).
The contention window size varies based on the number of unsuccessful and
successful transmissions on the medium. Different values for the contention
window sizes, the MCOT durations and mp are classified into channel access
priority classes (CAPC) [19]. The so-called Category 2 (Cat2) LBT, also known
as single-shot LBT, defines a type of channel access procedure in which nodes
can initiate a transmission after sensing the channel to be idle for a fixed du-
ration of 25 µs. The 25 µs interval is split into a 16 µs interval, which contains
a CCA slot and an idle slot of 7 µs, and an additional CCA slot. Channel is
declared as free if it is sensed as idle during both CCA slots.

Cat4 LBT is used by initiating nodes to gain access to the channel. Cat2
LBT can be used by responding nodes to initiate transmissions within the
previously acquired channel occupancy time (COT) by an initiating device.
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This is also known as COT sharing. The duration of the transmission after a
successful Cat2 LBT is defined by the initiating node and it is limited by the
MCOT. Furthermore, within the COT, the regulations also allow responding
devices to initiate a transmission without performing LBT. The condition to
skip LBT is fulfilled when the gap between the end of the transmission by the
initiating device and the start of the transmission by the responding device
is shorter than 16 µs. This is known as Category 1 (Cat1) LBT. Further details
about the channel access mechanism considered by 3GPP as assumed in our
analysis can be found in [19] [13].

3 System model

The system model assumed throughout the paper comprises a single-operator
indoor scenario with M evolved Nodes-B (eNBs) and K user equipments
(UEs) uniformly distributed within the building. Each node operates over
the 5 GHz frequency band with a bandwidth of 20 MHz. Bi-directional traffic
is generated following a homogeneous Poisson point process with an average
packet arrival rate of λT expressed in packets/s/UE. Payloads in downlink
are assumed to be generated with an average rate of λDL, while UEs generate
uplink packets with an average arrival rate of λUL. Both packet arrival rates
constitute the overall packet arrival rate per UE (λT):

λT = λDL + λUL (C.1)

Given the model and assuming a fixed payload size of B bytes, the offered
load (L) expressed in bit/s is defined as:

L = λT · K · B · 8 (C.2)

Dynamic time domain duplexing (TDD) is assumed. The frame config-
uration is dynamically updated and its downlink-uplink ratio, in terms of
subframes, is adjusted based on the buffers’ status at the nodes, i.e. the in-
stantaneous traffic variation. Slot-level synchronization among the nodes is
assumed whereas the frame configuration is node specific. Unless explicitly
mentioned, it is always assumed that eNBs are the only node capable of start-
ing a channel occupancy time. A single switching point between downlink
and uplink subframes within the COT is supported. The transition subframe
between downlink and uplink, also referred to special subframe, contains a
partial ending subframe, a guard period and a short uplink subframe. The
short uplink subframe, referred throughout the text as short-physical uplink
control channel (sPUCCH), comprises the last 4 OFDM symbols of the special
subframe and it is used for uplink control signalling transmissions, such as
scheduling request or HARQ feedback [18].
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3.1 Downlink operation

For downlink (DL) initiated transmissions, eNBs are considered as initiating
devices. Therefore, a successful Cat4 LBT must be performed before trans-
mitting. Due to the uncertainty about when LBT finishes, each eNB is config-
ured to have two opportunities within a subframe to start the transmission.
Specifically, OFDM symbols 0 and 7 are the candidates’ starting positions. As
compared to licensed operation, the additional starting position at the OFDM
symbol 7th reduces the time between LBT finishes and the transmission starts,
lowering the probability of channel access by a neighbour node. Upon the
reception of the downlink data, the UE processes it and prepares the HARQ
feedback that must be sent back to the eNB. HARQ feedback transmissions
can be performed over sPUCCH or granted uplink resources.

Based on this model, the end-to-end delay of a downlink packet correctly
received at first transmission can be expressed as:

ΨDL = max
[
Ψprep.

eNB , ΨCat4

]
+ ΨFA + ΨTTI + Ψdecod.

UE , (C.3)

where ΨCat4 corresponds to the delay associated with the Cat4 LBT per-
formed by the eNB and ΨFA accounts for time the eNB needs to wait until
the next starting position, also known as frame alignment. ΨTTI models the
transmission time interval (TTI) duration and Ψprep.

eNB and Ψdecod.
UE corresponds

to the processing time at the transmitter and receiver to prepare and decode
the packet, respectively. It is assumed that eNBs prepare the data and per-
form Cat4 LBT in parallel.

Once the UE decodes the downlink packet, it needs to report the HARQ
feedback to the eNB. The delay associated with this process equals:

ΨHARQ = Ψocc.
HARQ + ΨCat2 + ΨTTI + Ψdecod.

eNB , (C.4)

where Ψocc.
HARQ corresponds to the time spent by the UE while waiting for a

HARQ feedback occasion, and ΨCat2 models the fixed delay associated with
the Cat2 LBT, i.e. 25 µs. The processing delay at the eNB side is represented
by Ψdecod.

eNB .
Assuming that q retransmissions are needed before the packet is received

correctly by the UE, the overall packet delay equals to:

Ψtotal = ΨDL + q
[
ΨHARQ + ΨDL

]
(C.5)

Due to the dependency between LBT and the instantaneous measured inter-
ference, uncertainty over whether transmissions will be carried out is added.
As a baseline, it is assumed that eNBs only provide UEs with one oppor-
tunity for transmitting the HARQ feedback, that is, the sPUCCH resources
or dynamically scheduled uplink resources. In case of Cat2 LBT blocking at
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Fig. II.1: Grant-based uplink operation in unlicensed spectrum.

UE side, the control information transmission is blocked. eNB assumes the
absence of HARQ feedback as negative feedback which automatically trig-
gers a retransmission. In such a case, the round trip time (RTT), i.e. the time
from the packet transmission until the acknowledgement is received at the
transmitter side, is defined as follows:

ΨRTT = (r + 1)
[
ΨDL + ΨHARQ

]
, (C.6)

where r accounts for the number of missing HARQ opportunities due to Cat2
LBT blocking. Note that, in these equations, the contribution of the queuing
delay is neglected and equal processing times for new data transmissions and
retransmissions are assumed.

3.2 Uplink operation: grant-based uplink

Uplink (UL) transmissions can be performed using grant-based (GB) schedul-
ing. By means of GB uplink, a UE is capable of transmitting data over a spe-
cific set of resources granted by its serving eNB. Operation according to GB
uplink is depicted in Figure II.1. Before any uplink data transmission takes
place, UEs and eNBs need to go through a control information exchange to
agree on which time-frequency resources will be used. This handshake pro-
cess is as follows:

1. First, the UE transmits a scheduling request (SR) message in which
it requests resources to be used for a new uplink data transmission.
SR transmissions are performed over specific physical uplink control
channel (PUCCH) resources, i.e. SR-PUCCH, which are configured by
higher layers with certain periodicity and offset. The specific resources
are used, provided that they do not collide with physical downlink
shared channel (PDSCH) or physical uplink shared channel (PUSCH)
transmissions. In such cases, the UE attempts the SR transmission in
the next SR occasion.
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2. Upon SR message reception and after a eNB-specific processing time,
the eNB sends a grant in which it dynamically schedules the UE in
uplink.

3. The grant is decoded by the UE and the PUSCH preparation starts. The
time between the grant is received and the UE is capable of transmitting
the PUSCH is known as scheduling delay. Assuming LTE processing
capabilities, the scheduling delay is 4 ms.

As shown in Figure II.1, applying GB uplink for unlicensed operation
implies the performance of multiple channel access procedures. The type of
LBT used depends on the current COT conditions. For SR transmissions, UEs
can either use Cat4 LBT with high CAPC or Cat2 LBT depending on the COT
sharing conditions. For uplink grant transmissions, the eNB is considered as
an initiating node and, therefore, it needs to perform a Cat4 LBT. The eNB
grants permission to the UE to use COT sharing, and after the corresponding
UE processing time, the PUSCH transmission occurs upon a successful Cat2
LBT. Furthermore, to fulfil the bandwidth regulations defined in Section 2, a
new waveform is designed as alternative to single-carrier frequency domain
multiplexing access (SC-FDMA) used for GB uplink in licensed bands. The
adopted solution, known as block interleaved frequency division multiple
access (B-IFDMA) [20], spans the frequency domain allocation of each UE
over the available transmission bandwidth. Each UE is assigned with one
interlace as minimum frequency domain allocation. An interlace is a set of
M frequency equidistant physical resource blocks (PRBs).

Regarding the delays involved in GB uplink, the time spent in the control
information exchange can be expressed as:

ΨSR = max
[
Ψprep.

UE , ΨCat4, Ψocc.
SR

]
+ΨTTI +Ψdecod.

eNB +max
[
Ψprep.

eNB , ΨCat4

]
+ΨFA +ΨTTI ,

(C.7)
where Ψocc.

SR defines the time spent while waiting for SR-PUCCH resources. In
(C.7), it is assumed that UE is not in COT sharing conditions and, therefore,
Cat4 LBT is performed prior to the SR transmission. Given (C.7), the end-to-
end delay for an uplink packet correctly received at first transmission equals:

ΨUL = ΨSR + Ψprep.
UE + ΨCat2 + ΨTTI + Ψdecod.

eNB , (C.8)

where Ψprep.
UE represents the preparation time of the uplink transmission af-

ter the grant reception at the UE side, i.e. the scheduling delay and Ψdecod.
eNB

models the eNB processing time of the uplink packet at the eNB side. In this
equation, successful Cat2 LBT has been assumed. Note that throughout these
equations the contribution of the queuing delay is neglected.
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Fig. II.2: Baseline mode of operation in (a) and latency reduction proposals. Multiple HARQ
feedback opportunities in (b) and Cat1 LBT in (c).

4 Latency reduction proposals

Three different latency reduction solutions are presented in this section. The
first two methods aim to mitigate the impact of Cat2 LBT failure when trans-
mitting HARQ feedback for previously received downlink transmissions.
The latter proposal presents a technique to reduce the uplink delay by means
of alleviating the two main problems related to GB uplink: the multiple chan-
nel accesses needed in the control information exchange and the intrinsic
scheduling delay.

4.1 Multiple HARQ feedback opportunities

As introduced in Section 3.1 and shown in Figure II.2(a), a failure in the
Cat2 LBT prior to a HARQ feedback transmission triggers additional retrans-
missions. Additional downlink transmissions might be unnecessary as the
UE could have decoded correctly the packet, i.e ACK message is ready to
be transmitted, but it was not able to access the channel within the specific
resources due to LBT blocking. Unnecessary retransmissions will cause: 1)
additional interference in the system which may delay neighbour’s trans-
missions since they could be blocked by LBT, 2) a reduction in the system
resource efficiency as no additional information is transmitted in subsequent
transmissions and 3) the performance of multiple successful Cat4 LBT. More-
over, it increases the queuing delay for new incoming packets, since they will
not be served until previous transmissions are correctly acknowledged. As
expressed in (C.6), the RTT delay is highly impacted by the number of missed
HARQ feedback opportunities. Additionally, a discontinuous transmission
(DTX) detection by the eNB can potentially increase the Cat4 LBT contention
window size which, in turn, implies larger channel access delays [19].

To cope with this problem, a solution in which UEs are provided with
multiple and consecutive opportunities for transmitting HARQ feedback is
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proposed. Thereby, each eNB is in charge of signalling, via the downlink
control channel, the resources over which UEs can transmit the HARQ feed-
back. As depicted in Figure II.2(b), a UE using this scheme will be allowed
to transmit ACK/NACK feedback in M + 1 occasions during the following
uplink burst. Through this procedure, the probability of being blocked by
Cat2 LBT failure is reduced and, therefore, the number of unnecessary re-
transmissions, i.e. the component r in (C.6), is also decreased. By comparing
Figures II.2(a) and II.2(b), a shorter RTT is achieved with the proposed so-
lution. It is worth noticing that this scheme offers a trade-off between Cat2
LBT reduction and resource efficiency as pre-emptive resources are reserved
for potential HARQ feedback transmissions that may not be used if Cat2 LBT
succeeds earlier.

4.2 Category 1 LBT

This approach aims to reduce the Cat2 LBT blocking probability, and con-
sequently the potential downlink retransmissions, by avoiding the LBT per-
formance. As defined in Section 2.1 and depicted in Figure II.2(c), a UE can
start an uplink transmission without performing Cat2 LBT if the gap between
the last downlink transmission and the start of uplink transmission is shorter
than 16 µs. Given the system model assumptions, the only transmission in
which UEs can leverage from this advantage is the HARQ feedback transmis-
sion performed over sPUCCH resources. If an eNB is capable of transmitting
during the partial ending downlink of the special subframe, the UEs which
have HARQ feedback from previous downlink receptions ready for transmis-
sion can access the channel without performing LBT.

4.3 Grant-free uplink

GB presents two main drawbacks from a delay perspective. Firstly, it needs to
go through a lengthy control information exchange prior to the actual uplink
data transmission, as shown in Figure II.1 and (C.7). In addition to this, up-
link transmissions are constrained by a fixed delay upon the reception of the
grant, i.e. the scheduling delay. Moreover, employing GB uplink in the un-
licensed spectrum could be seen as less appropriate, due to the performance
of multiple LBTs which adds uncertainty over the transmission performance.
For instance, a UE may fail at accessing the channel due to a Cat2 LBT block-
ing prior to the PUSCH transmission. This will lead to a decrease in resource
efficiency as the granted resources will not be used. In such a case, the eNB
will reschedule the UE for a second attempt transmission. This situation will
lead to higher delays for uplink packets and it also may block the transmis-
sion of neighbour cells since the channel needs to be occupied for longer
periods.
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Fig. II.3: Grant-free uplink operation in unlicensed spectrum.

In order to mitigate the disadvantages of GB uplink, grant-free (GF) up-
link is proposed. A description of the GF mode of operation is shown in
Figure II.3. As compared with GB uplink, GF transmissions allow UEs to
perform uplink transmissions avoiding the handshake process used in GB
uplink. To achieve that, grant-free UEs (GF-UEs) are configured in a way that
uplink transmissions occur over predefined and, potentially, shared resources
among multiple UEs. In the time domain, the specific resources are given by
the serving eNB based on periodicity and a duration. For frequency domain,
GF-UEs are assumed to be configured by the serving eNB with a combination
of interlaces, also known as frequency domain pool (FD-PL).

Analytically, the configuration of the GF resources substitutes the delay-
prone SR procedure defined in (C.7) by:

Ψcon f ig
GF = max

[
Ψprep.

eNB + ΨCat4

]
+ ΨFA + ΨTTI + Ψdecod.

UE (C.9)

where Ψprep.
eNB and Ψdecod.

UE model the delay for preparing and decoding the GF
configuration at eNB and UE, respectively. Once the UE is configured with
GF resources, this process can be avoided for subsequent uplink transmis-
sions as the configuration remains valid for certain interval of time. This dif-
fers from GB uplink in which each uplink transmission needs to go through
the SR procedure.

Given the prior knowledge over the grant-free resources, GF-UEs can pre-
pare and start their uplink transmissions without requesting a specific grant.
This speeds up the uplink transmissions as the scheduling delay, i.e. Ψprep.

UE in
(C.8), is neglected. Moreover, the number of channel access involved in the
process is reduced by a factor of 3 as it can be noted by comparing Figures
II.1 and II.3. This reduction in the number of required LBTs will lower the
transmission delays. GF-UEs support the possibility of starting a grant-free
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transmission without sharing the COT with the serving eNB. In this case,
Cat4 LBT must be performed as the GF-UE is the initiating device. In the
case of COT sharing between the eNB and GF-UEs, Cat2 LBT is supported.

The end-to-end delay of an uplink packet correctly received at first trans-
mission when using GF approach can be expressed as:

ΨGF = max
[
Ψprep.

UE , ΨCat4, Ψocc.
GF

]
+ ΨTTI + Ψdecod.

eNB , (C.10)

where Ψocc.
GF models the time spent while waiting for GF resources. Here, the

contribution of Ψcon f ig
GF is neglected as it is assumed that the GF-UEs were pre-

viously configured. The reduction in the number of channel access between
GB and GF is observed by comparing (C.7)-(C.8) and (C.10).

The main disadvantage of GF-uplink is the lack of coordination inher-
ited from a non-grant based approach. Therefore, collisions between several
UEs, i.e. multiple transmissions using the same time-frequency resources,
may occur. This will potentially have an impact on the receiver side as it
may not always be able to decode correctly the uplink information coming
from multiple sources. In order to cope with failures in the decoding, two
mechanisms are proposed. The first one relies on HARQ protocol to request
retransmissions to those UEs that the eNB was not able to decode. Since
multiple collisions between GF-UEs are the main source of failure at GF-
transmissions decoding, eNBs will send specific grants providing dedicated
resources to UEs. Additionally, different starting transmission points can be
defined at the transmitter side to reduce the collisions between grant-based
UEs and GF-UEs. This is achieved by introducing an eNB-configured offset.
By applying that, GF transmissions can be deferred for a duration up to 1
OFDM symbol, assuming an offset duration of 34 µs in our system model.
By using this approach, and considering that GB transmissions start at the
slot boundary, a higher priority is given to scheduled transmissions as po-
tential LBT blocking by GF-transmissions is avoided. This mode of operation
reduces the multiplexing of GB and GF transmissions within the same TTI.

5 Performance evaluation

5.1 Simulation methodology

Our indoor scenario follows the 3GPP guidelines for LAA simulation studies
[6], which consists of a single-floor indoor office with an area of 120 m× 50 m
and several walls separated by 15 m as depicted in Figure II.4. In order to
emulate a private deployment, single operator conditions are assumed. A
total of 4 eNBs are deployed over the scenario with a separation equal to
30 m. 50 UEs are randomly placed in the scenario. Each UE selects its serving
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Fig. II.4: Scenario layout compliant with 3GPP guidelines for LAA performance evaluation.

eNB based on the strongest reference signal received power (RSRP) criteria.
Performance evaluations are carried out using different offered traffic loads.
A fixed packet size is assumed and the packet arrival rate (λT) is modified.
The payload size is set to 50 B and λT takes values from the set: {25, 50, 125,
250} packets/s/UE, which corresponds to the offered loads of: {0.5, 1, 2.5,
5} Mbit/s, respectively. Bidirectional traffic is assumed, 80 % of the overall
traffic is generated at eNBs side (λDL = 0.8λT), whereas the remaining 20 %
is generated at the UEs (λUL = 0.2λT).

For GB uplink operation, it is assumed that SR opportunities occur ev-
ery subframe, i.e. 1 ms periodicity. It also assumed that the eNB delays
for decoding the SR message and generating the grant are neglected. Grant
transmissions are only performed over downlink subframes upon the acqui-
sition of the channel. The PUSCH preparation time equals to 4 TTIs, i.e. 4 ms.
Frequency domain scheduling is performed in an interlace basis. Based on
the defined bandwidth of 20 MHz and the 15 kHz sub-carrier spacing, each
interlace is formed by 10 PRBs which results in a total of 10 available inter-
laces per TTI. For GF uplink operation, a GF resources periodicity of 1 ms is
assumed. Frequency resources are configured in advance by the serving eNB,
where each UE is signalled with a frequency domain pool (FD) consisting of
5 interlaces. Frequency domain pool-1 (FD-1) includes the interlaces {0, 2, 4,
6 and 8} whereas FD-2 consists of the interlaces {1, 3, 5, 7 and 9}. Additional
simulation assumptions can be found in Table VI.2.

The simulator models with high-level of details the majority of the PHY
and MAC functionalities and procedures in line with 3GPP guidelines. It
dynamically schedules users in time and frequency domains, uses HARQ in
case of decoding failures or performs link adaptation based of channel qual-
ity indicator (CQI) reports to fulfil the target block error rate (BLER). More-
over, all the regulatory channel access aspects for operating on the 5 GHz
unlicensed band are carefully modelled. The simulator operates on symbol-
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Table II.1: Simulation assumptions

Parameter Assumption
Layout Indoor single floor

3GPP TR 36.889, Annex A.1.1 [6]
Channel model ITU Indoor Hotspot
Duplexing mode Dynamic TDD
Bandwidth 20 MHz, 15 kHz sub-carrier spacing
TTI 14 OFDM symbols
Scheduling metric Proportional fair

Max. scheduled UEs per TTI: 10
Scheduling type DL: physical resource block based

UL: interlace based
HARQ Asynchronous HARQ, incremental redundancy

6 retransmissions at maximum
Processing delay at eNB: 2 TTIs
Processing delay at UE: 4 TTIs

Link adaptation Outer link loop adaptation: enabled [21]
Block error rate target: 1 %

Receiver type LMMSE-IRC [22]
MIMO 2× 2 configuration

DL: Rank-2 SU-MIMO
UL: Rank-1 SU-MIMO, receiver diversity

Traffic model B = 50 bytes
λT = {25, 50, 125, 250} packets/s/UE

Channel Access Cat4 LBT with CAPC 3
(Initiating node: eNB) MCOT: 8 ms

Contention window sizes = {15, 31, 63}
Channel Access Cat4 LBT with CAPC 1
(Initiating node: GF-UE) MCOT: 4 ms

Contention window sizes = {7, 15}
LBT ED threshold −72 dBm
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level and subcarrier resolution. For each transmission, the SINR at the re-
ceiver is calculated for each subcarrier symbol, assuming a linear minimum
mean square error with interference rejection combining (LMMSE-IRC) re-
ceiver [22]. Inspired by the model in [23] [24], the SINR values are mapped
to the mutual information domain, taking the applied modulation scheme
into account. The mean mutual information per coded bit (MMIB) is calcu-
lated as the arithmetic mean of the values for the subcarrier symbols of the
transmission [24]. Given the MMIB and the used modulation and coding
rate of the transmission, the error probability is determined from look-up ta-
bles that are obtained from extensive link level simulations. Furthermore, it
includes proven stochastic models for radio propagation, calibrated against
alike models used in 3GPP system level simulations. In order to get sta-
tistically stable and reliable results, multiple realizations of the scenario are
simulated. For each realization, the UE locations are selected independently
and sufficient samples are collected. Results from each realization are com-
bined afterwards.

5.2 Simulation results

In this section, we highlight the improvement in latency-reliability that the
aforementioned proposals can provide to an LTE-like standalone system in
unlicensed spectrum. Proposals performance are compared against Mul-
teFire baseline approach. MulteFire baseline assumes the usage of single
HARQ feedback opportunity, Cat2 LBT in any conditions and grant-based
uplink. In order to improve the readability at very high percentile, such as
99.99th percentile, the main key performance indicators (KPI) are represented
using empirical complementary commutative distribution functions (CCDF).

Downlink

Figure II.5 shows the CCDF of the downlink delay per packet when using
multiple HARQ feedback opportunities. Three different cases are compared.
For the baseline case, i.e. with M = 0, it is assumed that a Cat2 LBT failure in
sPUCCH or granted resources for HARQ transmissions it is translated into a
downlink retransmission. M = 1 and M = 2 refer to the cases where the serv-
ing eNB provides 1 or 2 additional opportunities to transmit the ACK/NACK
feedback, respectively. It is noted that an improvement is achieved when us-
ing this scheme for loads from 1 Mbit/s to 5 Mbit/s. At 0.5 Mbit/s load, the
generated traffic is low enough that the downlink delay performance is not
impacted by the additional retransmissions. This is shown in the CCDF, as
M = 1 and M = 2 do not provide better performance as compared to base-
line assumptions. In fact, the scheme is performing slightly worse from a
downlink delay point of view. This is due to the fact that when providing
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Fig. II.5: CCDF of the delay per downlink packet when multiple HARQ opportunities scheme is
used. Solid lines represent baseline assumptions, i.e. M = 0, dashed lines and dotted lines refer
to M = 1 and M = 2, respectively.

additional feedback opportunities, UL bursts extend their duration during
the next TTIs which, in turns, delays the starting of the channel access pro-
cedure for the next COT. For M = 2, it provides reasonable improvement for
2.5 Mbit/s and 5 Mbit/s, i.e. the high load cases, whereas for 1 Mbit/s the
latency reduction is minimum as compared to M = 1.

In Figure II.6, the NACK ratio, that is the number of PDUs considered
as NACK due to Cat2 LBT divided by the total number of downlink PDUs
received by each UE, is plotted. It is noted that, for all the considered loads,
a reduction in NACK ratio is achieved when using multiple occasions for
signalling the HARQ feedback. Specifically, providing an additional HARQ
transmission opportunity (M = 1) highly reduces the NACK ratio at low-load
cases, i.e. 0.5 Mbit/s and 1 Mbit/s, whereas at high-load cases, i.e. 2.5 Mbit/s
and 5 Mbit/s, the improvement is limited. This is due to the fact that, at high-
load cases, the interference which is blocking UEs at the first ACK/NACK
transmission attempt is likely to continue in next subframes as compared to
the low-load cases. Therefore, additional opportunities are required in these
cases. M = 2 is needed to reach NACK ratios bellow 10 % for the high-load
cases.

The fact that less retransmissions are triggered by the serving eNBs has
an immediate effect in the duration of the downlink burst during the COT
and, in turn, in the interference level. In Figure II.7, a comparison between
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Fig. II.6: Negative acknowledgement ratio for M = 0, i.e. baseline assumptions, M = 1 and
M = 2 for 4 different system loads.
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Fig. II.8: CCDF of the time spent performing Cat4 LBT by the eNBs. Solid lines represent
baseline assumptions, i.e. M = 0, dashed lines and dotted lines refer to M = 1 and M = 2,
respectively.

the duration of the downlink burst for the three different cases is shown. It
is noted that the scheme brings a reduction in the downlink burst duration
for all the considered loads. The reduction in the interference level highly
impacts both neighbour eNBs and UEs channel access procedures. In Figure
II.8, a comparison among the eNBs channel access delays is presented. A
reduction in the time spent performing the Cat4 LBT is acquired in all the
considered loads. Moreover, it reduces the RTT delay, as well as, the queuing
delay as new packet transmissions can be served in shorter time.

Figure II.9 provides a latency-reliability comparison between baseline sim-
ulations, i.e. UEs are always mandated to perform Cat2 LBT prior to any
transmissions, and simulations in which UEs are configured to skip the Cat2
LBT if the gap with the last downlink transmission and the next uplink trans-
mission is lower than 16 µs. It can be noted that the enhancement is highly
impacting the high-load cases, whereas low-load cases do not experience
such benefit. This is because at low-load regime, the serving eNB rarely
can extend its transmission during the partial ending subframe of the spe-
cial subframe and, thus, the gap is higher than 16 µs. On the other hand, in
the high-load cases, it is more likely that eNBs have enough downlink data
to keep transmitting until reaching the DL-UL gap in the special subframe.
As shown in Figure II.10, the probability of being blocked while performing
Cat2 LBT is significantly reduced when implementing the proposal reaching
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Fig. II.9: CCDF of the delay per packet in downlink. Solid lines represent baseline assumptions
while dotted lines show the delay when Cat1 LBT is considered.
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the lowest probability at 18 % when having 5 Mbit/s offered load. Looking
at the achieved blocking probabilities, it is noted that it is highly likely that
a UE is blocked on the sPUCCH resources at any of the considered loads.
The main contributor to this is the well-known hidden node problem. This
happens when an eNB performs a successful Cat4 LBT and allows COT shar-
ing with its serving UEs. Although the eNB initially sensed the channel as
clear, the UEs are exposed to interference coming from neighbour nodes that
are out of the range of the eNB. This undiscovered interference by the eNB
is preventing UEs to use the channel for potential transmissions. The fact
that the blocking probability is lower for the high-load cases compared to the
low-load cases is due to an unpredictable coordination in the frame selection
is achieved. By aligning the uplink transmissions, the LBT instances are also
aligned, which makes the UEs sense the channel as free more frequently.

Even though both previously mentioned solutions are directly aiming at
reducing the impact of Cat2 LBT when HARQ feedback is transmitted, they
also indirectly impact the latency for uplink packets. This is due to the fact
that, if the number of downlink retransmissions is reduced, uplink packets
can be served faster in a TDD system. Moreover, since interference in the
system is also reduced, the LBT blocking probability is lowered. Figure II.11
shows the reduction in the uplink delay per packet when using Cat1 LBT.
Reduction of the uplink latency is achieved for every offered loads. For fur-
ther description of the delay improvement provided by the aforementioned
techniques, see Table II.2.

Uplink

A reliability-latency performance comparison between grant-based uplink
and grant-free uplink is provided in Figure II.12. It is observed that for
0.5 Mbit/s and 1 Mbit/s cases, the GF scheme outperforms the GB uplink.
Specifically a latency reduction of 58 % and 44 % is achieved at 99.99 % re-
liability for 0.5 Mbit/s and 1 Mbit/s, respectively. Benefits are obtained due
to the skipping of the SR procedure and the scheduling delay. Moreover,
these offered loads maintain the number of collisions at a considerable low
rate, i.e. the likelihood that 2 UEs transmit over the same shared resources
is low. However, when the load is increased up to a certain point the eNB
is not capable to decode the multiple transmissions due to the high number
of collisions. This is observed when the load is increased up to 5 Mbit/s. At
this offered load, grant-based uplink outperforms grant-free uplink, obtain-
ing 23 % lower latency performance at 99.99 % reliability.
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Fig. II.11: CCDF of the delay per packet in uplink. Solid lines represent baseline assumptions
while dotted lines show the delay when Cat1 LBT is considered.
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6. Conclusions

6 Conclusions

A detailed system-level latency-reliability analysis of standalone operation
in unlicensed spectrum has been presented for a multi-cell/multi-user sce-
nario with dynamic bi-directional traffic. In line with our initial hypothe-
sis, it is found that the latency-reliability performance is severely limited by
the channel access procedures. Specifically, it accounts for an average over
the considered loads of 78 % and 44 % of the total one-way packet latency
budget for downlink and uplink respectively at 99.99 % reliability. Several
latency-reduction solutions have been presented and evaluated. Using mul-
tiple HARQ occasions have been shown to achieve a significant reduction
in the NACK ratio. On average for all the considered offered traffic load,
a 34 % reduction in the NACK ratio is achieved when providing an addi-
tional ACK/NACK transmission opportunity. This translates to latency re-
duction of 26 % of the downlink delay at 99.99 % reliability for highly loaded
cases. An additional NACK ratio reduction of 9 % is achieved when M = 2.
This is especially noticeable at high-offered traffic loads. Providing multi-
ple HARQ opportunities allows the system to serve new transmissions faster
and, thereby, reducing the queuing delay. Additionally, it is shown that Cat1
LBT provides substantial advantages as compared to baseline simulations.
Especially at high-loads, it achieves a 14 % LBT failure probability reduc-
tion as compared to baseline at 5 Mbit/s load. It has been verified that this
reduction impacts the delay per packet in both downlink and uplink trans-
missions. For downlink delay, reductions of 5 % and 46 % have been achieved
at 99.99 % reliability for low-loads and high-loads, respectively. The uplink
delay impact shows a reduction of 13 % and 17 % at the same reliability level
for low and high-loads, respectively. As an uplink specific enhancement, the
grant-free scheme was studied and compared with grant-based operation for
different loads. It was shown that the system load plays an important role for
the performance benefits of GF. We have shown that a latency of reduction
of 52 % has been achieved with a reliability level of 99.99 % for low-loads. At
the maximum considered offered load, the latency achieved by GF exceeds
the latency provided by GB by 23 %.

There is now ongoing research to further improved the latency and relia-
bility performance for standalone unlicensed band operation by the introduc-
tion of NR-U. Latency-reliability analysis of NR-U and related enhancements
are therefore currently an active research area. Further technology enhance-
ments for supporting stringent latency-reliability requirements are expected
as part of future 3GPP releases.
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From MulteFire to optimized
NR-U for ultra-reliable
low-latency communications

This part guides the reader through a transition in the adopted standalone
unlicensed technology, from MulteFire to New Radio-Unlicensed. Key tech-
nology components, initially designed for fulfilling URLLC requirements in
licensed spectrum, are applied and evaluated for unlicensed operation. A
comprehensive analysis of the techniques and their additional benefits from
an unlicensed spectrum perspective is conducted. Although these enhance-
ments facilitate the achievement of demanding latency and reliability QoS,
the channel access mechanisms still play an important role in the overall
unlicensed system performance. In this part, we exploit the possibilities
of the spectrum regulations together with new RRM techniques to reduce,
and in some cases fully mitigate, the impact of the channel access mecha-
nisms. System-level simulations show that, under single network conditions,
unlicensed deployments with a proper design achieve promising latency-
reliability results.

1 Problem Description

MulteFire is designed based on LTE specifications and therefore it inherits
the LTE physical layer design and processing capabilities. In LTE, the mini-
mum time between a DL packet transmission and a retransmission is 8 ms.
This is also known as round-trip time (RTT) and accounts for the BS and UE
processing times, as well as the transmission times for the DL data packet
and the UL control packet. In cases where the packet decoding is not suc-
cessful in the first attempt, the packet delay further increases. The high LTE
RTT prevents the support of sub-10 ms latency performance when only at
least one packet retransmission is required. Even in cases where transmis-
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sions are correctly received in the first attempt, i.e. no retransmissions are
needed, the LTE physical layer design already limits the supported applica-
tions. Thus, the achievement of the stringent latency and reliability require-
ment requires the adoption of certain optimizations. From the analysis of the
DL and UL packet delay in Part II, it is noted that several of the delay com-
ponents contributing to the overall latency are fixed and independent of the
type of spectrum used, i.e. licensed or unlicensed. One of these components
is the over-the-air delay, i.e. the time spent in the transmission of a packet of
the air. MulteFire adopts a minimum allocation size of 14 OFDM symbols
with a sub-carrier spacing (SCS) of 15 kHz. In certain cases, the transmission
duration can be reduced to 7 OFDM symbols as an optimization to cope with
large differences between the LBT finish time and the subframe boundary.
These configurations correspond to a over-the-air delay of 1 ms and 0.5 ms,
respectively. Using such large time-frequency allocations seems inefficient
based on the expected characteristics of URLLC traffic, defined by small pay-
load sizes and with sporadic arrival. On top of that, the capabilities of the
nodes for processing the received data and prepare the next transmission are
also important from a latency perspective. LTE assumes that UEs require
4 ms for decoding a DL packet. With this being said, a need for improvement
in the physical layer design and processing times is required.

Although these enhancements aim to reduce certain latency components
of the overall packet delay, the contribution of the channel access mechanisms
is still present in unlicensed operation. From Part II, our observation is that
the channel access delay represents a large part of total DL packet latency.
Therefore, reducing the packet latency requires a review and optimization
of the channel access mechanisms at the BS side. Additionally, the UL LBT
is still the critical step due to its major impact in the achievable latency. A
failure before a DL HARQ feedback transmission implies the retransmission
of a packet, even in cases in which the DL packet is already correctly received.
In case of failure before an UL data transmission, it requires the issue of a
new grant as the reserved time-frequency resources are not utilized. In both
cases, the competitiveness in the channel access is increased as nodes need to
contend for the channel more frequently.

2 Objectives

The key objectives for this part of the PhD are described in the following:

• Evaluate the latency-reliability performance of key NR technology com-
ponents when applied to unlicensed spectrum, highlighting additional
benefits as compared to operation in licensed spectrum

• Contribute to the reduction of the channel access impact on the system
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performance by introducing novel RRM techniques.

• Establish a performance comparison among the asynchronous and syn-
chronous channel access designs described in the spectrum regulations
and 3GPP for operation on the 5 GHz band.

• Propose coordination schemes as enablers for achieving ultra-reliable
low-latency communications in unlicensed deployments.

3 Included Articles

This part of the thesis includes the following articles:

Paper D. Analysis of High-Reliable and Low-Latency Communication En-
ablers for New Radio Unlicensed

Relevant technology enablers for low-latency and high-reliable communica-
tions are individually analyzed. Specifically, the flexible NR time-frequency
design that allows for higher SCS and shorter time allocations (also known
as mini-slots) and the reduced processing times for preparing and decoding
transmissions. The implications and the added benefits of applying these
techniques to the unlicensed spectrum are studied and evaluated. Addition-
ally, the possibility of having multiple transitions between DL and UL slots
during a TDD frame is also analyzed. Furthermore, a new technique to cope
with the potential failures in the UL LBT is presented. The focus is on UL data
transmissions, i.e. physical uplink shared channel (PUSCH) transmissions, in
deployments using grant-based UL. The proposed solution leverages from
the time variability of the system interference and preemptively allocate UEs
with multiple and consecutive resources. The technique enhances the infor-
mation included in the UL grant to indicate the UL resources to be used in
a certain transmission time interval (TTI) (as in baseline grant-based) and,
additionally, in the K next UL TTIs. The pre-allocated UL resources in the kth

TTI are only used in case of experiencing consecutive UL LBT blockage in the
previous k− 1 TTIs. By providing multiple UL resources with a single grant
increases the probability of successfully accessing the channel. Moreover, it
decreases the number of needed grants per UL packet.

Paper E. A Fully Coordinated New Radio-Unlicensed System for Ultra-
Reliable Low-Latency Applications

A performance comparison between the two channel access designs defined
by the european regulator for the 5 GHz band is conducted. Under the as-
sumptions of single RAT conditions, the paper motivates the usage of the
synchronous channel access rather than the asynchronous channel access for
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latency and reliability enhancement purposes. The main contribution of this
paper is the proposal of a centralized and fully coordinated NR-U deploy-
ment that completely mitigates the effect of the channel access. Coordination
is ensured in 2 domains: the channel access and the frame selection. Firstly,
channel access coordination among nodes is reached by sharing a common
timing reference for sensing and occupying the channel. i.e. adopting FBE
channel access design. Additionally, nodes are coordinated in terms of the
selected frame configuration every time the channel is accessed. A central
node is proposed as the enabler for this functionality. Bi-directional informa-
tion exchanges between the central entity and the nodes ensure an optimal
frame configuration selection according to the specific traffic needs. The fully
coordinated approach brings the latency and reliability performance of an
NR-U system closer to the expected behaviour of an equivalent licensed NR
TDD deployment.

4 Main Findings

Technology enablers for low-latency and high-reliability

In Paper D, the importance of the subcarrier spacing, the nodes process-
ing capabilities and the TTI size on the achievement of low-latency at high-
reliability levels is analyzed. Switching from 15 kHz to 30 kHz subcarrier
spacing and from 42 OFDM symbols to 5.5 OFDM symbols in the UE de-
coding capabilities brings extraordinary latency benefits. A reduction in the
packet delay of 75 % for an offered network load of 1 Mbit/s is observed at
99.99 % reliability. Especially interesting is the duration of the transmission
time interval. In unlicensed operation, apart from decreasing a fixed delay
component of the overall packet delay, it also reduces the time that a node
occupies the channel. This has a direct impact on the channel access perfor-
mance, as the channel is seen as idle more frequently. Both gNBs and UEs
benefit from it. At the UE side, a reduction in the UL blocking probability
of 6.7 % and 18.7 % for network loads of 1 Mbit/s and 2.5 Mbit/s is observed
when switching from 14 to 7 OFDM symbols TTI. Additionally, allowing
multiple transitions (also known as switching points) between DL and UL
within a TDD frame are shown as beneficial as it can reduce the gap between
transmissions. This reduces the possibility for neighbour nodes to access
the channel during gaps within a channel occupancy time (COT). Moreover,
it also lowers the number of initiating device LBT attempts in the system
since transmissions, and potential retransmissions, can be confined within a
single COT. The aforementioned techniques enhance the latency and reliabil-
ity performance, however, the system is still impacted by the channel access
mechanisms. As unlicensed-specific enhancements, in Paper D, it shows that
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Fig. III.1: Summary of the achieved packet delay for the different technology enablers. TTI
stands for tranmission time interval, MSP for multiple switching points and K refers to the
additional UL resources signaled in a single grant transmission.

providing multiple resources for UL data transmission as a potential candi-
date for latency reduction in deployments following grant-based UL guide-
lines. Despite the focus of the technique on UL transmissions, a reduction
in the combined DL + UL delay is achieved. This is because fewer nodes
are contending for the channel as the overall number of needed grants per
transmission is reduced. The proposed mechanism is shown to be suitable
for scenarios with high UL LBT blocking probability. In such scenarios and at
99.99 % reliability, the technique can reduce approximately 23 % the achieved
latency as compared to baseline grant-based UL. However, in scenarios with
low LBT blocking probability, the benefits of the proposed technique are very
limited. A summary of the obtained latency at 99.99 % reliability for each of
the technology enablers is shown in Fig. III.1.

Asynchronous vs synchronous channel access

In deployments in which the presence of a single RAT is guaranteed, Paper E
promotes the adoption of the synchronous LBT design as it achieves faster
channel access delay as compared to the asynchronous LBT. In synchronous
LBT, the usage of a common timing reference ensures that all the gNBs can
access the channel in the next sensing interval. It is worth mentioning that,
since the channel is only accessible during the sensing interval, packet trans-
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Fig. III.2: Overall packet delay for asynchronous LBT, synchronous LBT and fully coordinated
deployment. (Source: Paper E)

missions are susceptible to be delayed while waiting for the next sensing
period, i.e. the frame alignment needs to be considered. On the other hand,
in scenarios with asynchronous channel access, the observed behaviour con-
firms the conclusions of Part II. The channel access delays represents a large
quota of the overall packet delay, e.g at 99.99 % reliability, 61 % and 49 % for
loads of 1 Mbit/s and 5 Mbit/s, respectively. Therefore, under single RAT
conditions, our recommendation is to use synchronous channel access for
low-latency and ultra-reliable communications. Although synchronous chan-
nel access reduces the DL channel access delay, UL transmissions may still ex-
perience LBT blockage with consequent impacts on the UL (and DL) latency
and reliability performance. This occurs when the channel is simultaneously
accessed by multiple gNBs after a successful LBT during the synchronous
idle period. Assuming differences in the instantaneous traffic conditions,
each gNB selects its optimal TDD frame for the next COT. This heteroge-
neous decision leads to potential overlappings of DL transmissions with UL
sensing intervals among the cells. Neighbours cells transmissions increase
the received interference levels, reducing the chances of successful channel
access by certain UEs. High UL LBT blocking probabilities, above 30 % in
highly loaded scenarios, are observed. This behaviour motivates the search
for additional solutions.
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5. Key recommendations

Fully coordinated deployment

To solve the mentioned UL LBT problem, a central entity that coordinates the
selection of the TDD frame among the gNBs is proposed. Introducing the
central entity while assuming synchronous LBT, leads to a fully coordinated
unlicensed deployment. This approach provides fast channel access at the
gNB side, by leveraging from the synchronous LBT, and ensures no UL LBT
blocking, by agreeing on the adopted TDD frame by the active gNBs. As
compared to synchronous deployments without the central node, a latency
reduction of 29 % and 70 % for loads of 1 Mbit/s and 5 Mbit/s at 99.99 %
reliability (see Fig. III.2) is achieved. This scheme is shown as a valuable
solution for achieving ultra-reliable and low-latency communications in unli-
censed spectrum as packet delays bellow 10 ms are observed at any reliability
level. The achieved latency can be further decreased by selecting a proper
configuration of the duration of sensing and transmitting periods. Under the
boundaries of the spectrum regulations, the sensing period can be reduced
to 100 µs and the transmission period to 900 µs. This increases the channel
access periodicity and reduces the frame alignment since a new opportunity
for the channel access is presented every millisecond.

5 Key recommendations

Based on this study, the following guidelines are advised to be followed to
achieve stringent latency and reliability targets:

• Adopt key URLLC technology components such as higher SCS, faster
processing times and shorter TTI size. These optimizations reduce key
delay components of the overall packet delay as well as reduce the im-
pact of the channel access mechanisms.

• Enable multiple DL and UL transitions within the COT. This flexibility
in the TDD pattern leads to higher COT utilization. It allows for faster
HARQ feedback and, in case of unsuccessful packet decoding at first
transmission, it reduces the probability of using multiple COTs for a
single packet. The queuing delay for new packet transmissions is also
reduced.

• In asynchronous deployments where UL LBT blocking is impacting the
overall performance, consider the multiple PUSCH occasions per UL
grant as a solution to mitigate the persistent blocking of UL data trans-
missions.

• Under single RAT conditions, design the NR-U deployment according
to the synchronous channel access rules. Coordination in the TDD se-
lection among the nodes is also advised. With this configuration, the
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channel access impact is minimized and the NR-U performance resem-
bles obtained with TDD NR-licensed.
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1. Introduction

Abstract

In this paper, the performance impact of several high-reliable and low-latency com-
munications technology enablers in the unlicensed spectrum for standalone opera-
tion is evaluated. Firstly, a comparison between MulteFire (MF) and New Radio-
Unlicensed (NR-U) is established. It is shown that higher sub-carrier spacings and
shorter processing times provide clear latency reduction benefits. Additionally, dif-
ferent transmission time intervals (TTI) durations are evaluated. Shortening the TTI
duration decreases the latency by a factor of 5.75 at 99.99 % reliability and reduces
the uplink listen before talk (LBT) blocking probability by 18 %. The possibility of
having multiple switching points during the frame is also evaluated. It is concluded
that having multiple switching points provides a latency reduction mainly due to the
reduction of the number of channel accesses and the reduced gaps within the frame.
A time-diversity technique to cope with high uplink LBT blocking probability is also
evaluated. By combining the aforementioned features, a latency reduction factor of
31 is achieved when optimized NR-U and MulteFire performances are compared.

1 Introduction

Operation in the unlicensed spectrum by a 3rd Generation Partnership Project
(3GPP) technology started with Licensed-Assisted Access (LAA) [1]. LAA is
a Long Term Evolution (LTE) enhancement designed for supporting capacity
demanding applications. It uses unlicensed spectrum as a supplementary
resource to offload part of the traffic via carrier aggregation. The feasibil-
ity of LAA depends on the presence of an anchor base station deployed in
the licensed bands. As an alternative, MulteFire [2] emerged as a fully stan-
dalone technology deployed on unlicensed bands based on LTE specifica-
tions. Nowadays, within the fifth generation (5G) era, 3GPP’s interest in un-
licensed spectrum is maintained. New Radio (NR), as well as, its unlicensed
alternative, New Radio-Unlicensed (NR-U), are currently being designed and
standardized. Licensed-unlicensed dual operation and standalone unlicensed
are considered as potential scenarios for NR-U [3]. NR is envisioned to
support three different categories of use cases: enhanced mobile broadband
(eMBB), ultra-reliable and low-latency communications (URLLC) and mas-
sive machine-type communications (mMTC). URLLC applications demand
very stringent requirements in terms of latency and reliability. Applications
with more relaxed latency-reliability requirements that URLLC can be classi-
fied as high-reliable low-latency communications (HRLLC).

Supporting URLLC use-cases in the unlicensed spectrum is more chal-
lenging. Unlicensed frequency bands are open for use by any radio access
technology (RAT). Each node needs to be compliant with a strict regula-
tions in order to ensure fair channel occupancy among RATs. This impacts

109



Paper D.

the channel availability and, consequently, guaranteeing a given quality of
service becomes more difficult. However, due to its global availability and
simplicity in the deployments, verticals consider unlicensed spectrum as a
valuable asset. Industry verticals can make use of NR-U to start a transition
towards the Industries of the Future supporting applications such as motion
control or inventory management [4].

Multiple examples of latency-reliability enhancements for the support of
HRLLC/URLLC in the licensed spectrum can be found in the literature. For
instance, in [5] authors propose and analyse grant-free uplink as an enabler
for URLLC applications. For unlicensed operation, authors in [6] analysed
several enhancements from a latency-reliability perspective. Authors in [7]
propose a fully coordinated approach to reduce the impact of the regula-
tory requirements in latency and reliability. This paper contributes with an
analysis of latency-reliability performance impact of different technology en-
ablers on a system fully deployed in the unlicensed spectrum. The goal is
to, by means of extensive system-level simulations, highlight not only the
intrinsic benefits of the enhancements but also the additional gains that can
be achieved when applying these enablers to the unlicensed operation. The
remaining of the paper is organized as follows. Sections 2 and 3 describe the
regulatory requirements for unlicensed spectrum operation and the assumed
system model, respectively. In Section 4 a review of the evaluated technol-
ogy enablers is included. Simulation assumptions and discussion about the
simulation results are included in Sections 5 and 6. Final remarks are drawn
in Section 7.

2 Unlicensed spectrum: regulatory requirements

In unlicensed operation, nodes must behave according to specific regulatory
requirements to guarantee a fair coexistence among multiple RATs. The re-
quirements may differ depending on the region and the considered sub-band.
In order to be globally deployable, NR-U and MulteFire, adopt the most strin-
gent guidelines, i.e. the regulatory requirements provided by the European
Telecommunications Standard Institute (ETSI) in its harmonized standard for
the 5 GHz band [8]. The requirements include constraints on the transmitted
power and the power spectral density. Furthermore, ETSI defines the channel
access procedures that nodes must follow before any transmission. Two dif-
ferent channel access designs are specified: load-based equipment (LBE) and
frame-based equipment (FBE). In LBE, nodes start the channel access proce-
dure immediately after the data is ready for transmission. However, in FBE
nodes follow a periodic sensing/transmit structure that defines when nodes
can access the channel. In both cases, after a successful channel access pro-
cedure, nodes are allowed to continuously use the channel for a maximum
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D

Fig. III.1: LBE operation and comparison between single and multiple switching points in (a)
and multiple PUSCH occasions scheme in (b).

duration known as maximum channel occupancy time (MCOT). Initiating
nodes, i.e. the nodes starting the channel access procedure, can grant access
to other nodes. These nodes, known as responding nodes, are allowed to
use the previously acquired channel occupancy time (COT) by the initiating
nodes, i.e. applying the COT sharing principle. Channel access procedures
are based on the principle of listen before talk (LBT). LBT decides the channel
activity based on an interference measurement and a posterior comparison
with a predefined energy detection (ED) threshold. The channel is declared
as busy if the measured interference is higher than the ED threshold. In LBE,
initiating nodes acquire the channel by a Category 4 (Cat4) LBT. Cat4 LBT is
a contention window based mechanism with exponential backoff performed
in intervals of 9 µs, known as clear channel assessment (CCA) slots. Nodes
need to sense the channel free for, at least, the selected number of CCA slots
before accessing the channel. The number of CCA slots is given by a uniform
distribution whose boundaries are defined by the contention window size.
The contention window size is exponentially increased in case of collisions.
Responding nodes access the channel with a Category 2 (Cat2) LBT in COT
sharing conditions. The sensing interval duration for Cat2 LBT is fixed to
25 µs. This type of LBT is also known as single-shot LBT as only provides
one opportunity to access the channel. Thus, if the channel is declared as
busy, the opportunity for performing COT sharing is missed. Further details
about the channel access procedures for the 5 GHz band, both LBE and FBE,
can be found in [8] and [3].

3 System model

A single-operator indoor office scenario with M next generation nodes-B
(gNBs) and K user equipments (UEs) uniformly distributed around the layout
is assumed. A channel bandwidth of 20 MHz in the 5 GHz frequency band
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is available. Bi-directional traffic with payloads of B bytes in a dynamic time
domain duplexing (TDD) system is assumed. The TDD frame configuration,
i.e. the number of downlink and uplink slots, is selected based on the buffer
status at the nodes. Each node selects its optimal TDD frame configuration
independently. Slot-level synchronization among the nodes is assumed. LBE
is the adopted channel access design. gNBs are considered as initiating nodes
whereas UEs are responding nodes. Therefore, as shown in Fig III.1(a), gNBs
perform the procedure to acquire the channel with a Cat4 LBT as soon as data
is ready for transmission. Additionally, gNBs offer the possibility of sharing
the COT to their connected UEs. While gNBs can only start the COT at spe-
cific symbols during the slot, Cat4 LBT can finish at any time during the slot.
Two starting positions per slot are defined, i.e. OFDM symbols 0th and 7th.
In case of time-misalignment, gNBs remain silent after a successful Cat4 LBT
waiting for the next transmission starting symbol. Before initiating the trans-
mission, an additional Cat2 LBT needs to be performed. In downlink, gNBs
schedule downlink transmissions in the physical control downlink channel
(PDCCH). UEs are configured with two different PDCCH monitoring occa-
sions depending on the COT conditions. Out of the COT, UEs monitor the
PDCCH occasions at OFDM symbol 0th and 7th, whereas, in gNB-acquired
COT conditions, the PDCCH monitoring is performed at the slot boundaries.
In uplink, UEs must receive a dedicated grant before they can proceed with
the transmissions, i.e. grant-based uplink is assumed. Therefore, UEs need
to signal that they have data ready to transmit through a scheduling request
(SR) procedure. This consists of a message exchange between UEs and gNBs,
which is subjected to the LBT outcome in unlicensed operation, and whose
ultimate goal is to provide UEs with dedicated resources.

4 Latency and reliability enablers

An overview of the different technology enablers for achieving low-latency
and high-reliable communications are presented in this section. Their ben-
efits from an unlicensed operation perspective are also highlighted. First,
a description of the physical layer design for NR is discussed. Unlicensed-
specific enhancements such as TDD frame structure optimizations and mul-
tiple PUSCH occasions scheme are also presented.

4.1 Flexible time-frequency design

NR offers the possibility of multiple sub-carrier spacing (SCS) designs. Apart
from the 15 kHz SCS supported by LTE, NR supports 30 kHz, 60 kHz, 120 kHz
and 240 kHz as possible SCS values [9]. In frequency ranges below 7 GHz,
SCSs up to 60 kHz are supported. Higher SCS imply shorter OFDM sym-
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bol duration. Reducing the symbol duration is considered as an enabler for
latency-sensitive applications. For example, a reduction by a factor of 2 in the
transmission time interval (TTI) duration is achieved when switching from
15 kHz to 30 kHz SCS. Moreover, flexibility in the time domain is achieved by
supporting the possibility of using smaller TTI sizes than the slot duration,
e.g. 14 OFDM symbols. Smaller TTI sizes, also known as mini-slots, can
consist of two, four, or seven OFDM symbols. Supporting higher SCS and
shorter TTI sizes not only provide gains in terms of latency performance. It
also brings further benefits when it is applied to unlicensed spectrum. As pre-
viously explained, any transmission in the unlicensed spectrum is subjected
to the LBT outcome, and therefore, to the interference measured during a
sensing interval. Consequently, adopting higher SCS and shorter TTI sizes
implies a reduction in the time that nodes are occupying the channel which
increases the probability of sensing the channel as idle when performing LBT.

4.2 Reduced processing times

At the UE side, faster processing times for decoding a recevied PDSCH and
preparing a PUSCH transmission after a grant reception are essential for
latency reduction purposes. According to the 3GPP specifications, a UE is
capable of transmitting the hybrid automatic request (HARQ) feedback from
a previously received downlink data transmission Tproc ms after the end of
the last symbol of the PDSCH. The UE processing delay (Tproc) is defined as
follows [10]:

Tproc = (N1 + d1,1)(2048 + 144) · κ2−µ · Tc, (D.1)

where N1 is the PDSCH decoding time in OFDM symbols and depends on
the assumed UE processing capability. Two types of processing capabilities
are defined by 3GPP, being the processing capability 2 the more suitable for
latency-critical applications. In that case, N1 is equal to 4.5 OFDM symbols.
d1,1 depends on the demodulation reference signal (DMRS) position and κ
is defined as the ratio between Ts and Tc, being Ts the basic time unit for
LTE and Tc the basic time unit in NR [9]. µ defines the adopted sub-carrier
spacing for the downlink transmission. For a system with 30 kHz SCS, pro-
cessing capabilities 2 and DMRS position 0, the PDSCH decoding time at the
UE side is 0.15 ms. Eq. D.1 is also employed for the calculation of the PUSCH
preparing time at the UE. In this case, Tproc defines the minimum time be-
tween the reception of the grant and the uplink transmission. The PUSCH
preparing time in symbols (equivalent to N1 in Eq. D.1) takes the value of
5.5 OFDM symbols for UE capability 2 and 30 kHz SCS. Assuming the first
symbol of the PUSCH is dedicated to DMRS, the PUSCH preparing time is
0.19 ms. These values clearly differ from the assumed for LTE/MulteFire sys-
tems. For example, in MulteFire, the PUSCH preparation time is in the order
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of 3 ms. Uplink data is ready for transmission in the slot n + 4, being n the
slot in which the grant was received. At the gNB side, processing times for
decoding PUSCH and preparing PDSCH transmissions are also accordingly
reduced for NR operation. It is generally assumed that gNBs processing ca-
pabilities are twice faster than the UEs capabilities.

4.3 Multiple switching points

One of the differences between MulteFire and NR-U is the support of multi-
ple switching points within the frame structure. NR-U offers the possibility of
having several downlink-to-uplink and uplink-to-downlink transitions dur-
ing the COT as depicted in Fig. III.1(a). This is identified as beneficial since,
together with NR-specific processing capabilities, it provides faster HARQ
feedback, allowing the possibility of having multiple retransmissions during
a single COT, and faster and more accurate link adaptation. A dynamic TDD
frame adaptation is supported in NR based on the slot-format indicator (SFI).
The SFI indicates the number of OFDM symbols that are dedicated downlink
and uplink transmissions in the following slots. SFI is included as part of
the control information signalled by the gNBs in the PDCCH. Adapting the
frame structure to the instantaneous traffic demands is positive from a chan-
nel access perspective as the gap between transmissions within the COT is
reduced which increases the likelihood of performing a successful channel
access.

4.4 Multiple PUSCH occasions

As shown in [11] and [7], uplink latency is heavily impacted by high uplink
LBT blocking probability, especially at high loads. A detailed description of
the delay components of an uplink transmission and the impact of LBT on
it can be found in [11]. As a baseline, in grant-based uplink, the dedicated
resources are reserved for a single time transmission interval, therefore, if a
UE fails the uplink LBT, the granted resources are not used. After a discon-
tinuous transmission (DTX) detection at the gNB side, a new grant needs to
be forwarded to the UE for a new uplink transmission attempt. This process
implies the performance of additional channel access procedures at gNB side,
to send a new grant, and at UE side, to perform the uplink transmission. As
shown in Fig. III.1(b) a new COT might need to be acquired to finally perform
the uplink transmission. To cope with this issue, a time diversity technique is
proposed. This technique consists of signalling the UEs with multiple occa-
sions (K) for the uplink transmissions during the SR procedure. As shown in
Fig. III.1(b), by providing additional resources, the probability of uplink LBT
failure in consecutive slots is lowered, and therefore, the packet delay is re-
duced. This scheme is similar to mechanisms such as TTI bundling [12] and
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Table III.1: NR-U Simulation assumptions

Parameter Assumption
Layout Indoor mixed office scenario [13]
Channel model NR InH Mixed Office [13]
Duplexing mode dynamic TDD
Bandwidth 20 MHz @ 5 GHz band
Sub-carrier spacing 30 kHz
TTI sizes 14 / 7 OFDM symbols
Scheduling metric Proportional fair
HARQ Asynchronous HARQ, incremental redundancy
UEs processing times* PDSCH: 4.5 OFDM symbols [10]

PUSCH: 5.5 OFDM symbols [10]
Link adaptation Outer link loop adaptation: enabled [14]

BLER target: 1 %
Receiver type LMMSE-IRC [15]
MIMO 2× 2 configuration

DL: Rank-2 SU-MIMO
UL: Rank-1 SU-MIMO, receiver diversity

Traffic model FTP Model 3; B = 50 bytes
λT = {25, 50, 125} packets/s/UE

gNBs channel access Cat4 LBT for COT acquisition
Cat2 LBT for UL-to-DL transitions inside COT

UEs channel access Cat2 LBT for PUSCH and PUCCH
ED threshold −72 dBm
MCOT duration 3 ms
* gNBs processing times are assumed 2 times faster than UEs capabilities

K-repetition [10]. However, the main difference is that in this case, UEs only
use the additional uplink resources if the Cat2 LBT has previously failed.
The remaining uplink resources are not used to avoid an additional increase
in the system interference which might impact other nodes channel access
procedures.

5 Simulation assumptions

An indoor office scenario with 12 gNBs is assumed. A total of 60 UEs are
uniformly distributed in the scenario. Each gNB is assumed to have 5 UEs
connected during the simulation time. UEs select its serving gNB based on
the strongest reference signal received power (RSRP) criteria. The traffic
generation follows a Poisson process according to the FTP Model 3 guide-
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Fig. III.2: Overall packet latency performance comparison for MF and NR-U. For figure read-
ability porpuses, MF performance is only depicted for 1 Mbit/s

lines [16] in which a fixed packet size of 50 bytes is simulated. Several packet
arrival rates (λT) are evaluated to generate different offered loads in the sce-
nario. The downlink/uplink ratio in the traffic generation is 80 % / 20 %.
Scheduling request (SR) transmissions are subjected to LBT outcome. An
SR periodicity of 1 slot is simulated. It is assumed that UEs transmit the
SR message in uplink slots inside the COT. Out of the COT, UEs can also
transmit the SR by accessing the channel by themselves with a Cat2 LBT. Pro-
cessing times are considered in the packet latency statistics. Therefore, for a
14 TTI OFDM symbol TTI with 30 kHz SCS, the minimum downlink delay
is 0.65 ms (0.5 ms TTI + 0.15 ms UE proc. time). The simulator works on an
OFDM symbol-subcarrier resolution. It models the majority of the PHY and
MAC layer procedures in line with 3GPP guidelines including unlicensed-
specific mechanisms. Regarding the methodology, multiple realizations of
the scenario with sufficient samples are simulated. In each realization, the
UEs’ location change. Results from each realization are combined afterwards.
A summary of the NR-U simulation assumptions is provided in Table VI.2.
MulteFire simulations assumptions and further details about the simulation
methodology can be found in [11].
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(a) (b)

Fig. III.3: Downlink-to-uplink gap comparative when (a) having single switching point and (b)
having multiple switching points within the COT.

6 Latency-reliability evaluation

In order to evaluate the performance gain of the HRLLC enablers described
in Section 4, each of the features is compared against MulteFire and NR-U
baseline assumptions. MulteFire assumptions assume 15 kHz SCS, 14 OFDM
symbols TTI and LTE processing times, i.e. at UE side, 42 OFDM symbols
for both decoding PDSCH and preparing PUSCH transmissions. Processing
times at the base stations is assumed to be half the UEs processing times. On
the other hand, NR-U baseline assumptions imply the usage of 30 kHz SCS,
14 OFDM TTI and single switching point during the COT.

Firstly, insights into the gains provided by selecting higher SCS and shorter
processing times, i.e. switching from MulteFire to NR-U, are presented in
Fig III.2. Moreover, the impact of the TDD frame structure in the latency-
reliability performance is also addressed. Two TDD schemes are distin-
guished: a) single switching point and b) multiple switching points. The for-
mer refers to the case in which the TDD configuration has only one downlink-
to-uplink transition within the COT. The frame configuration is initially se-
lected after a successful Cat4 LBT and maintained during the rest of the COT.
The latter case defines the possibility of dynamically adapt the TDD frame
configuration to the instantaneous buffer status through periodic SFI sig-
nalling. Comparing the latency performance of a MulteFire system with an
NR-U baseline, a latency reduction of ≈ 75 % in 10−4 is achieved for 1 Mbit/s
offered load. A further improve of ≈ 7 % is obtained if multiple switching
points capabilities are considered. By analysing both NR-U designs, it is
noted that providing multiple switching points within the COT is beneficial
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at any considered load. For instance, at high offered load, i.e. 2.5 Mbit/s,
and 99.99 % reliability, i.e. 10−4, a latency reduction of ≈ 38 % is experienced.
The performance boost is achieved due to the possibility of having multi-
ple HARQ retransmissions during the COT, a reduced queuing delay and a
shorter DL to UL gap. Reducing the gap duration is positive from a channel
access perspective as it increases the likelihood of performing a successful
channel access.

In Fig. III.3, a histogram comparing the gap duration for single switching
points (a) and multiple switching points (b) is shown. It can be noted that for
single switching point assumptions, the gap distances are equally distributed
between values ranging from 25 µs, i.e. the Cat2 LBT duration, to 1500 µs or
higher, i.e at least 3 NR slots at 30 kHz SCS. On the other hand, by support-
ing multiple switching points, the downlink-to-uplink gap has been clearly
reduced, having more than 90 % of the gaps distributed between 25 µs and
500 µs.

In Fig. III.4, the performance gain achieved by providing multiple PUSCH
occasions is depicted. Three different K values are shown, where K defines
the number of additional PUSCH transmissions. It is shown that the gain
of the scheme is especially noticeable at high loads. At 2.5 Mbit/s offered
load, providing an additional opportunity to the PUSCH transmissions gives
≈ 11 % gain at 99.99 % reliability as compared to baseline grant-based, i.e.
K = 0. K = 2 brings an additional benefit of ≈ 12 %, i.e. an overall benefit
of approximately 23 % is achieved. At 0.5 Mbit/s, the gain is limited show-
ing similar performance for any K. This is due to the fact the uplink LBT
blocking probability is quite small for low loads as it will be later shown in
Fig. III.6. When applying this scheme it should be taken into account that,
although it shows lower overall packet latencies, it harms the downlink delay
performance as less resources are dedicated during the COT for those trans-
missions. In any case, the trade-off is positive from an overall packet delay
performance.

In Fig. III.5, a latency comparison of an NR-U deployment with differ-
ent TTI sizes is shown. It compares 14-OFDM symbols TTI against 7-OFDM
symbols TTI. Switching from baseline to 7 OFDM symbol TTI provides gains
at any considered load. Specifically, at 99.99 % reliability 7-OFDM symbols
TTI outperforms 14-OFDM symbols TTI by a factor of 30 %, 63 % and 82 %
at 0.5 Mbit/s, 1 Mbit/s and 2.5 Mbit/s, respectively. Lower delays than 10 ms
are achieved at any considered load with 7-OFDM TTI. The fact that the
transmission time is shortened by half implies a reduction in the time the
channel is occupied. This has a direct impact on the channel access. In
Fig. III.6, a comparison of the average uplink LBT blocking probability based
on the different TTI sizes is depicted. An LBT blocking probability reduc-
tion when switching to 7-OFDM TTI is achieved at any offered load being
more noticeable at high offered loads. A reduction of 18.7 % is observed at
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Fig. III.4: Overall packet delay performance with multiple PUSCH opportunities.
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2.5 Mbit/s offered load. As summary, the latency values achieved for each of
the analysed technology enablers at 99.99 % reliability are included in Table
III.2.

7 Conclusions

Through this paper different technology enablers for achieving high-reliable
and low-latency communications in unlicensed standalone operation have
been described and evaluated. As noted in Table III.2, a transition from the
support of non-critical delay applications with MulteFire to the support of
HRLLC/URLLC applications with optimized NR-U is shown. Comparing
MulteFire with NR-U with 7-OFDM symbols TTI and multiple PUSCH occa-
sions with K = 2 achieves, at 99.99-th percentile, a latency reduction factor
of 9.6, 14.8 and 31.5 for 0.5 Mbit/s, 1 Mbit/s and 2.5 Mbit/s offered loads,
respectively. Starting from MulteFire performance as a baseline, it has been
described the substantial benefits that the flexible NR time-frequency design
provides. Switching to higher SCS, which implies a shorten in the trans-
mission duration, and using reduced processing times decreases the overall
packet delay. In unlicensed bands, the fact that the channel is occupied for
less amount of time is beneficial for coexistence with neighbour nodes. Sup-
porting dynamic TDD with multiple switching points further improves the
performance as multiple HARQ retransmission can be contained within a
COT and shorter downlink-to-uplink gaps are achieved. Additionally, a time-
diversity scheme for reducing the uplink LBT failure probability has been
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analysed. Multiple PUSCH occasions provide a reasonable improvement, es-
pecially at high offered load, where the uplink LBT failure rate impacts the
performance. Finally, a shortening of the TTI is performed by reducing the
TTI size from 14 OFDM symbols to 7 OFDM symbols. Significant latency
reductions and decrease on uplink LBT blocking probability in all the con-
sidered loads are achieved.
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1. Introduction

Abstract

Communications over the unlicensed spectrum are susceptible to be delayed by manda-
tory channel access mechanisms. Based on the need for improving the latency-
reliability performance of New Radio-Unlicensed for supporting new use-cases, such
as industrial applications, different types of channel access are evaluated in this paper.
By using asynchronous and demand-driven channel access, it is shown that approxi-
mately 50 % of the delay experienced by a downlink packet is due to listen before talk
(LBT). Furthermore, UEs might be blocked by an unsuccessful uplink LBT losing
the opportunity to transmit their previously scheduled data. As an alternative, syn-
chronous channel access is evaluated. By using a coordinated LBT among the nodes,
the channel access delay is reduced to a constant value. However, UEs can still be
blocked when initiating their uplink transmissions due to neighbours transmissions.
Motivated by this fact, an approach in which a central node is in charge of the frame
selection is proposed. Therefore, all the nodes in the system are coordinated in both
the channel access and the frame configuration. In this case, a latency reduction of
70 % as compared to the previously mentioned alternatives is achieved at high loads
and 99.9999 % reliability.

1 Introduction

Industry 4.0 strives to improve the efficiency, flexibility, versatility and usabil-
ity of the factories of the future. In this context, wireless connectivity in the
industries is one of the key enablers. Multiple promising applications within
the domain of logistics, inventory management or robot and motion control
are foreseen [1]. Many of the tasks supported in an industrial scenario need
to fulfil very challenging quality of service requirements in terms of latency
and reliability. For instance, motion control applications require a maximum
delay of 0.5 ms with 99.999 % reliability. Other applications relax their de-
lay constrains to 10 ms [2]. Depending on the requirements, applications can
be classified as high-reliable/ultra-reliable and low-latency communications
(HRLLC/URLLC).

Connectivity in the factories is currently dominated by wired solutions.
Consequently, a transition towards a wireless approach is required. Licensed
spectrum and unlicensed spectrum based wireless solutions can be adopted.
The unlicensed alternative is gaining more interest mainly due to its global
availability and simplicity of deployments as compared to licensed solu-
tions. The usage of the unlicensed spectrum by a 3rd Generation Partnership
Project (3GPP) compliant technology started with Licensed Assisted Access
(LAA) [3]. Targeted for supporting enhanced mobile broadband applications,
LAA uses the unlicensed spectrum as a supplementary resource over which
part of the traffic carried in the licensed band can be offloaded. Additionally,
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MulteFire emerged as an alternative technology fully deployed in the unli-
censed band, i.e. in standalone mode [4]. New Radio-Unlicensed (NR-U) is
currently being designed and it is expected to support non-standalone mode
of operation, as in LAA, and standalone mode, as in MulteFire [5].

Unlicensed spectrum is defined as a range of frequencies in which mul-
tiple radio access technologies (RATs) coexist. The channel usage must be
equally shared among them, and therefore, regulatory bodies mandate nodes
to behave according to specific requirements. For instance, limits on the
power spectral density and the occupied channel bandwidth are specified.
Furthermore, regulatory entities impose devices to detect other RATs activity
before their transmissions and back-off in case of on-going channel activity
detection. Once the channel access is gained, the time the channel can be
continuously occupied is also restricted. This overall process is known as
channel access mechanism and must be performed by any node prior to a
transmission in the unlicensed spectrum. The European Telecommunication
Standard Institute (ETSI) defines two channel mechanism designs: load based
equipment (LBE) and frame based equipment (FBE) [6]. The main difference
is that nodes perform the channel access asynchronously in LBE while syn-
chronously in FBE. LBE provides fairer coexistence in presence of other RATs
as compared to FBE, whereas FBE is considered more suitable for industrial
applications under the assumption of single RAT operation.

Achieving the latency-reliability requirements for industrial applications
in standalone mode over the unlicensed spectrum presents a challenge. Chan-
nel access mechanisms impose an additional delay to the transmissions. In
[7], an evaluation of an opportunistic multi-channel access mechanism is pre-
sented. Authors propose a unlicensed-licensed dual band approach to re-
dude the impact of channel access in the delay. For LBE type of operation, [8]
and [9] analyse the impact of the channel access in the overall packet de-
lay in downlink and uplink performance, respectively. Focusing on LBE and
Multefire as baseline, [10] proposes different techniques to mitigate the con-
tribution of the channel access to the overall packet delay. For FBE, the chan-
nel access delay is reduced due to the synchronicity in the LBT. In order to
further improve the FBE latency-reliability performance, we propose a fully
coordinated system. By using a central entity, nodes have a common LBT-
transmission structure, i.e. FBE is adopted, and moreover, share the same
frame configuration. A latency-reliability performance comparison between
LBE, FBE and the fully coordinated approach is provided in this text. The re-
mainder of the paper is structured as follows. Section 2 introduces the system
model definition. Section 3 includes a description of LBE and FBE channel
access mechanisms, while Section 4 describes our fully coordinated proposal.
Simulation assumption and simulation results can be found in Sections 5 and
6, respectively. Final remarks are drawn in Section 7.
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2 System model

A single-operator indoor office scenario with M next generation nodes-B
(gNBs) and K user equipments (UEs) is assumed. Each node operates in
standalone mode at the 5 GHz unlicensed band with 20 MHz bandwidth. The
traffic model acts in accordance with the FTP Model 3 defined by 3GPP [11].
The packet generation follows a Poisson arrival process with an average
packet arrival rate of λT measured in packets/s/UE. Bi-directional traffic
with a fixed packet size of B bytes is assumed. Payloads in downlink are
generated with a rate of λDL while UEs generate uplink packets with an
average arrival rate of λUL. Both packet arrival rates compose the overall
packet arrival rate λT . The average offered load in bit/s can be obtained as
B · 8 · λT · K

Dynamic time domain duplexing (TDD) with 14 OFDM transmission time
interval (TTI) is adopted. gNBs perform a frame selection algorithm based
on the current buffer status of its connected devices. Depending on the ratio
between the number of buffered downlink and uplink packets, the down-
link/uplink frame ratio in terms of slots for the next TDD frame is cho-
sen. Dynamic slot configuration and multiple switching points during the
TDD frame are allowed. Having multiple downlink-to-uplink and uplink-to-
downlink transitions provides more opportunities to, for instance, send hy-
brid automatic request (HARQ) feedback and scheduling request (SR) mes-
sages. A transition slot is needed to switch between downlink and uplink
slots, referred throughout the text as special slot. The special slot consists
of a 9-OFDM symbol downlink TTI followed by a 1-OFDM symbol gap for
RF switching and a 4-OFDM symbol uplink TTI. The uplink slot is used for
short uplink control signalling transmissions such as HARQ feedback or SR
messages and it is refereed throughout the text as short physical uplink con-
trol channel (sPUCCH). An uplink-to-downlink transition during the COT is
considered to be feasible without a special slot. An example of the operation
in NR-U is pictured in Fig. III.1.

3 Channel access mechanisms

3GPP adopts Listen Before Talk (LBT) as the CCA mechanism for LAA and
NR-U technologies. LBT is an algorithm performed in intervals of 9 µs, com-
monly known as CCA slots. During each sensing interval, the node decides
about the channel activity based on a power measurement and a posterior
comparison with a predefined energy detection (ED) threshold. The channel
is assumed to be occupied if the detected interference is above the ED thresh-
old. ETSI defines two types of channel access mechanisms [6]. Both are based
on the LBT principle but its application is differently implemented.
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Fig. III.1: New Radio-Unlicensed mode of operation following LBE approach.

3.1 Load Based Equipment

On one hand, nodes can act following the LBE guidelines. The LBE ap-
proach follows an asynchronous and demand-driven design. Nodes execute
the channel access procedure as soon as there is data available to transmit.
LBE nodes perform a random back-off algorithm with variable contention
window size. LBT is iteratively performed over a period of at least N con-
secutive CCA slots, also known as the contention window. Each node inde-
pendently generates N from a uniform distribution defined between 0 and
a maximum contention window size. This process is known as category 4
(Cat4) LBT. Once Cat4 LBT finished, the transmission can start and the chan-
nel can be constantly occupied for a maximum interval of time defined as
maximum channel occupancy time (MCOT). Different configuration of max-
imum contention window sizes and MCOT durations are defined by channel
access priority classes (CAPCs) [3]. Nodes performing Cat4 LBT are defined
as initiating devices and can grant access to other nodes, known as respond-
ing devices, to transmit in their previously acquired channel occupancy time
(COT). This is denoted as COT sharing and responding devices are mandated
to perform a single-shot LBT procedure over a fixed sensing interval of 25 µs.
This is known as category 2 (Cat2) LBT. Responding devices need to convey
its transmission within the initiating devices MCOT limits. Cat2 LBT can be
avoided under the condition of having a gap between the end of the initiating
device transmission and the start of the responding transmission is shorter
than 16 µs. This type of LBT is known as category 1 (Cat1) LBT. Whereas LBT
is performed over CCA slots, NR-U has OFDM symbol granularity. More-
over, NR-U transmissions may only start in certain OFDM symbols within a
slot. Therefore potential misalignment between the end of the LBT and the
start of the transmission may occur resulting in a gap. During this period,
initiating nodes remain silent waiting for a starting Tx OFDM symbol to start
the COT. Before start transmitting they need to perform an additional Cat2
LBT as shown in Fig. III.1.
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Fig. III.2: Frame-based equipment: Frame structure in (a), FBE baseline mode of operation in
(b) and fully coordinated mode of operation in (c).

3.2 Frame Based Equipment

Nodes can also act according to the FBE guidelines and follow a common
sense/transmit structure with a predefined periodicity. The FBE structure is
depicted in Fig. III.2(a) and it is defined by:

– Fixed frame period (FFP): describes the total interval of time includ-
ing the channel occupancy time and the idle period. Its duration is
restricted to the range from 1 ms to 10 ms. Transmissions must start at
the beginning of the FFP.

– Channel occupancy time (COT): defines the interval of time which a
node can continuously transmit on a given channel without re-evaluating
the channel availability. Its duration is limited, at maximum, to the 95 %
of the FFP and it must be followed by an idle period.

– Idle period (IP): contains the single observation slot where CCA is per-
formed and its duration must be, at least, 5 % of the COT with a mini-
mum of 100 µs.

The main difference between FBE and LBE is the channel access for the
initiating devices. For FBE, Cat2 LBT is used by the initiating devices and it
is performed during the IP. An unsuccessful LBT produces a blockage in the
transmission and nodes need to wait until the next FFP to perform the next
channel access attempt. Responding devices follow the same guidelines as in
LBE. COT sharing among FBE devices is possible with Cat2 LBT. Addition-
ally, Cat1 LBT is allowed if the gap condition is met.

4 A fully coordinated approach

After a successful channel access, the frame configuration for the next COT
is selected based on the current traffic demands. In dynamic TDD systems,
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each initiating device, i.e. the gNBs following our assumptions, chooses its
optimal frame configuration independently. Especially in FBE deployments,
where multiple gNBs start their transmissions simultaneously, uncoordinated
frame selection impacts the system performance. Due to the adaptation of
the frame configuration based on the traffic conditions, different nodes of
the same network may apply DL and UL slots at the same time. This in-
creases the probability that UEs sense the channel as busy during the Cat2
LBT due to neighbour gNBs transmissions. This supposes a lost opportunity
for transmitting over the previously granted uplink resources as it is noted
in Fig. III.2(b). In absence of expected uplink transmission, the gNB assumes
discontinuous transmission (DTX) as a negative acknowledgement (NACK)
and sends a new grant to the UE. This process is repeated until the uplink
transmission is successful, which ultimately degrades the uplink latency per-
formance. As a further enhancement to the FBE approach, we propose a
fully coordinated and centralized system in which both LBT and frame con-
figuration are common to every deployed node in the system. By having a
common TDD frame configuration, mutual blocking in the Cat2 LBT among
neighbour nodes is avoided as the sensing intervals are time-synchronized.
This is achieved by agreeing in the TDD frame configuration for the COT. It
is assumed that a central node is in charge of providing the selected frame
configuration for the following FFP to every gNB. The proposed procedure
is as follows: during each IP, each gNB computes its downlink-uplink ra-
tio from the data in the buffer and feedbacks it to the central node. Based
on the inputs from the different gNBs, the central node decides the frame
structure that suits best for the current traffic conditions of all the gNBs. The
decision is signalled to the corresponding gNBs and it is applied during the
next COT. This mode of operation is depicted in Fig. III.2(c). Removing
potential blocking transmissions at the UE side brings benefits in terms of la-
tency performance, however the central node proposes a sub-optimal frame
configuration that might not perfectly fit the traffic requirements of certain
gNBs. Moreover, the complexity of the decision algorithm increases with the
number of nodes.

5 Simulation assumptions and methodology

A set of 12 deployed gNBs is assumed in our industrial indoor scenario.
They are organized in 2 rows of 6 gNBs with a separation of 20 m between
gNBs, which follows the guidelines for indoor-office scenarios defined in [12].
In order to approach a private deployment, single operator conditions are
assumed. 50 UEs are distributed around the scenario and they are con-
nected to the optimal gNB based on the strongest reference signal received
power (RSRP) criteria. A maximum of 5 UEs can be connected to each gNB.
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Table III.1: Simulation assumptions

Parameter Assumption
Layout Indoor mixed office scenario [12]
Channel model NR InH Mixed Office [12]
Duplexing mode dynamic TDD
Bandwidth 20 MHz @ 5 GHz band
Sub-carrier spacing 30 kHz
TTI 14 OFDM symbols
Scheduling metric Proportional fair
HARQ Asynchronous HARQ, incremental redundancy

6 retransmissions at maximum
UEs processing times* PDSCH: 4.5 OFDM symbols [13]

PUSCH: 5.5 OFDM symbols [13]
Link adaptation Outer link loop adaptation: enabled [14]

BLER target: 1 %
Receiver type LMMSE-IRC [15]
MIMO 2× 2 configuration

DL: Rank-2 SU-MIMO
UL: Rank-1 SU-MIMO, receiver diversity

Traffic model FTP Model 3; B = 50 bytes
λT = {25, 50, 125, 250} packets/s/UE

gNBs channel access Cat4 LBT for acquiring COT
Cat2 / Cat1 LBT for reaccesing during COT

UEs channel access Cat2 / Cat1 LBT for sPUCCH
Cat2 LBT for PUSCH

ED threshold −72 dBm
* gNBs processing times are assumed 2 times faster than UEs capabilities

UE re-dropping is performed in case of reaching the maximum number of
connected UEs per gNB. The radio channel propagation model follows the
guidelines for indoor mixed office scenarios defined by 3GPP for NR simula-
tions [12].

Channel access mechanisms are heavily impacted by the scenario inter-
ference and, thus, by the traffic model. In order to measure its impact on the
system performance, a fixed packet size of 50 bytes (B = 50) and a variable
packet arrival rate (λT) are assumed. Four different offered loads are simu-
lated, specifically, 0.5 Mbit/s, 1 Mbit/s, 2.5 Mbit/s and 5 Mbit/s. These traffic
loads correspond to a packet arrival rate of 25, 50, 125 and 250 packets/s/UE,
respectively. The traffic generation follows a ratio of 80 %-20 % for downlink
and uplink packets, respectively.

To establish a fair comparison between LBE and FBE, both schemes sup-
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port the same MCOT duration. An MCOT of 3 ms is assumed. For LBE de-
ployments, nodes perform LBT following the CAPC 2 conditions, which as-
sumes 7 and 15 CCA slots as possible maximum contention window sizes [3].
For FBE, an FFP of 3.5 ms and an IP duration of 0.5 ms is simulated. The re-
maining 3 ms of the FFP are dedicated for transmissions. In both types of
channel access, gNBs act as initiating devices whereas UEs can only transmit
based on COT sharing approach, i.e. they are responding devices. Simula-
tions assume that Cat2 LBT can be avoided under the conditions explained
in Section 3, i.e. Cat1 LBT is allowed. Separate uplink LBT procedures are
needed for sPUCCH and uplink slot resources. A successful LBT before
sPUCCH resources allows UEs to occupy the channel for 4 OFDM symbols,
i.e. the sPUCCH duration. A successful LBT prior to uplink transmissions
allows UEs to continuously access the channel for one or more consecutive
slots. gNBs can initiate the transmissions at OFDM symbols 0 and 7 of each
slot. In case of Cat4 LBT being successful on a different symbol within the
slot, the gNBs remain silent until the next starting symbol. gNBs can also
re-access the channel within the previously acquired COT after a successful
Cat2 LBT or Cat1 LBT if gap condition is met.

Grant-based uplink is chosen as the scheme for uplink transmissions.
Therefore, the scheduling request (SR) procedure is performed before any
physical uplink shared channel (PUSCH) transmission. SR opportunities are
configured to occur in every slot. Each transmission involved in SR proce-
dure is subjected to LBT outcome and TDD constrains. Thus, given a suc-
cessful LBT, SR transmissions are performed in special slots whereas grant
transmissions occur in downlink slots. gNBs processing times for decoding
a scheduling request message and preparing a grant are neglected. To fulfil
occupied channel bandwidth restrictions defined by ETSI [6], the minimum
frequency allocation is an interlace. Each interlace consists of a set of physi-
cal resource blocks (PRBs) equally distant in frequency. Among the multiple
interlace designs specified by 3GPP in [5], a configuration with 5 interlaces
of 10 PRBs each is assumed. Upon the grant reception, UEs process it and
prepare the uplink transmission during a time interval denoted as PUSCH
processing time. For downlink operation, UEs need to decode the data trans-
mitted in the physical downlink share channel (PDSCH) for a interval of time
known as PDSCH processing time. Thereafter, the packet delay statistics are
collected. Processing times at the gNB side are also taken into account. A
summary of the simulation assumptions is included in Table VI.2.

The simulator models with high level of details the majority of the PHY
and MAC layer procedures in line with 3GPP guidelines while operating on
an OFDM symbol-subcarrier resolution. It is capable of, for instance, dy-
namically schedule UEs in the time-frequency domain, use HARQ in case
of decoding failures and perform link adaptation to fulfil a target block er-
ror rate (BLER). Additionally, it includes proven stochastic models for radio
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propagation calibrated against similar models used in 3GPP. To get statis-
tically stable and reliable results, multiple realizations of the scenario with
sufficient samples are simulated. For each realization, the UEs locations are
independently selected over the layout. Results from each realization are
combined afterwards. Simulations times are adjusted based on λT to pro-
vide a constant number of generated packet for each considered traffic load.
1.000.000 packets are generated for every offered load. For better showing the
rare-occurrence events that are evaluated, complementary cumulative distri-
bution functions (CCDF) are used.

6 Performance Results

Firstly, a comparison between the channel access delay of LBE and FBE de-
ployments is established. The channel access delay for FBE deployments
provides a constant delay of 25 µs, i.e. the duration of Cat2 LBT, for every
considered load and at any reliability level. This is due to the fixed struc-
ture defined for FBE deployments. However, frame alignment delay, i.e. the
interval of time between the packet arrival and the next IP, needs to be also
considered. Since the MCOT duration is assumed to be 3 ms, the frame align-
ment can be modelled as a uniform distribution between 0 and 3. Therefore,
in the worst-case scenario, the contribution of channel access and frame align-
ment is 3.025 ms. In contrast, as depicted Fig. III.3, the channel access delay
for LBE deployments shows a different behaviour. It is noted that the time
spent in performing Cat4 LBT is dependant with the considered offered load
and higher than the delay experienced in FBE. One fact worth to mention is
the lower access delay shown at 5 Mbit/s as compared to the rest of the loads
in approximately 80 % of the cases. This seems counter-intuitive since the
higher is the load, the higher is the likelihood of finding the channel busy,
thus, the time performing Cat4 LBT increases. However, faster channel access
is achieved by unplanned coordination of the gNBs. Synchronicity is intro-
duced by the fact that transmissions are deferred until OFDM symbols #0 or
#7 are reached.

The channel access mechanism is one of the contributors to the overall
latency. To measure how much the channel access contributes to the packet
delay, we obtain the percentage of time that gNBs spend accessing the chan-
nel as compared to the overall packet delay. In Fig. III.4 the accumulated
channel access delay and the downlink latency is plotted for 2 sets of offered
loads: 1 Mbit/s and 5 Mbit/s. It is noted that a large portion of the downlink
delay is caused by the LBT. Specifically, for a reliability level of 1− 10−3, the
channel access delay contributes with approximately 54 % and 49 % of the
packet delay for 1 Mbit/s and 5 Mbit/s, respectively. At 1− 10−4, the contri-
bution increases up to 61 % for 1 Mbit/s and keeps constant as compared to
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Fig. III.3: Delay associated with a single Cat4 LBT for LBE deployments.
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Fig. III.4: Overall downlink packet delay and Cat4 LBT channel access delay.
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Fig. III.5: Overall uplink packet delay and Cat4 LBT channel access delay.

previous reliability for 5 Mbit/s.
On the other hand, the uplink packet delay is significantly higher than

the time consumed by the gNBs accessing the channel as noted in Fig. III.5.
The contribution of Cat4 LBT in the uplink latency decays to 15% and 12%
for the considered loads at 1− 10−3. It is noted by comparing the overall
delays depicted in Fig. III.4 and Fig. III.5 that the uplink delay is the main
delay component, highly harming the system performance. The uplink delay
performance is mainly impacted by two contributors: the SR procedure and
the Cat2 LBT. To assess the impact of uplink LBT, the probability of being
blocked by Cat2 LBT in uplink slots is plotted in Fig. III.6. For LBE, the
LBT failure rate increases as the load increases. Two main factors cause this
behaviour. Firstly, the hidden node problem. This problem occurs when
a node, in this case, a UE, is blocked by a neighbour node that was not
previously detected by its serving gNB when performing Cat4 LBT. Secondly,
in some cases, a silent gap between the grant transmission and the actual
uplink transmission gives room for neighbour nodes to access the channel.
If a neighbour gNB gets access to the channel during this gap, UEs can be
potentially blocked. FBE without frame coordination does not suffer from
hidden node problem but, as introduced in Section 4, it shows high Cat2
LBT failure rate, especially at high offered loads, due to uncoordinated frame
selection. FBE with frame coordination avoids these drawbacks and shows
a completely different performance. The coordinated TDD structure makes
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Fig. III.6: Cat2 LBT blocking probability for PUSCH transmissions.

UEs perform the Cat2 LBT simultaneously while the rest of the nodes are
silent, achieving 0 % blocking probability at any considered offered load.

During this analysis, the benefits of a fully coordinated and centralized
deployment have been highlighted. Before concluding, a comparison in the
overall packet delay for both downlink and uplink is presented in Fig. III.7.
It is noted that the delay performance of LBE and FBE without frame coordi-
nation deployments are dependent on the considered load whereas FBE with
frame coordination deployments show approximately the same behaviour
for both loads. As shown in previous figures, LBE suffers from non-constant
channel Cat4 LBT access delay and high Cat2 LBT blocking probability. Alter-
natively, the performance of FBE without frame coordination is still heavily
impacted by high Cat2 LBT blocking probability, especially at high loads. It
is noted that baseline FBE with 1 Mbit/s shows similar performance as FBE
with coordination as the Cat2 LBT blocking probability is quite low (see Fig.
III.6). Comparing the latency achieved by both schemes we can conclude that
FBE with frame coordination outperform the other alternatives. Specifically,
for 1 Mbit/s offered load, a reduction of 52 % and 59 % is achieved by switch-
ing from LBE to FBE with frame coordination at reliability levels of 1− 10−3

and 1− 10−4, respectively. As compared to FBE without frame coordination,
reported benefits are 25 % and 29 % for 1 Mbit/s. For 5 Mbit/s, the delay is
further enhanced as compared to both alternatives, achieving a reduction of
approximately 70 % at 1− 10−3 and 1− 10−4 reliability levels.
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Fig. III.7: Overall packet delay for LBE, FBE without frame coordination and FBE with frame
coordination.

7 Conclusions

In this paper, the two types of channel access defined by ETSI has been
analysed from a latency-reliability perspective. It has been shown that, un-
der the conditions of single-operator scenario and no inter-RAT interfer-
ence, FBE outperforms LBE due to its predefined LBT-transmit-receive struc-
ture. Additionally, it has been verified that the usage of LBE for support-
ing HRLLC/URLLC type of applications is quite restricted since the channel
access delay already surpass some of the latency requirements defined for
industrial automation. Using FBE remarkably reduces channel access delay
at the gNB side but still suffers from high uplink LBT blocking probability
which impacts on the uplink delay performance. To mitigate this effect, a
central-node approach has been proposed. By having a master entity which
decides the frame configuration for the next COT, the uplink LBT success rate
is increased to 100 %. A design with coordination in LBT and frame config-
uration has been shown as the best option from a latency-reliability point of
view. This approach can serve downlink and uplink traffic with an upper-
bound delay lower than 10 ms. A notable delay reduction of 66 % and 30 % is
achieved as compared to LBE and FBE without coordination at low loads at
99.9999 % reliability, respectively. At high loads, the improvement increases
up to 70 % for both cases.
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Part IV

URLLC over unlicensed
spectrum in hostile

environments
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Multi-link techniques for
performance improvement in
hostile environments

The previous studies in Part II and Part III were conducted under controlled
environments conditions. Therefore, scenarios with a single radio access tech-
nology and fully isolated from any other network were assumed. In such
a scenario, the only sources of interference are the transmissions from the
same network, i.e. intra-system interference. This type of interference was
demonstrated to be sufficient to severely impact the channel access delay,
and hence, the URLLC performance. Solutions to strive the performance have
been discussed and analyzed in previous chapters. Especially, coordination
was proved as an enabler for URLLC under the aforementioned conditions.
In this part, we add more complexity to the problem and extend our analysis
to more hostile environments by adding the presence of inter-system inter-
ference in, at least, part of the available unlicensed spectrum. The goal is to
search for mechanisms that ensure stringent latency and reliability in scenar-
ios where the unlicensed bands are partially shared among multiple radio
access technologies.

1 Problem Description

In deployments where single-RAT and single network conditions are en-
sured, i.e. controlled environment conditions, only transmissions from a sin-
gle technology (MulteFire and NR-U in our studies) can affect the system
performance by, for instance, delaying the access to the channel. This as-
sumption is no longer valid in this analysis. Here we assume the presence of
multiple radio access technology utilizing the same frequency bands. These
scenarios are also referred to as uncontrolled or hostile environments. In
this set-up, the channel availability is reduced as the frequencies are shared
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Fig. IV.1: Snapshot of the NR-U packet delay over time in uncontrolled envinroment conditions.
Asynchronous channel access is adopted in both technologies. NR-U carries URLLC traffic
(5 Mbit/s offered load) whereas IEEE 802.11ax carries eMBB.

among multiple RATs. For these studies and due to its widespread usage
Wi-Fi, namely Wi-Fi 6 (IEEE 802.11ax), is the selected radio access technol-
ogy to coexist with an NR-U network. To highlight the addressed problem,
the observed NR-U packet delay versus the time in uncontrolled conditions
is depicted in Fig. IV.1. The picture focuses on the time interval in which
Wi-Fi is actively accessing the channel. Since both technologies share the
same 20 MHz channel, it is noted that the presence of Wi-Fi imposes a clear
degradation on the NR-U packet delay. Even though the Wi-Fi transmissions
are sporadic and therefore only occur during a very limited time interval, it
is enough to limit the supported URLLC QoS.

In the example presented in Fig. IV.1, NR-U and Wi-Fi adopted the asyn-
chronous channel access design. On the other hand, as detailed in Part III,
using the synchronous channel access design in NR-U deployments is the
prefered option for fulfilling stringent latency and reliability requirements.
However, the presence of more than one RAT in the vicinity of the NR-U
deployment might lead to a change in the drawn conclusions. The latency-
reliability performance of NR-U synchronous channel access in controlled
and uncontrolled conditions is shown in Fig. IV.2. The NR-U performance
with the asynchronous channel access is also added for comparison. It is
observed that due to a channel availability reduction, the presence of Wi-
Fi increases the NR-U packet delay for both channel access designs. For the
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Fig. IV.2: CCDF of the NR-U packet delay in controlled and uncontrolled environments. Syn-
chronous/asynchronous channel access and URLLC traffic (with 5 Mbit/s offered load) are as-
sumed for NR-U. Asynchronous channel access and eMMB traffic for IEEE 802.11ax.

asynchronous channel access, three-fold latency degradation is observed. For
the synchronous channel access, it is noted that the presence of Wi-Fi is es-
pecially critical. NR-U experiences a latency degradation by a factor of ∼9.7,
i.e. approximately 3 times larger than the asynchronous case. The reason for
this behaviour is due to differences in the channel access mechanisms among
technologies. NR-U implements the synchronous channel access, in which
the channel is only acquired on specific time intervals. On the other hand,
Wi-Fi adopts the asynchronous approach which allows for channel acquiring
at any time. Thus, Wi-Fi potentially acquires the channel during the NR-U re-
served periods for sensing the channel. Detecting the presence of Wi-Fi forces
NR-U transmissions to be postponed, at least, until the next sensing period.
Consecutive unsuccessful channel access during the sensing period lead to
large channel access delay and, therefore, high packet delays. In summary,
regardless of the adopted channel access strategy for NR-U, a clear degrada-
tion on the latency and reliability performance is observed in the presence
of Wi-Fi. Given the observed behaviour, the research in this part of the the-
sis aims to seek solutions to mitigate the effect of Wi-Fi transmissions on
the NR-U latency and reliability. Specifically, frequency diversity techniques
are investigated as mechanisms to reduce the channel access delay, and in
turn, the observed packet delay. For that, a multi-channel NR-U deployment
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is proposed. It is assumed that, at any time, at least one of the available
NR-U channels is completely free of Wi-Fi interference. This research topic
aligns with the current 3GPP’s views. During the study phase for Rel-17 for
IIoT/URLLC [1], 3GPP agreed on the need for supporting URLLC-u in sce-
narios containing only devices from the same RAT and where unexpected
interference from any other wireless technology happens sporadically.

2 Objectives

The research activities conducted in this part have the following main objec-
tives:

• Analyze the impact, from a latency and reliability perspective, of co-
existing with multiple radio access technologies operating in the same
unlicensed bands.

• Propose frequency diversity techniques to cope with the experienced
performance degradation in uncontrolled environments. The target
is to provide a solution that ensures a latency-reliability performance
comparable with cases with controlled interference conditions. A multi-
channel NR-U deployment with at least one of the channels free of Wi-
Fi interference is assumed.

3 Included Articles

The following articles form the main body of this part of the thesis:

Paper F. Multi-link techniques for New Radio-Unlicensed URLLC in hos-
tile environments

This paper motivates the importance of seeking for solutions to cope with the
presence of inter-RAT interference in a NR-U deployment. It firstly shows
that a clear degradation on the latency-reliability is experienced when Wi-Fi
is actively transmitting. Under these circumstances, the only possibility to
maintain a URLLC QoS in the NR-U network is to use additional frequency
resources that are not occupied by Wi-Fi. In order to execute a transmission
over multiple-channels LBT is required to be successful in each 20 MHz band.
Different multi-link strategies are investigated. The first mechanisms consist
of splitting the users among the 2 available channels. Users are only capa-
ble of receive data in a single 20 MHz channel. In a further proposal, users
can be scheduled on both channels. This resembles the carrier aggregation
framework standardized by 3GPP. In both previously described schemes, a
packet scheduled in a channel cannot be re-scheduled in a different channel.
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Freely rescheduling the packets might be very useful in the sporadic occa-
sions in which Wi-Fi is active. Especially, since it is always assumed that one
of the available channels is free of Wi-Fi interference. Therefore, a multi-link
scheme with flexible channel switching is also analyzed. This can be achieved
by adopting wideband operation or PDCP duplication. All the analyzed pro-
posals are compared against the controlled and uncontrolled 20 MHz baseline
NR-U. Moreover, the importance of LBT synchronization boundary (LSB) is
evaluated for each of the techniques. LSB is a key parameter configuration
in shared RF chain multi-band deployments and defines the amount of time
a channel, with a successful LBT, waits for its adjacent channel to finish the
channel access and execute a multi-band transmission. If the LSB expires,
the node decides not to wait for the channel with on-going Type 1 switch to
single-band transmission.

4 Main Findings

NR-U latency performance degradation in presence of Wi-Fi

The impact of unexpected and sporadic interference in an NR-U deployment
is evaluated by extensive system-level simulations. In the simulated indus-
trial set-up, a latency degradation by a factor of ∼3.2 is observed when NR-U
and Wi-Fi fully overlap their channels in the 5 GHz band. Apart from the
channel availability reduction, it is worth highlighting that both technologies
do not contend the channel with the same conditions. First, there are dif-
ferences in the adopted energy detection (ED) threshold. The ED threshold
defines the maximum allowed interference that a node can sense to declare
the channel as idle. Wi-Fi, since it is the incumbent technology in the 5 GHz
band, it uses −62 dBm. In contrast, NR-U adopts −72 dBm. This difference
makes Wi-Fi less vulnerable to any NR-U transmission, and therefore, it re-
sults in a much faster channel access. In order to highlight the importance
of the ED threshold, in Fig. IV.3 the packet delay of an NR-U deployment
under different ED configurations for Wi-Fi is shown. It can be noted that
when all the nodes in the system use the same ED threshold, the impact of
the Wi-Fi interference is diminished. A decrease in the latency of ∼38 % is
observed with a common ED threshold of −72 dBm. The usage of a common
LBT threshold for any unlicensed technology has been recently agreed for
operation in the 6 GHz band [2]. This ensures a more fair coexistence among
the technologies sharing the same frequency bands. Furthermore, NR-U is
a synchronous technology as therefore it follows a specific time reference.
This might introduce a misalignment between the time the channel access is
finished and the first potential start of the transmission. However, Wi-Fi is
capable of actively using the channel as soon as the channel access is success-
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Fig. IV.3: CCDF of the NR-U observed delay in controlled and uncontrolled environments.
Different ED threshold configurations are assumed for IEEE 802.11ax.

ful. In summary, Wi-Fi is more aggressive in the channel access which makes
the NR-U latency and reliability to be heavily impacted.

Multi-link techniques as a solution to maintain certain URLLC require-
ments

For multi-link techniques with a tight association between packets and sched-
uled channel, it has been shown that choosing a very large LSB is advisable.
These techniques are not able to re-schedule a packet upon a scheduling deci-
sion. Thus, a large LSB gives room for both channels to successfully acquired
the channel in presence of uncontrolled interference. Otherwise, the packets
scheduled in one of the channels are delayed for, at least, the duration of the
transmission in the adjacent channel. This limitation is motivated by the fact,
due to impairments in the gNBs RF chains, simultaneous transmissions and
sensing in the adjacent channel is not possible. Even under this limitation,
the multi-link techniques show better latency-reliability performance as com-
pared to baseline 20 MHz NR-U in uncontrolled conditions. A split of the
offered load into the available channels is the motivation for such improve-
ment. However, it is far from fully mitigating the uncontrolled interference
since the reported delays are approximately 2.3 times higher than the 20 MHz
NR-U controlled case. Frequency diversity techniques with flexible channel
re-selection are presented as a better alternative to overcome the addressed
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problem. It is shown that with such an assumption, it is suitable to choose
the most aggressive LSB configuration. Our priority is on latency, and there-
fore, the optimal strategy is to use the firstly acquired channel and forward
(re-select the channel) the packets initially scheduled in the adjacent channel
to the active band. By the adoption of this technique, a 2x 20 MHz NR-
U deployment exhibits a latency reduction of 83 % as compared to baseline
20 MHz NR-U, under the same levels of uncontrolled interference. Moreover,
thanks to the channel access diversity in the multi-channel deployment, a la-
tency decrease of 34 % with respect to the single-RAT single-carrier NR-U is
obtained. All the observed trends are obtained by comparing latency values
at 99.99 % reliability levels.

5 Key recommendations

The following recommendations are found to be essential to achieve stringent
latency and reliability QoS under hostile environments conditions:

• In scenarios with full frequency overlapping with nearby Wi-Fi devices,
or any other RAT competing for the same channels as the NR-U deploy-
ment, follow the asynchronous channel access guidelines. It provides
better resilience to inter-RAT interference as compared to synchronous
channel access design. However, the achievement of URLLC perfor-
mance in this scenario is practically impossible.

• An effective solution to mitigate the effect of Wi-Fi, while still being able
to fulfill some URLLC requirements, is to seek for frequency bands free
of interference. This can be achieved by carrier aggregation, wideband
operation or PDCP duplication or a combination of those.

• Among the possible alternatives, carrier aggregation - as currently spec-
ified by 3GPP - is limited by the lack of channel re-selection after a
scheduling decision. Therefore, it is recommended to use a technique
that allows for fast channel switching during the scheduling procedure.
Wideband operation and PDCP duplication can accomplish it.

• Among these 2 solutions, wideband operation is the preferred option
due to higher spectral efficiency. PDCP duplication, if no further en-
hancements are applied in the duplication algorithm, might present a
bottleneck in highly loaded scenarios.
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1. Introduction

Abstract

Unlicensed spectrum operation mandates the performance of channel access mecha-
nisms to ensure the absence of transmissions by other unlicensed radio access tech-
nologies. Packets are prone to be impacted by these mechanisms as transmissions
might be delayed. In this paper, we first analyse the impact of unexpected and spo-
radic IEEE 802.11ax interference on a New Radio-Unlicensed (NR-U) deployment
in an industrial environment. Given the need for improvement in such scenarios,
frequency diversity techniques are proposed to fulfil tight latency-reliability require-
ments and combat the impact of 802.11ax interference. A multi-channel NR-U sys-
tem in which, at least, one of the channels is free of IEEE 802.11ax interference is
studied. The paper shows that multi-channel techniques with a lack of flexibility in
the channel selection exhibit modest benefits in scenarios with the presence of spo-
radic interference. A scheme with flexible channel selection is proposed and verified
as the preferred option for stringent latency and reliability applications.

1 Introduction

Wireless communications are considered a key enabler for the feasibility of
the next industrial revolution. The fourth industrial revolution, also known
as Industry 4.0, envisions a shift in the industrial paradigm by relying on
the digitization of the manufacturing process and the supply chain. The In-
dustry 4.0 foundations are based on a powerful connectivity infrastructure
capable of supporting, among others, tasks requiring very tight latency at
extreme availability/reliability levels. For instance, motion control applica-
tions demand latencies lower than 2 ms with an availability of 99.999 % or
higher [1, 2]. The latest cellular technology standard, the 5G-New Radio (5G-
NR), emerges as a candidate to provide a suitable platform to enable Industry
4.0. 5G-NR is designed to support a wide range of service classes: enhanced
mobile broadband (eMBB), massive machine-type communications (mMTC)
and ultra-reliable and low-latency communications (URLLC) [3]. The latter
covers the most demanding use-cases in the context of Industry 4.0, since it
aims the support of mission-critical communications with stringent latency-
reliability requirements.

The 3rd Generation Partnership Project (3GPP), during the development
of the 5G-NR specifications, ensured the applicability of the standard to un-
licensed spectrum. New Radio-Unlicensed (NR-U) is the 5G-NR solution
for unlicensed spectrum [4]. Unlicensed frequency bands are globally avail-
able and deployments are simpler and with reduced cost as compared to
licensed spectrum alternatives. Therefore, unlicensed spectrum is consid-
ered as an attractive asset for industrial verticals. Especially interesting is
the standalone mode, in which transmissions are solely carried over the unli-
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censed bands without the need of an anchor carrier in the licensed spectrum.
On the other hand, due to its open-access nature, unlicensed spectrum op-
eration also presents some challenges. In order to ensure a fair spectrum
usage, nodes sharing the unlicensed bands must follow strict regulations.
In that sense, spectrum regulators provide technology-agnostic guidelines to
govern the frequency usage. For example, they restrict the maximum al-
lowed transmit power and power spectral density. Certain regulators also
provide a common framework for the channel access. The channel access
guidelines avoid simultaneous transmissions from multiple nodes and limit
the duration a node can continuously occupy the channel. Adopting these
guidelines implies that the channel availability is reduced as compared to li-
censed spectrum operation. Therefore the support of URLLC in unlicensed
spectrum (URLLC-u) becomes more challenging. Several contributions in
the open literature address this topic under single radio access technology
(RAT) conditions. Increasing the channel access probability using time di-
versity techniques is analyzed in [5]. Authors in [6] propose a multi-channel
access scheme that, with support on licensed bands, helps in reducing the
periods without access to the unlicensed channels. Coordination is exploited
in [7] where an NR-U deployment, synchronized in the channel access and
the frame selection domains, is shown to reduce the impact of the channel
access on the latency.

In this paper, our focus is on achieving URLLC-u requirements in un-
controlled environments. Uncontrolled environments, also referred as hos-
tile environments, define scenarios containing devices from a single-RAT in
which unexpected interference from any other RAT happens sporadically.
The goal is to evaluate the latency impact of sporadic interference, generated
from a wireless local area network (WLAN) following the IEEE 802.11ax stan-
dard [8], on an indoor factory NR-U deployment. Frequency diversity tech-
niques are explored as candidates to mitigate the performance degradation
due to the presence of unexpected and sporadic interference. For this pur-
pose, a multi-channel NR-U in which at least one of the available channels is
free of WLAN interference is assumed. The performance of each mechanism
is evaluated, from a latency-reliability perspective, by extensive system-level
simulations. The remainder of the paper is structured as follows: Section 2
presents the system model. Section 3 includes a description of 5 GHz channel
access mechanisms with focus on multi-band channel access, while Section
4 describes the different mechanisms foreseen as candidates for combating
the sporadic WLAN interference. Simulation assumptions and simulation re-
sults are found in Sections 5 and 6, respectively. Final remarks are drawn in
Section 7.
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2 System model

The system model is defined as an indoor factory plant with NR-U and IEEE
802.11ax networks deployed in the 5 GHz band. The NR-U deployment is
composed of M next-generation nodes-B (gNBs) and K user equipments
(UEs). Nodes are capable of simultaneously transmitting over n adjacent
carriers, each with 20 MHz channel bandwidth. The network is assumed to
support URLLC-like traffic. The packet generation follows a Poisson dis-
tribution with an average arrival rate of λNRU . Downlink-only traffic with
a packet size of BNRU bytes is assumed. In the uplink, control informa-
tion such as hybrid automatic request repeat (HARQ) messages are sent by
UEs in response to previously received downlink packets. A 7-OFDM sym-
bols transmission time interval (TTI) in a dynamic time domain duplexing
(dynamic-TDD) system is assumed. Within the factory premises, a WLAN
is deployed. The WLAN consists of a single access point (AP) and a sin-
gle station (STA) deployed over a bandwidth of 20 MHz which overlaps with
one of the NR-U channels. This ensures that at least one NR-U channel is
free of WLAN interference. As in the NR-U deployment, WLAN sporad-
ically generates downlink-only packets according to a Poisson distribution
with an average arrival rate of λ11ax. The occassional WLAN packet genera-
tion is ensured by reducing the packet arrival rate with respect to NR-U, i.e.
λ11ax � λNRU . eMBB traffic with a payload size of Bax bytes is assumed,
where Bax = 1000 · BNRU . Nodes from both RATs operate in compliance with
the 5 GHz spectrum regulations.

3 Channel access mechanisms

Any 3GPP-based technology operating in the unlicensed spectrum acts ac-
cording to the European Telecommunications Standards Institute (ETSI) guide-
lines [9]. For the 5 GHz band, ETSI mandates each node to perform a channel
access assessment prior to any transmission. The channel access procedures,
performed over a fixed bandwidth of 20 MHz, are based on the listen-before-
talk (LBT) mechanism. LBT consists of an interference measurement and
posterior comparison against a predefined energy detection (ED) threshold.
If the received interference level is higher than the threshold, the node de-
clares the channel as busy. LBT is performed in periods of 9 µs denoted as
clear channel assessment (CCA) slots. Nodes acquiring the channel for trans-
mission must 1) sense the channel for a defer duration and 2) complete a
back-off procedure where the channel sensing is performed during, at least,
a random number of CCA slots obtained from a uniform distribution. This
is denoted as Type 1 LBT in NR-U [10] and distributed coordination func-
tion (DCF) in IEEE 802.11 [8] and it is usually performed by gNBs and APs,
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Fig. IV.1: Multi-band LBT options: (a) Type A LBT, (b) Type B LBT with channel #1 as primary
and (c) Type A LBT with self-deferal.

respectively. Once the procedure is successful, the node can occupy the chan-
nel for a maximum duration known as maximum channel occupancy time
(MCOT). During this period, responding devices, typically UEs and STAs,
can use the previously gNB/AP-acquired COT and access the channel. In
NR-U, UEs perform an LBT with a fixed sensing duration of 25 µs, i.e. Type
2A LBT according to 3GPP. Optionally, under conditions where the gap be-
tween the last DL transmission and the next UL transmission is shorter than
16 µs, the performance of this LBT is avoided, i.e. Type 2C LBT according
to 3GPP. During the COT, gNBs can also re-access the channel by a success-
ful Type 2A LBT. In 802.11 deployments, STA transmissions avoid the LBT
performance as uplink transmissions start within the 16 µs gap.

3.1 Multi-band Listen Before Talk

In case of simultaneous transmissions over multiple channels, nodes must
perform independent channel access procedures over bands of 20 MHz. Suc-
cessful LBT in each channel is required before any multi-band transmis-
sion [9]. 3GPP, following the ETSI guidelines, defines different channel access
procedures for transmission over multiple channels [10]. As depicted in Fig.
IV.1, nodes shall assess the channel availability by employing Type A or Type
B channel access. In Type A, independent Type 1 LBT procedures are per-
formed on each channel. In Type B, gNBs access the channel with Type 1 LBT
over a selected channel, denoted as the primary channel, and, before starting
the transmission, they additionally perform Type 2A LBT over the rest of the
available channels. The primary channel is selected either randomly or arbi-
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trarily. In the latter case, the primary channel selection must not be changed
more than once per second. The reduced flexibility on the primary channel
selection impacts negatively the system performance in presence of sporadic
interference on the channel. In such a case, transmissions on the rest of the
channels are postponed until a successful Type 1 LBT on the primary channel
is obtained. If the primary channel is selected randomly, although a new pri-
mary channel can be selected for each multi-band transmission, similar draw-
back is observed. Therefore, for our URLLC analysis, Type A channel access
is assumed. It is also assumed that, due to RF practical impairments, a gNB
cannot perform LBT in one of the channels while transmitting on another.
When adopting Type A LBT, a solution to perform multi-band transmisisons
is to use self-deferral mode [11] in the channels with a successful Type 1
LBT as depicted in Fig. IV.1(c). In such an implementation, gNBs defer their
transmission waiting for the rest of the channels to finish their respective
Type 1 LBT and, hence, align their transmissions. Nonetheless, waiting for
all the active LBT procedures to finish might become unfavourable especially
when stringent latency-reliability requirements are targeted. The time spent
by a channel waiting for the adjacent channel to declare the medium as idle
and start the multi-band transmission is denoted as channel alignment delay.
Limiting the self-deferral waiting time, also known as LBT synchronization
boundary (LSB), has been studied in [12]. Authors propose an algorithm for
LSB adaptation which maximizes the number of active channels, and hence,
the network throughput. In our study, the target is to reduce the packet delay
and different LSB values are evaluated and results are shown in Section 6.

4 Multi-link techniques

Multi-link techniques are typically designed to fulfil one of the following
purposes: a) boost the system throughput by increasing the available trans-
mission bandwidth or b) improve the reliability of a packet decoding at the
receiver side by exploiting diversity. Carrier aggregation and wideband op-
eration are classified into the first group, whereas, packet data convergence
protocol (PDCP) duplication is in the second group. These features were de-
signed for licensed spectrum deployments and our proposal is to apply them,
from a different perspective, to unlicensed spectrum operation. Particularly,
we aim to use the multi-link techniques to increase the LBT success probabil-
ity which, in the presence of unexpected and sporadic WLAN interference,
can facilitate the maintenance of a certain level of latency and reliability. A
description of each technique is summarized here:

• Carrier aggregation (CA): a device with CA capabilities can simultane-
ously connect to a primary component carrier (PCC) and one or more

157



Paper F.

Table IV.1: Multi-link techniques comparison in presence of sporadic inter-rat interference

Multi-link technique Capacity Latency and reliability

Carrier aggregation + −
Wideband operation + +

PDCP duplication − +

secondary component carriers (SCC). Each component carrier (CC) cor-
responds to a 20 MHz channel and CA allows simultaneous transmis-
sion/reception across the CCs. The logic resides in the MAC layer,
which is responsible for scheduling data across the CCs. According to
current specifications, once data is scheduled for transmission in a CC,
redirection to another carrier is not possible.

• Wideband operation (WB): a device with WB capabilities is able to
connect to a cell whose bandwidth is larger than 20 MHz and therefore
spans over multiple channels. As compared to CA, WB is fully flexible
in the scheduling as there is no tight association between transmissions
and selected channel. Hence, a packet scheduled in one channel can
be re-scheduled in another channel. As a drawback, and according to
existing specifications, WB only works over contiguous bands.

• PDCP duplication: it consists of systematically transmitting replicas
of the same data across multiple wireless links to increase the packet
decoding success probability [13].The performance of PDCP duplica-
tion is sensitive to the duplication criteria and the network load. Blind
duplication in highly loaded scenarios might turn into a performance
degradation due to lack of resources and low spectral efficiency [14].

A summary of the capabilities of each of the aforementioned techniques in
hostile environments according to supported capacity and latency-reliability
is shown in Table IV.1. For stringent latency and reliability requirements, CA
is expected to show limited performance due to the lack of capabilities for
channel re-selection. WB offers the possibility of flexible channel re-selection
and therefore it exhibits better latency-reliability performance than CA. By
adopting PDCP duplication, the available channels are fully utilized, achiev-
ing similar latency-reliability performance as WB operation. However, due to
its lower spectral efficiency, a penalty in the performance is expected from a
capacity perspective.
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Fig. IV.2: Simulated indoor factory layout [15].

5 Simulation assumptions and methodology

As shown in Fig. IV.2, the NR-U network consists of 12 ceiling-mounted
gNBs with an inter-site distance (ISD) of 20 m. 60 UEs are uniformly dis-
tributed around the layout. 2 x 20 MHz adjacent channels in the unlicensed
band are available for transmissions. UEs select the serving gNB based on
the strongest reference signal received power (RSRP) criteria. Load balancing
in the scenario is achieved by limiting the number of connected UEs per gNB
to 5. The 802.11ax deployment contains a single AP, located in the centre
of the layout, and a single STA, uniformly distributed around the scenario.
A 20 MHz channel, overlapping with one of the NR-U channels, is available
for 802.11ax transmissions. The rest of the assumptions of the simulation are
found in Table VI.2. The assumptions are used as the input to our highly-
detailed system-level simulator. The simulator is capable of modelling, with
OFDM-subcarrier resolution, the majority of the PHY and MAC layer proce-
dures involved in a communication and it is developed in line with the 3GPP
and IEEE guidelines. Moreover, it also includes detailed modelling of the
unlicensed-specific mechanisms. Interference created by NR-U and 802.11ax
transmissions are jointly used in the decoding process and LBT procedures
of both technologies. To mimic a realistic industrial deployment, the recently
agreed indoor factory channel model is assumed [15]. The methodology con-
sists of the execution of Monte-Carlo simulations. Multiple realizations are
simulated and combined afterwards. Sufficient samples are collected in order
to extract conclusions on high percentiles, e.g. 99.99 percentile, with enough
confidence. For better readability of the statistics at very high percentiles,
complementary cumulative distribution functions (CCDF) are used.
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Table IV.2: Simulation assumptions

Parameter NR-U IEEE 802.11ax
Layout Indoor office [15]
Channel model 3D geometry-based stochastic
Propagation model Indoor factory (InF) [15]
gNB (AP) to UE (STA) InF-SH
gNB (AP) to gNB (AP) InF-HH
UE (STA) to UE (STA) InF-SL
Carrier frequency 5.19 GHz and 5.21 GHz 5.19 GHz
Available bandwidth 2 x 20 MHz 20 MHz
Sub-carrier spacing 30 kHz 312.5 kHz
TTI 7 OFDM symbols -
Duplexing mode dynamic TDD TDD
Transmit power
gNB/ AP SC: 23 dBm SC: 23 dBm

CA/ WB: 20 dBm -
UE/ STA 18 dBm 18 dBm
MIMO 2× 2 configuration
Receiver type LMMSE-IRC [16]
Traffic model FTP Model 3
Packet size 50 B 500 kB
UEs processing times* 4.5 OFDM symbols [17] -
Max. HARQ reTx 2 -
Link adaptation Outer link loop adaptation [18]
BLER target 1 % 5 %
Channel access
gNB/ AP Type 1 LBT
Priority class [10] 2 3
UE/ STA Type 2A/ 2C LBT Type 2C LBT
ED threshold −72 dBm −62 dBm
* gNBs processing times are assumed 2 times faster
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6 Performance Results

6.1 Single carrier

First, the performance analysis of a single carrier (SC) deployment is con-
ducted. In this scenario, the NR-U and 802.11ax frequency bands are fully
overlapped. The goal of the analysis is to provide a reference for the latency-
reliability performance of NR-U in a hostile environment with no interference-
free channel. The latency-reliability comparison of NR-U SC under controlled
and uncontrolled conditions is shown in Fig. IV.3. It is noted a clear degra-
dation of the NR-U performance is observed when 802.11ax coexists over the
same 20 MHz band. Specifically, an increase in the experienced latency by a
factor of ∼3.2 is experienced at 99.99 % reliability. This performance degra-
dation is due to the presence of uncontrollable inter-RAT interference, which
causes a significant increase in the channel access delay. Moreover, the fact
that 802.11ax uses a more aggressive ED threshold as compared to NR-U,
allows 802.11ax to acquire the channel faster than NR-U as it is less sensitive
to interference. Additionally, 802.11ax channel acquisition is not bounded
by the slot-based PHY design of NR. In NR-U, transmissions can only start
on specific time instances whereas 802.11ax can use the channel immediately
after successful channel access. Fig. IV.3 motivates the need for mechanisms
to overcome the delay degradation.

6.2 Multi-channel: single-carrier per UE

The first multi-channel approach consists of evenly distribute the UEs among
the 2 available 20 MHz channels. Consequently, the network load is split
among the channels. UEs do not support multi-carrier capabilities and there-
fore are assigned and served from a single carrier. On the other hand, gNBs
support multi-link transmissions over 40 MHz. This type of transmissions
occurs in cases when, at least, 2 UEs from different carriers are simultane-
ously scheduled. The combined latency performance between the available
channels under different LSB values is shown in Fig. IV.4. The performance
of NR-U SC with and without the 802.11ax presence are also included as
reference. Observing the figure, the main conclusion is that the experienced
packet delay is increased by reducing the LSB. The highest latency is achieved
with LSB set to 0. In fact, at 99.99 % reliability, a latency reduction of ∼25 %
is achieved with the most relaxed LSB value as compared to NR-U SC in
hostile conditions. On the other hand, choosing an aggressive LSB expe-
riences a penalty of ∼43 % in the packet delay. To explain this behaviour,
the observed packet delay per channel is depicted in Fig. IV.5. For a given
LSB, differences in the performance among the channels are observed due
to the asymmetry in the interference conditions. Starting from the perfor-
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Fig. IV.3: Single carrier. Observed packet delay, for an offered load of 5 Mbit/s, of an NR-U
deployment with and without the presence of IEEE 802.11ax.

mance in channel 1 (CH-1), it is noted that a performance gain (∼34 % in
latency) is obtained when an aggressive channel access is adopted. CH-1 is
the free-of-11ax-interference band and therefore it is likely that transmissions
are postponed waiting for CH-0 to successfully finish LBT. Thus, choosing a
lower LSB provides latency reduction to the CH-1 as packets are transmitted
faster. When LSB expires, the gNB transmits in single-band mode. In such
a case, while CH-1 is active, CH-0 transmissions are blocked since RF limita-
tions prevents the gNB to finish LBT in the inactive channel. Consequently,
CH-0 packets delays are significantly degraded. Hence, for single-carrier UE
scenarios, a high LSB configuration is seen as beneficial. The experienced
gain of this scheme as compared to NR-U SC in hostile environments (see
Fig. IV.4) is mainly due to the packets scheduled in CH-1. However, the ef-
fect of the sporadic inter-RAT interference is still present for those UEs served
in CH-0. In fact, the experienced delay in the 99.99 percentile is ∼2.36 times
higher than in a NR-U SC controlled deployment.

6.3 Multi-channel: carrier aggregation

In this case, it is assumed that UEs have CA capabilities. Thus, each UE can be
scheduled in any of the available 20 MHz channels (PCC and SCC). Given the
freedom on the channel selection, the gNBs are able to adapt the scheduling
decision based on a specific metric. In our study, the adopted criteria are
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Fig. IV.4: Multi-channel: single-carrier per UE. Observed packet delay for 5 Mbit/s offered load
and different LSB values.
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Fig. IV.6: Multi-channel: carrier aggregation vs single-carrier per UE. Observed packet delay
comparison at 1 Mbit/s and 5 Mbit/s offered load.

based on the channel occupancy conditions. Therefore, if a gNB has an on-
going COT on one of the channels, any new packet is scheduled on that CC.
If both CCs have an active COT or both CCs are idle, new packets are always
scheduled in PCC. Within a serving gNB, UEs are split in the selected PCC
to ensure load balancing. The CA latency-reliability performance as well as
the SC per UE performance is shown in Fig. IV.6. Adopting CA under the
current standard specifications limits the possibility of packet re-scheduling
to different channels. Therefore, CA shows similar behaviour as SC per UE
with respect to the LSB values and only the most relaxed LSB configuration is
shown here. As compared with SC per UE, a modest packet delay reduction
is achieved in cases where 802.11ax is not active (see zoomed part of the
CCDF in Fig. IV.6). This behaviour is motivated by the avoidance of Type 1
LBT in cases there is an on-going COT in only one of the CCs. The benefit
is more noticeable in the 1 Mbit/s curve since the probability of having a
single active COT is higher. However, in cases where 802.11ax is present in
the channel, i.e. in the tail of the CCDF, the latency performance is slightly
degraded as compared to the SC per UE case (∼5 % latency penalty in both
offered loads). This corresponds to 2x 20 MHz transmissions that are delayed
by i) 802.11ax interference and ii) alternate NR-U single-band transmissions.
The second source of delay is the difference between CA and SC per UE. The
possibility of freely scheduling in any CC increases the number of single-
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band transmissions which, in turn, impact the channel access delay for multi-
band transmissions (in which a successful LBT in both channels is required).
Thus, from a URLLC perspective, adopting CA does not bring any latency-
reliability advantage.

6.4 Multi-channel: flexible transmissions

Based on the previous observations, it is concluded that the lack of flexibility
in the selected channel upon a scheduling decision is limiting the perfor-
mance of SC per UE and CA. A packet scheduled on a channel is tight to
that decision and re-scheduling it to a different set of frequencies (potentially
free of 802.11ax interference) is not possible. To improve this, we analyze
here a multi-channel technique which allows for fast packet re-scheduling
between the channels. With the proposed scheme, a packet is duplicated
and simultaneously scheduled for transmission on multiple channels. Not
transmitted replicas are cancelled when the packet is successfully received
at the UE side. While being practically unfeasible, this represents an upper
bound of the performance that can be achieved with flexible (re)transmission
schemes such as WB operation, PDCP duplication with ideal cancelation and
enhanced CA (with cross-channel transmissions capabilities). The latency-
reliability performance of the proposal is shown in Fig. IV.7. It is noted
that having full flexibility in the scheduling decision provides better latency
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performance with aggressive LSB configurations. In other words, due to flex-
ible (re)transmission, it is recommended to prioritise faster channel access
rather than multi-band transmissions. Setting the LSB to a very high value
corresponds to blind packet duplication and it shows benefits as compared
to the baseline SC in uncontrolled environment conditions. This is due to
i) packet replicas increase the decoding success probability at the UE side
and ii) gNBs benefit from channel access diversity during the COT. A suc-
cessful Type 2A LBT in one of the channel is enough to transmit the packet.
In SC, transmissions during the COT are subjected to the LBT outcome of a
single channel. However, packets transmitted after Type 1 LBT are still im-
pacted by the inter-RAT interference in one of the channels. To effectively
mitigate the impact of 802.11ax interference, an aggressive LSB configuration
is recommended. In fact, the achievable latency is improved by ∼46 % in the
99.99 percentile as compared to the experienced in controlled environment
deployments. The reported gain is caused by channel access diversity. Nodes
in the multi-band scenario attempt Type 1 LBT in both channels and only use
the fastest for transmissions. Indirectly, this also achieves a split of the carried
traffic among the channels that helps to reduce the channel access delay.

7 Conclusions

The paper presents a comprehensive analysis of different multi-link schemes
to mitigate the effect of uncontrolled interference on the latency-reliability
performance for NR-U deployments. It is shown that techniques with flexi-
ble channel (re)selection are the preferred solution to combat the inter-RAT
interference. Diversity in the channel access brings the possibility of choosing
the less interfered channel for transmissions. On the other hand, techniques
with static channel selection are found to not cope well with uncontrolled
interference. Packets scheduled on a channel with inter-RAT interference
are highly delayed due to reduced channel availability. The importance of
a proper LSB configuration is also highlighted. It is outlined that low LSB
values report better latency-reliability as they increase the probability of per-
forming multi-band transmissions.
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Conclusions

The PhD dissertation proposes and analyzes radio solutions for enabling the
support of ultra-reliable and low-latency communications (URLLC) in the un-
licensed spectrum, specifically on the 5 GHz band. The focus is on 3rd Gener-
ation Partnership Project (3GPP)-based technologies. The study conducts an
assessment of the effect of the unlicensed spectrum regulations on the latency
and reliability. The mandatory channel access mechanisms are identified as
the main bottleneck that hinders the achievement of URLLC in unlicensed
spectrum, even in single-operator deployments with no inter-system interfer-
ence. Therefore, minimizing the impact of channel access on the latency and
reliability is the goal of the research. Multiple radio resource management
solutions and channel access optimizations are derived and analyzed to en-
hance the latency performance. The main contribution of the thesis is that,
under specific conditions and design optimizations, the negative impact of
mandatory co-existence mechanisms such as listen-before-talk (LBT) can be
fully, or at least largely, mitigated. This allows New Radio Unlicensed (NR-
U) to achieve promising latency-reliability performance, comparable to the
obtained in a 5G New Radio (NR) licensed deployment with time division
duplex (TDD). The work motivates the usage of the unlicensed spectrum as
a real alternative to licensed-spectrum based solutions for fulfilling URLLC
requirements in indoor deployments.

1 Summary of the main findings

A summary of the conducted research activities is found below. As part of
the summary, the initial research questions of the PhD are re-formulated and
answered.

[Q1] What is the impact of spectrum regulations on the unlicensed cellular la-
tency and reliability performance?

The foundations of our research are built by analyzing the state-of-the-art
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performance of MulteFire, the only available technology capable of operating
exclusively using unlicensed bands by the start of the PhD. Probability-based
analysis and system-level simulations indicate that a significant part of the
downlink (DL) delay experienced over the radio interface (between 18 % to
42 %) is due to the LBT procedure performed at the base stations (BSs). The
thesis also highlights the importance of a high success rate in the uplink (UL)
channel access. A failure in the user equipments (UEs) channel access trig-
gers i) potentially unnecessary DL retransmissions if a control transmission is
blocked or ii) the need of a new grant after not successfully use the dedicated
resources after a successful scheduling request (SR). Based on these results,
several technology components were applied for unlicensed operation and
studied from a latency and reliability perspective.

[Q2] Which technology components, initially designed for URLLC in licensed
spectrum, are suitable for unlicensed operation?

Fundamental design features from NR were integrated into our system
model. It represents the transition between MulteFire and NR-U. An en-
hanced latency and reliability performance is achieved by reducing key com-
ponents of the overall packet delay. Optimizations of the subcarrier spacing,
the UEs and BSs processing times, and the transmission time interval (TTI)
durations for URLLC purposes are adopted. It is shown that these enhance-
ments provide additional benefits as compared to licensed spectrum. As an
example, the fact that the TTI size is reduced indirectly influence the chan-
nel access outcome. Nodes occupy the channel for shorter durations which
makes the channel access faster and more reliable. For instance, the outcome
of our study is that a ∼18 % reduction in the UL LBT failure rate is achieved
by simply shorten the TTI from 14 to 7 orthogonal frequency-division mul-
tiplexing (OFDM) symbols. Spectrum regulators only allow for continuous
usage of the frequency bands for a certain time interval denoted as channel
occupancy time (COT). Thus, in order to favour an efficient utilization of the
resources, multiple transitions between DL and UL within a COT are intro-
duced. Together with the fast processing times, the multiple transitions allow
for faster hybrid automatic repeat request (HARQ) feedback and reduced
queuing delay. The combination of these optimizations leads to a latency
decrease of ∼82 % with respect to the delay experienced in MulteFire.

[Q3] How to mitigate the performance impact of the channel access by means of
radio resource management (RRM) techniques?

• Time diversity techniques for UL transmissions: In order to mitigate
the impact of channel access on UL transmissions, time diversity tech-
niques are proposed. For UL control transmissions, the BSs are aware

172



1. Summary of the main findings

of potential LBT blockings at the UE side, and therefore, they indicate
M additional resources for the transmission of the HARQ feedback in
the DL assignment. As compared to the baseline operation, it reduces
the number of unnecessary DL retransmissions triggered due to UL
LBT failure. This introduces the following advantages: i) it decreases
the channel activity and therefore improves the channel access delay of
the neighbour nodes and ii) it reduces the experienced queuing delay
as new data transmissions are scheduled faster. These benefits are di-
rectly reflected in the latency and reliability performance, showing up
to 59 % latency reduction at the 99.99 percentile. The avoidance of UL
LBT, under given spectrum regulations conditions, is also analyzed. A
reduction in the UL LBT failure rate is achieved especially in medium-
high load scenarios (e.g. ∼14.2 % for 5 Mbit/s offered load). This also
brings latency and reliability improvement.

For UL data transmissions, a pre-emptive grant-based scheduling is
proposed. The technique consists of signalling the UEs with K occasions
for the UL transmissions with a single grant. Thus, the need for several
grants due to UL LBT failure is reduced. Our performance analysis
concludes that in cases with high LBT failure probability, the proposed
scheme can decrease the observed latency up to 23 % with respect to
baseline grant-based UL.

• Grant-free UL: For UL data transmissions, grant-free (GF) is proposed
as an alternative to grant-based (GB). Using GF avoids the time-consuming
message exchange involved in the SR procedure. Moreover, when ap-
plied to unlicensed spectrum, additional benefits are reported as GF re-
duces the number of required channel access before the UL data trans-
missions. Monte-Carlo system-level simulations show that the adoption
of GF reports latency benefits in low and medium offered load. How-
ever, in high-load cases, the fact that multiple UEs simultaneously use
the same time-frequency resources, i.e. collisions, implies a penalty in
the latency as compared to GB.

[Q4]: How to efficiently deploy a NR-U network to cope with the reduced channel
availability?

Uncoordinated channel access brings large latency penalties as nodes,
even from the same network, mutually interfere. In order to provide bet-
ter channel access latency, coordination schemes are introduced. The first
approach is to use a synchronous channel access approach for the initiating
devices (typically BS). Nodes follow a common and periodic structure that
dictates the time instances for channel assessment and channel occupancy.
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This ensures success in the LBT prior to the COT start with bounded delay.
However, if no further coordination between nodes is established, our study
shows that UEs can still experience failures in the UL LBT. Our proposal is to
introduce a coordinated TDD frame selection that guarantees simultaneous
UL transmissions in the network. Consequently, the LBT sensing intervals
before the UL slots – or mini-slots – are also synchronized for every UE. A
central node that dynamically coordinates the frame selection among the BSs
is required. This approach is shown to report significant latency reductions
(up to ∼70 %) as compared to uncoordinated and BSs-only coordinated chan-
nel access approaches. An alternative to this proposal consists of configuring
nodes with a silent gap pattern. Nodes following this mechanism periodi-
cally stop their transmission for the duration of the UL LBT. The silent gap
coordination allows for optimal TDD frame selection in each BS, i.e. no TDD
coordination is needed. This is a key aspect, especially in scenarios with very
diverse traffic requirements, in which TDD coordination might introduce ad-
ditional frame alignment delay. Moreover it supports multiple DL/UL tran-
sitions withing the COT. Our system-level simulations analysis report that
full mitigation of the DL and UL LBT failure rate is achieved with a period-
icity equal to the TTI duration. This brings a latency reduction by a factor of
∼3 at the 99.99 percentile as compared to baseline operation. As a drawback,
especially in scenarios with a very periodic silencing pattern and short TTI
size, a non-negligible reduction of the spectral efficiency is introduced due to
frequent silent gaps.

[Q5]: How to achieve URLLC requirements in a scenario with multiple RATs
share part of the available spectrum?

Although coordination is an interesting and efficient solution to mitigate
the impact of the channel access mechanisms on latency and reliability, their
benefits are limited to single-network scenarios. In hostile environments, i.e.
scenarios with devices from multiple radio access technologies (RATs) shar-
ing the same unlicensed bands, any coordination approach is affected due to
the lack of inter-system cooperation. For instance, the packet delay perfor-
mance of an NR-U deployment with synchronous channel access is shown to
degrade by a factor ∼10 when co-existing with Wi-Fi, as compared to when
NR-U is benchmarked in controlled environments, i.e. single-RAT conditions.
As a solution to the observed problem, multi-channel techniques are pro-
posed and studied. In hostile conditions, these techniques can provide benefit
only under the assumption that unpredictable inter-RAT interference is tem-
porarily observed only on a part of the available spectrum. In other words,
at any time, there should always be at least a part of the available spectrum
which is free from any unexpected and uncontrolled interference. In such
deployments, multi-channel techniques without flexibility in the channel res-
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election, e.g. carrier aggregation as currently defined by 3GPP, are identified
as impractical for ensuring a certain URLLC quality-of-service (QoS). The
need for mechanisms that allow for flexible reselection of the channel is em-
phasized by our system-level simulations analysis. These type of frequency
diversity techniques are capable of mitigating the effect of the unexpected
and uncontrolled interference, providing a URLLC performance comparable
to the observed on a single-channel NR-U deployment in controlled envi-
ronments. At the same time, these solutions show better spectral efficiency
than blind duplication techniques (i.e. better trade-off between capacity and
latency-reliability).

2 Recommendations

Based on the acquired knowledge during the PhD, the following recommen-
dations are advisable to be followed:

• A non-negligable latency degradation is expected due to compliance
with channel access mechanisms based on LBT. Optimizations in the
deployment are needed in order to support strigent latency and relia-
bility requirements.

• The adoption of baseline NR URLLC enablers such as higher subcarrier
spacing, fast processing times and mini-slot scheduling are of pivotal
importance, even larger than in licensed spectrum, as the channel access
delay and success rate are also improved.

• The performance of any type of LBT adds uncertainty to the transmis-
sion. Therefore, techniques to reduce the potential number of channel
access are advisable. The recommendation is to adopt time-diversity
techniques for UL grant-based data and control transmissions. This is
especially useful in scenarios with a high UL LBT failure rate. As an
alternative for data UL transmissions, GF should be also considered in
scenarios supporting a low-to-medium load.

• For deployments with a single NR-U network and no incumbent in-
terference, it is recommended to adopt coordination schemes such as
synchronized channel access + TDD coordination or silent-gap coordi-
nation.

• In more hostile environments, where the presence of sporadic inter-
system interference cannot be avoided, frequency diversity techniques
should be adopted. Using multiple channels in the deployments in-
crease the resilience against potential inter-RAT interference. Among
the currently available solutions, wideband operation and packet data
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convergence protocol (PDCP) duplication are the suggested solutions.
They are preferred over carrier aggregation. Currently standardized
carrier aggregation lacks the support of channel access reselection.

3 Future Work

The following research topics are considered as potential directions for the
future work:

• Enhancements of RRM techniques: Optimization of mechanisms such
as link adaptation (LA) and power control (PC) are expected to im-
prove the URLLC performance. LA decides the proper modulation and
coding scheme (MCS) based on the channel quality indicator (CQI) re-
ported by the UEs. The risk of LBT failure in the CQI transmission
hinders the LA functionality, potentially selecting an inaccurate MCS.
This results in a performance degradation by either decreasing the re-
liability, if too optimistic channel quality estimation, or increasing the
queuing delay, if too pessimistic channel quality estimation. PC mech-
anisms and their influence on the LBT outcome is also an interesting
reach topic.

• Channel access schemes optimization for URLLC: As part of the en-
hancements for the synchonous channel access, addding the support of
lower periodicities is expected to bring additional benefits. Moreover,
allowing the UEs to acts as initiating devices can efficiently accommo-
date stringent latency requirements of UL traffic (in combination with
GF). This topic is currently being addressed in 3GPP as part of Release
17. As more creative approach, the design of channel access mecanism
not based on LBT but based on, for instance, duty cycles is considered
as relevant.

• Explore frequency-division duplexing mode: One of the aspects lim-
itings the latency capabilities of NR-U in the 5 GHz is the adoption of
TDD. Due to lack of enough frequency separation frequency division
duplex (FDD) is not possible. FDD operation opens new research ques-
tions and, at the same time, it will position NR-U as a candidate for the
support of more demanding URLLC applications.

• Mobility in NR-U: In the context of Industry 4.0, logistics within the
factories are foreseen as an important application area. This type of
applications expects automated guided vehicles (AGV) to move around
the industrial facilities, for example, moving materials from a ware-
house to a conveyor belt. Seamless, high-reliable and zero interruption
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time handovers are required. It is left for future work the evaluation of
the support of mobility in NR-U. Potential challenges between channel
access and the transmission of BSs reference signals and UEs measure-
ment reports might arise. Advanced mobility support is one of the
main advantages of 3GPP-based RAT with respect to IEEE 802.11 tech-
nologies (in which mobility is shown to be a bottleneck from a latency
perspective [1]).

• Time-sensitive communications: In factory automation, the traffic be-
tween sensors/actuators and controllers is typically periodic and time-
sensitive. These type of communications require, on top of the ex-
treme latency and reliability requirements, demanding constrains for
jitter and survival time [2]. It is interesting to identify potential draw-
backs and analyze the performance of NR-U with delay-critical and
deterministic traffic.

• Experimiental research on real factories: Although NR-U is still under
development in 3GPP, the first specifications are available in Release
16 [3]. The next step is to have chipset vendors integrating the NR-
U capabilities in their devices. Making the technology a reality will
allow for on-site performance analysis. This is a very attractive research
direction as experimental studies can be a decisive step to show 5G
unlicensed operation as a promising alternative to the 5G TDD licensed
in the URLLC domain.

• Network planning optimization: The channel access latency is highly
dependant on the number of initiating devices (typically BSs) contend-
ing for the channel. On the other hand, NR is proven to efficiently serve
a large number of UEs based on large scheduling capacity, QoS prior-
itization and advanced receivers. Therefore, an optimal design of the
unlicensed deployment with potentially less BSs and higher connected
UEs per BS can be considered as direction for future work. As an al-
ternative, the distribution of BSs in orthogonal channels can be also
studied.
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1. Introduction

Abstract

The latency and reliability performance of New Radio-Unlicensed (NR-U) is strongly
impacted by the outcome of mandatory clear channel assessment. Due to listen-
before-talk (LBT), transmissions can be delayed for large periods, preventing the
fulfilment of the ultra-reliable low-latency communications (URLLC) requirements.
Especially critical for the latency is the fixed duration listen-before-talk (LBT), also
known as Type 2 LBT. For grant-based uplink data transmissions, not succeeding
on the Type 2 LBT implies the impossibility of using previously granted resources.
In case of uplink control transmissions, it might trigger of potentially unnecessary
downlink retransmissions. At the gNB side, downlink transmissions can also be
delayed due to failures in the Type 2 LBT. In this paper, we propose a coordina-
tion scheme to ensure 100 % success rate in the performance of Type 2 LBT. NR-U
nodes are configured to follow a silencing pattern defined by certain periodicity. The
proposal is shown to effectively reduce the Type 2 LBT channel access blocking proba-
bility. Moreover, it improves the experience packet delay. For instance, for an offered
load of 5 Mbit/s, a reduction in the combined downlink-uplink latency by a factor of
3.1 at the 99.99 percentile is achieved as compared to baseline NR-U.

1 Introduction

Ultra-reliable and low-latency communications (URLLC) are considered the
most challenging service class to be supported by the 5th generation of cel-
lular technologies (5G). Previous cellular-based generations were designed
to optimize the network capacity for the support of ever-increasing broad-
band data. Thus, the network design was driven by the optimization of the
throughput, i.e. the number of packets correctly transferred per time unit.
The support of URLLC represents a drastic change in this paradigm. The key
parameter indicators (KPIs) determining the design of URLLC are latency
and reliability. According to [1], latency is defined as the interval of time that
takes to successfully deliver a packet from layer 2/3 at both ends of the com-
munication. Reliability is defined as the success probability of transmitting a
packet within a certain time constrain boundary. Latency and reliability are
two conflicting metrics, i.e. increasing the reliability often degrades the expe-
rienced latency and vice-versa. Therefore, the simultaneous optimization of
both KPIs represents a technical challenge. The precise latency-reliability re-
quirements depend on the specific URLLC application. Typical applications
require a packet to be correctly delivered over the radio interface (one-way),
within a delay between 1 ms and a few tens of ms, and with a reliability of
99.99 % or higher. Designing a 5G system capable of supporting URLLC en-
ables novel use cases in diverse areas, including manufacturing, transporta-
tion, healthcare and energy sectors.
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Supporting these delay-critical applications exclusively via the unlicensed
spectrum is attractive to enterprises. Unlike licensed spectrum, unlicensed
bands are defined as free-of-access frequency bands. Therefore, using un-
licensed spectrum for industrial applications can provide large cost savings
for enterprises. However, unlicensed operation increases the complexity of
the achievement of URLLC. In order to ensure fair coexistence between the
multiple devices and radio access technologies (RATs) using the same unli-
censed bands, spectrum regulators define strict guidelines that every node
must follow. Especially critical for the support of the URLLC are the channel
access mechanisms. These mechanisms ensure that nodes transmit in periods
without any channel activity and limit the duration nodes can continuously
transmit on a channel. In other words, transmissions are prone to be de-
layed since they are always subject to the outcome of channel activity assess-
ment. The 3rd Generation Partnetship Project (3GPP) solution for 5G New
Radio (NR)-based access to unlicensed spectrum is known as New Radio-
Unlicensed (NR-U) [3]. It is based on Release 15 NR specifications, but with
modifications to the PHY/MAC design in order to fulfill the most stringent
spectrum regulations worldwide. 3GPP, following the European Telecom-
munications Standards Institute (ETSI) spectrum regulations [4], designs the
NR-U channel access mehcansims based on listen-before-talk (LBT). LBT is
a technique that evaluates the channel activity by comparing the measured
interference with a predefined energy detection (ED) threshold. A successful
LBT occur when the measured interference is lower than the ED threshold.
In NR-U, LBT is performed at intervals of 9 µs, also known as clear channel
assessment (CCA) slots, and over a bandwidth of 20 MHz. In order to start
a transmission in the unlicensed bands as an initiating device, a node must
perform a Type 1 LBT. Type 1 LBT is defined as a continuous sensing assess-
ment of the channel activity for, at least, N CCA slots (being N a random
number obtained from a uniform distribution). Once the channel is declared
as idle, the node can access the channel for a maximum time known as maxi-
mum channel occupancy time (MCOT). During that time, the node acquiring
the channel (typically the gNB) can grant access to the one or more respond-
ing devices (typically the user equipments (UEs)) and make use of channel
occupancy time (COT) sharing. In COT sharing conditions, UEs are allowed
to access the channel during the gNB-acquired COT, by performing Type 2
LBT. Moreover, within a gNB acquired COT limits, the gNB can re-access the
channel after a pause in the DL burst or after a UL burst using Type 2 LBT
as well. Type 2 LBT is defined as a CCA check performed over a specific
interval of time. Different sensing interval durations are supported by NR-U.
Type 2A LBT is adopted when the sensing interval is 25 µs. A reduction in
the sensing interval to 16 µs is specified as Type 2B. Additionally, Type 2C
defines cases in which nodes are allowed to transmit without assessing the
channel activity. Type 2C can only be used by a responding device, following
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a transmission from the initiating device, if the gap between the transmis-
sions is less than 16 µs. In this case, the duration of the responding device
transmission must be constrained to 584 µs.

The constrain of successfully executing LBT before any transmission adds
uncertainty and potentially increases the experienced latency. A method to
increase the channel access probability has been previously addressed in [5].
Authors propose to use synchronized channel access in combination with
TDD frame coordination to improve the Type 2 LBT success rate. In this pa-
per, we describe an alternative that allows for more flexible adaptation to the
traffic variations. Our proposal is a silent gap coordination technique that can
be applied to synchronous and asynchronous channel access. The solution
aims to improve the downlink and uplink latency-reliability performance by
avoiding any unexpected delay in the transmissions as a result of a Type 2
LBT failure. The remaining of the paper is structured as follows. Section 2
describes the NR-U system model and highlights the addressed problem. In
Section 3 the definition of the proposal is included. The NR-U latency and
reliability performance analysis, under the assumptions defined in Section 4,
is detailed in Section 5. The main conclusions of the work are summarized
in Section 7.

2 System model and problem description

An indoor factory NR-U deployment in the 5 GHz band is assumed. Con-
trolled environment conditions are assumed, therefore, nodes from a single
NR-U network are contending for the channel. The NR-U network contains
M next generation nodes-B (gNBs) and K user equipments (UEs). The avail-
able bandwidth is 20 MHz and dynamic time-division duplexing (TDD) is
assumed. A transmission time interval (TTI) duration of 7 OFDM symbols
is adopted with 1 OFDM symbol dedicated to control information. A sub-
carrier spacing (SCS) of 30 kHz is assumed. URLLC-alike traffic is generated
in downlink (DL) and uplink (UL) directions with a ratio of 80-20, respec-
tively. The packet generation follows a Poisson arrival distribution with an
average of λ packets/s/node. The payload size is assumed to be fixed to B
bytes. Uplink data transmissions follow a grant-based approach, and there-
fore, UEs only transmit on dedicated resources after a successful scheduling
request (SR) procedure with their serving gNB. Hybrid automatic request
and repeat (HARQ) is adopted as the error correction mechanism to increase
the packet decoding probability. With respect to the channel access, asyn-
chronous channel access is assumed. Thus, Type 1 LBT to acquire the channel
can be performed at any time. It is assumed that the gNBs act as initiating
devices whereas the UEs act as responding devices, i.e. they cannot initiate
a channel occupancy time. Multiple transitions between DL and UL TTIs

185



Paper G.

Fig. VI.1: Description of uplink NR-U operation in unlicensed spectrum. It highlights the im-
portance of a high sucess rate in the Type 2 LBT performance.

within the TDD frame are allowed. Each gNB is in charge of selecting the
optimal TDD frame configuration based on the current instantaneous traffic
conditions. This paper addresses the importance of Type 2 LBT in the latency
and reliability performance of NR-U. A declaration of channel busy during a
Type 2 LBT has several implications for both uplink and downlink. They are
described below based on the NR-U mode of operation depicted in Fig. VI.1.

Uplink The problem is first described from the uplink perspective. It is
noted in Fig. VI.1 that, after a successful Type 1 LBT, 2 gNBs acquire the
channel at the same time. Due to NR-U transmissions being bounded to
start only at the beginning of certain OFDM symbols, e.g. symbols 0 and 7
of each subframe, this can frequently occur. Even in cases where the gNBs
are capable start the transmission at any OFDM symbol. With channel access
priority class (CAPC) 2 [3], N can take values between 0 and 7. Given that
each OFDM symbol for 30 kHz SCS contains 4 CCA slots, nodes drawing N ≤
4 will finish Type 1 LBT at the same time (assuming idle channel conditions).
This always happens if synchronous channel access is adopted. It can be
noted that the gNBs independently select the optimal TDD configuration
according to their specific traffic requirements. After the reception of the
uplink grant, contained in the control downlink channel (PDCCH), the UE
connected to gNB-1 prepares the data for transmission (PUSCH). Before the
actual transmission, the UE must ensure that the channel activity is idle via
the performance of Type 2 LBT. However, during the sensing interval, the
UE is blocked by the gNB-2 DL transmission. Under these circumstances,
the time-frequency resources reserved for the UE by gNB-1 are not used.
The serving gNB declares discontinuous transmission (DTX) since no uplink
transmissions are detected on the given resources. In order to provide a new
transmission attempt, the gNB-1 needs to send a new grant. This implies
the performance of an additional Type 2 LBT at the gNB side. As shown
in the figure, depending on the interference conditions at the gNB side, this
process might span over multiple COTs. In that case, the gNB-1 is required
to perform an additional Type 1 LBT to acquire a new COT.
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Fig. VI.2: Uplink Type 2 LBT failure probabililty for different offered load conditions. Further
details about the simulation assumptions are described in Section 4.

Experiencing a Type 2 LBT blocking during the transmission of the down-
link HARQ feedback, i.e. uplink control information, is also critical from the
delay perspective. In scenarios targetting high reliability, an LBT blocking
triggers a retransmission of the DL packet regardless of the decoding out-
come at the UE side. The gNB is uncertain about the UE’s decoding outcome
as it did not receive a positive or negative acknowledgement on the expected
uplink resources. This might force the gNB to retransmit packets already cor-
rectly decoded at the UE side, increasing the queuing delay for new transmis-
sions. Moreover, it unnecessary increases the channel activity which directly
impacts the channel access delay of the neighbour nodes. These implications
clearly show the impact of Type 2 LBT failures on the latency performance,
hence the importance of mechanisms that ensure a high Type 2 LBT success
probability.

In the example shown in Fig.VI.1, nodes suffer from high Type 2 LBT
failure rate as a result of simultaneous channel acquisition by multiple gNBs.
Another circumstance in which nodes can be continuously blocked during
the Type 2 LBT performance is the hidden node problem. The condition to
experience the hidden node is that 2 nodes, e.g. gNB-1 and gNB-2, are out
of the LBT range. Consequently, they sense the channel as idle even if any
of the two are actively using the channel. However, a UE connected to the
gNB-1 is highly interfered by the gNB-2 transmissions. Thus, in absence of
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other gNBs, the gNB-1 quickly acquires the channel and sends the UL grant.
However, during the Type 2 LBT sensing interval, the UE is blocked by gNB-2
transmissions. To highlight the addressed problem, system-level simulations
are conducted. The probability of being blocked by Type 2 LBT at the UE
side is depicted in Fig. VI.2 under different traffic loads. It can be noted that
the failure probability increases with the offered load as the channel activity
accordingly increases. The addressed problem becomes significant in highly
loaded scenarios, i.e. from 5 Mbit/s and above.

Downlink From the downlink perspective, the gNBs can also suffer from
the same problem in a COT with multiple switching points. In this case, a
Type 2 LBT blocking has less impact on the latency as compared to the uplink
case. A single succesful Type 2 LBT is needed for transmitting the downlink
grant (PDCCH) and the downlink data (PDSCH). However, sufficient perfor-
mance degradation can be observed when consecutive channel accesses are
failed due to high measured interference.

3 Proposed solution

Our proposal for reducing the probability of Type 2 LBT blocking probability
is to introduce a pre-configured silencing pattern. The silencing pattern is
defined by certain periodicity (TSG) specified in transmission time intervals
(TTI). Therefore, a node following the scheme and actively occupying the
channel, it is required to stop the transmission on the specific TTIs to favour
the channel access to neighbour nodes. The time the node must be inactive
equals, at least, the duration of the Type 2 LBT sensing interval, i.e. 16 µs in
Type 2B or 25 µs in Type 2A, depending on the configuration. For achieving
the desired behaviour, it is assumed that all the deployed nodes configured
with the same configuration. To better illustrate the proposal several exam-
ples are shown in Fig. VI.3. Four cases with different gap periodicities are
depicted. For all the set-ups, it is assumed that 2 neighbour gNBs acquire the
channel at the same time. However, different traffic conditions are assumed
in each gNB. gNB-1 acquires the channel to transmit a full downlink burst
during the entire COT, whereas gNB-2 has a more balanced DL/UL traffic
and it selects a frame with multiple switching points. Fig. VI.3(a) shows the
baseline mode of operation, i.e. no silent gap configured. In such configu-
ration, any potential Type 2 LBT results unsuccessful due to the proximity
between the nodes. As explained in Section 2, a latency performance degra-
dation is expected in gNB-2 since all the UL and DL packets cannot be served
in the given COT, delaying their transmissions to future COTs. Moreover, it
results in a poor utilization of the COT resources, in this case only 2/6 of
the available time is utilized. As an alternative in Fig. VI.3(b), the silent gap
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Fig. VI.3: Silent gap coordination scheme. Baseline NR-U operation is shown in (a). Silent gaps
periodicities of 3 TTIs and 1 TTI are depicted in (b) and (c), respectively. In (d), silent gaps
periodicity of 3 TTIs with single direction TTIs between single gaps.

coordination is introduced. In this case with a periodicity of TSG = 3 TTIs.
Type 2 LBT blocking probability is reduced as a blockage for transmissions
in the slots immediately following the silent gap is avoided. However, subse-
quent transmissions still suffer from Type 2 LBT failure. To fully reduce the
probability of LBT failure within a COT, the silent gap periodicity needs to
match the TTI duration (see Fig. VI.3(c)). Alternatively, a complete mitigation
of the Type 2 LBT blocking probability is also accomplished by avoiding any
direction switching between the TTIs bounded by 2 consecutive silent gaps.
As shown in Fig. VI.3(d), with TSG = 3 TTIs a 0 % blocking probability is
achieved. However, this approach can reduce the COT utilization as some
resources might not be used due to lack of new packets for a given direction.

The silent gap coordination scheme represents an alternative to the solu-
tion presented in [5]. In that publication, a combined coordination scheme in
the channel access and the TDD frame configuration is described. The chan-
nel access is coordinated by adopting the synchronous channel access defined
in the ETSI regulations. The TDD coordination among nodes is ensured
by the presence of a central node. The central node decides the next TDD
frame configuration that better suits the traffic requirements of the gNBs. A
common TDD frame aligns the sensing intervals of the responding devices,
achieving full mitigation of the Type 2 LBT blocking. However, in situations
with very uneven traffic conditions, it might introduce large queuing delays.
Moreover, due to potential variability in the traffic requirements, the message
exchange between gNBs and the central node might represent a significant
control overhead. Additionally, the fact the proposal in [5] is centralized also
increase the risk of failure since the mechanism essentially depends on the
single node. In comparison with this proposal, the silent gap coordination
mechanism allows each gNB to select the optimal TDD frame given their
specific traffic conditions. It works without the presence of a central node
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Silent gap periodicity (TSG)

TTI size 3 TTIs 2 TTIs 1 TTI

14 OFDM symbols 2.4 % 3.6 % 7.1 %

7 OFDM symbols 4.8 % 7.1 % 14.3 %

4 OFDM symbols 8.3 % 12.5 % 25 %

Table VI.1: Estimated overhead per COT for different silent gaps configurations. A COT dura-
tion of 3 ms and a SCS of 30 kHz are assumed.

and does not require message exchange. On the other hand, the silent gap
coordination reduces the resource efficiency of the NR-U system due to the
introduction of frequent gaps. A summary of the overhead introduced by the
silent gap coordination is included in Table VI.1. The table shows that the
impact of the overhead must be taken into account especially in cases with
short TTI sizes and frequent silent gaps.

4 Simulation assumptions

The adopted layout complies with the 3GPP assumptions for indoor factory
simulations [6]. The NR-U network consists of 12 ceiling-mounted gNBs
with an inter-site distance (ISD) of 20 m. 60 uniformly distributed UEs are
assumed with a total of 5 UEs are connected per gNB. UEs select the best
cell based on the strongest reference signal received power (RSRP) criteria. If
a UE select a gNB with 5 connected UEs, the UE is re-located in a different
position and a new gNB selection procedure is triggered. The packet size is
fixed to 50 B. Several traffic conditions are simulated by adopting different
packet arrival rates (λ). The ratio 80-20 downlink and uplink traffic is always
maintain. The rest of the assumptions of the simulations are listed in the
Table VI.2. A highly-detailed system-level simulator in compliance with the
latest 3GPP guidelines is used. It is capable to model with an OFDM symbol -
subcarrier accuracy the most important PHY and MAC mechanisms involved
in a transmission. The recently agreed propagation channel models are also
available for simulations. Moreover, it implements the 3GPP guidelines for
unlicensed operation in the 5 GHz band.

5 Performance evaluation

The first metric to be analyzed is the blocking probability of UEs during the
performance of the Type 2A. As indicated in Table VI.2, UEs are configured
to always perform Type 2 LBT when acting as responding devices regardless
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Parameter Assumption
Layout Indoor office [6]
Channel model 3D geometry-based stochastic
Propagation model Indoor factory (InF) [6]
gNB to UE Sparse clutter, High base station
gNB to gNB High Tx - High Rx
UE to UE Sparse clutter, Low base station
Bandwidth 20 MHz
Sub-carrier spacing 30 kHz
TTI 7 OFDM symbols
Duplexing mode dynamic TDD
gNB Tx power 23 dBm
UE Tx power 18 dBm
MIMO 2× 2 configuration
Receiver type LMMSE-IRC [7]
Traffic model FTP Model 3 [8, 9]
Packet size 50 B
UEs processing times*

DL data reception 4.5 OFDM symbols [10]
UL data preparation 5.5 OFDM symbols [10]
HARQ Asynchronous, incremental redundancy
Max. retransmissions 2
Link adaptation Outer link loop adaptation [11]
BLER target 1 %
gNBs channel access Initiate the COT: Type 1 LBT

During the COT: Type 2A LBT
UEs channel access Initiate the COT: not allowed

During the COT: Type 2A LBT
ED threshold −72 dBm
Channel access priority class [3] 2
* gNBs processing times are assumed 2 times faster

Table VI.2: Simulation assumptions
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Fig. VI.4: Type 2 LBT blocking probability for different offered loads. It shows the combined
Type 2 LBT outcome prior to uplink data and uplink control transmissions.

of the gap duration, i.e. Type 2C is not allowed. Different silent gaps under
different offered load conditions are analyzed according to the Type 2 LBT
blocking probability and shown in Fig. VI.4. Each bar represents uplink
LBT blocking probability averaged over the 60 deployed UEs. Type 2 LBT
prior to uplink data and uplink control transmissions are counted. Baseline
operation, i.e. nodes are not configured with silent gaps, is also added for
comparison. As shown previously, baseline operation exhibits a significant
increase in the blocking LBT probability as the channel activity escalates. It
is noted that any the adopted silent gaps configurations provide reduced
blocking probabilities in comparison with the baseline case. Full mitigation
of the Type 2 LBT blocking probability for any of the considered offered loads
is achieved when silent gaps are configured with 1 TTI periodicity. It is worth
mentioning here that, as discussed previously, the decrease in the Type 2 LBT
failure rate is achieved in exchange for a higher overhead.

Reducing the number of transmissions blocked by Type 2 LBT has a
straightforward effect on the latency and reliability performance. Under the
same assumptions for the silent gaps configurations, the CCDF of the ob-
served (DL + UL) packet delay in the scenario for an offered load of 5 Mbit/s
is depicted in Fig. VI.5. As anticipated, the latency and reliability perfor-
mance of the NR-U deployment is enhanced by any of the proposed config-
urations. This is due to fewer downlink retransmissions are triggered due to
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Fig. VI.5: CCDF of the combined downlink and uplink packet delay for different silent gap
configurations. The offered load in the scenario is 5 Mbit/s.

absence of HARQ feedback and fewer uplink grants are needed for success-
fully completing a packet data transmission in uplink. Adopting a TSG of 3
TTIs reports a latency decrease of ∼21.5 % with respect to the baseline con-
figuration. Having more frequent gaps (i.e. TSG = 2 TTIs) adds an additional
∼13.2 % on the latency reduction. The best delay performance corresponds to
having a silent gap every TTI (i.e. TSG = 1 TTI), it provides an extra ∼23.8 %
with respect to the previous silent gap configuration. As compared to the
baseline case, an overall latency reduction of ∼67.8 % is experienced. Similar
observation are experienced for any of the considered offered loads.

6 Conclusions

A mechanism to reduce the probability of Type 2 LBT failure based on coordi-
nated silent gaps is presented. It is shown to provide remarkable benefits as
compared to baseline NR-U operation. Among the different configurations,
adopting a silent gap periodicity of 1 TTI is the best option to fully remove
the Type 2 LBT failure probability. The rest of the silent gap configurations
help in decreasing the LBT problem but room for potential LBT failures is left.
Adopting the most frequent silencing pattern reduces the spectral efficiency
of the deployment due to the introduced overhead. In a 7 OFDM symbols
TTI, a reduction of 14 % in the available resources is expected. In shorter
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TTIs, e.g. 4 or 2 OFDM symbols TTI duration, the adoption of a frequent
silent gap configuration can represent a large loss in the resource utilization.
The adoption of this mechanism it is supported with the current NR-U Re-
lease 16 specifications. In downlink and uplink grants, the gNB decide, in a
fully flexible manner, the starting and the duration of the transmission based
on the start and length indicator (SLIV) [10]. Thus, nodes can modify their
time allocation according to the presence of a silent gap.
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