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Abstract 

This document presents a reference architecture definition for 5G-RANGE, a remote area network 

solution for 5G connections structured considering two high-level elements: the radio interface and the 

core network. Based on these architectural elements, the most important interfaces, nodes, and high-

level protocol stack were defined, followed by the system specifications that support sustainable rural 

services characterised, among other features, by long-range coverage, and non-licensed television white 

space (TVWS) bands. 

  

Target audience 

The primary target audience for this document is the radio access network research and development 

community, particularly those with interest in radio protocol stack and system development. Readers 

with a background in mobile wireless cellular systems, especially those familiar with 3GPP standards 

for 4G and 5G, can fully understand this material. 
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Executive Summary 

 

This document provides a reference architecture for the 5G-RANGE remote area solution, one of 

the application scenarios defined by ITU-R for IMT for 2020 and along with enhanced Mobile 

Broadband (eMBB), Ultra-Reliable and Low Latency Communications (URLLC), and massive 

Machine Type Communications (mMTC). Most of the ITU scenarios direct efforts to smaller cells and 

microwave bands since it enables an increase of bandwidth for higher data rate and massive Multiple-

Input Multiple-Output (mMIMO) for higher spectral efficiency simultaneously. On the other hand, 5G-

RANGE approach focusses on applications and scenarios, where bringing a cost-effective coverage for 

remote and under-served areas, is a significant challenge. This proposal is aligned with the IMT 2020 

extreme long-distance scenario, however, when compared to the IMT2020 original features, this 

proposal seems to be complementary due to the lack of specifications about long-range coverage, low 

user density and long-frame structures. The propose of TV Whitespaces (TVWS) presented in this 

document address new non-licensed spectrum to be used by the standard.  

To achieve its goal, the 5G-RANGE should reach considerably more extensive coverage, 

supporting high data rates with cell sizes of 50 km radius. The support for these features consists of 

many characteristics including the optimisation of the protocol stack layer to reach the data rates defined 

in the project requirements. 

This document is based on system requirements, scenarios and key performance indicators defined 

in Deliverable (D) 2.1 and aim to provide an overall reference architecture for 5G-RANGE system 

solution including network architecture, protocol stack, and Quality of Service (QoS) architecture. This 

report also presents a definition of the Medium Access Control (MAC) sublayer architecture with 

functional blocks, logical interfaces and their functions that are relevant to the 5G-RANGE system 

solution and the summary of the new Release 15 specification that are relevant for 5G-RANGE 

architecture, such as the new elements, functions of network slicing, and the flexible network system 

framework to enable future services. It also describes relevant MAC sublayer functions, such as the 

changes and new functions to support Ultra-reliable and Low-latency Communications (uRLLC) 

considering the goal of target performance, in remote area scenario. For MAC sublayer, the description 

of functional blocks and internal and external interfaces with different sublayers of the network are 

presented, enabling the definition of the Application Programming Interface (API).  
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1. Introduction  

The 5G-RANGE system architecture aims to provide data connectivity and services for long-range 

communications and to deploy all the features and functionality needed for running an operational 

network. Although 3GPP and ETSI have already established the primary requirements for extreme rural 

area scenario, there are connectivity gaps and concerns in remote or rural areas about providing reliable 

Internet access within a long-range scenario.  

This document covers 5G-RANGE aspects of the reference architecture for remote area network, 

based on the requirements and the use cases scenarios for a real-time demonstration in a proof-of-

concept (PoC) defined in Deliverable (D) 2.1 [1], having as reference for the system solution the 5G NR 

standard approved and frozen by 3rd Generation Partnership Project (3GPP), with completion of the 

Release 15 StandAlone (SA) set of specifications [2] [3] [4]. In that way, the document presents the 5G-

RANGE reference architecture for the system solution based on this 5G NR Release 15 specifications 

that are highly relevant for the project, and LTE Release 14 specification otherwise, with the objective 

to reuse 3GPP features for the upper layers and in the core network [1]. This reference architecture for 

5G-RANGE system solution includes the 5G NR specification for network architecture [2] [3], protocol 

stack [2] [3] [5], QoS architecture [2] [4] [6], Cognitive MAC architecture [7] [8], cognitive cycle, and 

physical sublayer [9] [10] [11] [12] [13] [14] [15]. For MAC sublayer, is presented the high-level 

description of functional blocks and interfaces, considering the addition of new cognitive elements, and 

with this, new functions and procedures are described, these being the basic information for the initial 

specification of the MAC APIs.  

5G Device-to-Device Relay Communication (5G D2DRC) is introduced in the 5G-RANGE 

architecture as an aim of improving 5G-RANGE communication by increasing the uplink range and 

enhancing the overall spectrum efficiency of the network. 

Based on the reference architecture, a list of initial technical requirement is presented as a guide 

for definitions for the next steps in Work Package (WP) 4, 5, and 6. 

1.1. Structure of the document 

The structure of the document can be summarised as follows: 

¶ Section 1 contains the introduction, objective and structure of this deliverable; 

¶ Section 2 describes the summary of 5G-RANGE system requirements, presented in the 

deliverable D2.1 [1]; 

¶ Section 3 describes the 5G-RANGE architectures, including network, protocol stack and QoS; 

¶ Section 4 describes the channels and signals references in the 5G-RANGE system; 

¶ Section 5 describes the Carrier Aggregation references in the 5G-RANGE system; 

¶ Section 6 describes the Cognitive MAC Sublayer functional blocks, interfaces, fundamentals 

and procedures references in the 5G-RANGE system [2] [3] [7]; 

¶ Section 7 describes the 5G Device to Device Relay Communication (5G D2DRC); 

¶ Section 8 describes the Cognitive Cycle; 

¶ Section 9 describes the Physical Sublayer high-level description; 

¶ Section 10 presents the MAC Procedures and Initial API Definition; 

¶ Section 11 presents the List of Initial Technical Requirements; 

¶ Section 12 presents the Conclusions. 
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2. System Requirements for 5G-RANGE 

D.2.1 [1], submitted in 6th month of the project execution, described the 5G-RANGE project use 

cases with functional and quantitative requirements with corresponding Key Performance Indicators 

(KPIs) that 5G-RANGE network should meet. Four core use cases, as well as several potential 

applications for the 5G-RANGE network were described in D2.1. From this document, we excerpt the 

two core use cases that will be fully deployed in a PoC testbed, as presented in 

Table 1 [1], and the mandatory requirements, as presented in Table 2 [1]. Both tables bring 

important data for the development of the content in this document. 

 

Table 1. Core use cases for  the 5G-RANGE system. 

Core Use Case Description 

Agribusiness and Smart Farming 

Provide smart farming and broadband internet access services, 

dealing with real time applications: crop monitoring; production 

traceability; cattle counting; etc. Some basic features for this use 

case are; high uplink traffic (video surveillance), relaxed 

mobility (low speed vehicles); and low-density areas (up to 2 

UE/km2). 

Voice and Data connectivity over 

long distances for remote areas 

Basic voice and broadband services at far distances from the 

base station. Regions with low users’ density and low average 

revenue per user (ARPU). Applications like: web browsing; 

email; VoIP; video on demand; etc., demanding low to moderate 

user throughput up to 100 Mbps at 50km from the base station. 

    

The remaining two core use cases (wireless backhaul and local high-quality connections, remote 

health care for remote areas) will be also covered in the project, but with lower depth and without any 

dependency for the PoC. 

 

Table 2. Main requirements of the 5G-RANGE system. 

Attribute  ID 1 Description KPI  

Functional 

Req-F.m.1 
5G-RANGE system shall support long range cells for 

remote areas assuming low user density. 
Not applicable 

Req-F.m.2 
5G-RANGE system shall support mobile broadband 

access. 
Not applicable 

Req-F.m.3 

5G-RANGE system shall provide aggregation of one 

licensed carrier for broadcast and common control 

information, and at least one non-licensed TVWS carrier 

for dedicated user data. 

Not applicable 

Req-F.m.4 

Requirement Req-F.m.3 shall be supported for downlink 

with optional synchronous and coupled operation for 

uplink traffic. 

Not applicable 

Req-F.m.5 

Subject to regional regulatory requirements, 5G-RANGE 

shall support dynamic spectrum allocation for the TVWS 

component carrier. 

Not applicable 
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Req-F.m.6 

Non-licensed TVWS component carrier shall support 

non-continuous bandwidth selected from within a 

specified spectrum window. 

Not applicable 

Req-F.m.7 

Depending on local TV spectrum regulation, 5G-RANGE 

system shall support a combination of database and 

spectrum sensing methods to acquire information about 

TV spectrum availability. 

Not applicable 

Req-F.m.8 
5G-RANGE system shall be robust against severe 

multipath channel and high Doppler shift. 
Not applicable 

Req-F.m.9 

5G-RANGE air interface shall provide appropriate frame 

structures to handle random multiple access and channel 

delay profile over large cells. 

Not applicable 

Req-F.m.10 

5G-RANGE system shall support specific UE Category 

to allow uplink connection via high-power transmission 

at long distances. 

Not applicable 

Req-F.m.11 

5G-RANGE system shall assure high spectrum efficiency 

and expected QoS even with the uncertainty regarding 

TVWS availability. 

Not applicable 

Req-F.m.12 

5G-RANGE system should be based on 3GPP features 

(LTE Release 14 and NR Release 15) for topics that are 

not the scope of the project, for example, the upper layers 

(above MAC) of the radio protocol stack. 

Not applicable 

Req-F.m.13 

5G-RANGE system shall provide a radio configuration, 

supporting mechanisms for adaptive coding and 

modulation, and for run-time configurable waveform 

with adaptive time-frequency resource grid. 

Not applicable 

Req-F.m.14 
5G-RANGE system shall support robust waveform with 

low OOBE without relying on RF filters.  
Not applicable 

Req-F.m.15 

5G-RANGE system shall support collaborative and 

distributed sensing to improve detection mechanism of 

Req-F.m.7. 

Not applicable 

Quantitative 

Req-Q.m.1 Carrier Frequency 
< 3 GHz  

(priority on bands bellow 1 GHz) 

Req-Q.m.2 Control Channel Carrier BW (Licensed Spectrum) ≤ 40 MHz (UL+DL) 

Req-Q.m.3 Maximum TVWS BW (Non-Licensed Spectrum) ≤ 100 MHz (UL+DL) 

Req-Q.m.4 Digital TV detection threshold 
-114 dBm over 6 MHz 

bandwidth 

Req-Q.m.5 Analog TV detection threshold 
-114 dBm over 100 kHz 

bandwidth 

Req-Q.m.6 
Detection threshold for low power auxiliary and wireless 

microphone  

-107 dBm over 200 kHz 

bandwidth 

Req-Q.m.7 Low-density areas ≤ 2 users/km2 

Req-Q.m.8 Peak DL data rate at cell edge (one user/stationary) ≥ 100 Mbps @ 50 km 
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Req-Q.m.9 Average data throughput (busy hour/user) 30 kbps 

Req-Q.m.10 Uplink /Downlink capacity ratio 25% / 75% 

Req-Q.m.11 BS maximum transmit power 
Not limited for Wide 

Area mode1 

Req-Q.m.12 BS Noise figure 5 dB 

Req-Q.m.13 Layout 
Single Layer: Isolated 

Super cells 

Req-Q.m.14 
Adjacent Channel Leakage Ratio (ACLR) for Out-of-

band emissions limit 
45 dB 

Req-Q.m.15 Number of BS antennas elements 
Up to 2 Transmit and 2 

Receive 

Req-Q.m.16 High mobility up to 120 km/h 

Req-Q.m.17 UE transmit power 

23 dBm - Power Class 3  

26 dBm - Power Class 2 

(HPUE) 

26 to 36 dBm - CPE2 

Req-Q.m.18 High reliability > 99% 

Req-Q.m.19 Medium latency 10-100 ms 

Req-Q.m.20 Voice E2E max latency (at cell edge) 400 ms 

Note 1: In the ID Req-x.y.z, “x” classifies the requirement in “F” for functional or “Q” for quantitative, 

“y” indicates a mandatory (m) or optional (o) requirement, “z” is the requirement number. 

 

The most innovative 5G-RANGE features will be the MAC sublayer design for opportunistic use 

of TVWS spectrum allocation with sophisticated mechanism of sensing, and a novel PHY design to deal 

with long-range coverage for rural and remote areas. Features like network slicing, random access based 

on isolated long-range cell, device-to-device (D2D) communication, and MIMO (up 4x4) support, listed 

in D2.1 [1], will be applied for optimizing the use cases performance.  

From the User Equipment (UE) perspective, the impact of long-range coverage scenario might 

require the use of powerful devices (CPE-like) with external antennas to cope with the high path-loss at 

far distances around 50 km. D2D based on repeaters will be used in the uplink to allow mobile devices 

to connect to the BS at higher distances. This scenario also must consider the incumbent coexistence, 

for example, protecting regional TV stations and other primary users from receiving interference from 

the 5G-RANGE network. 

                                                      

1 As established on 3GPP TS 36.104 version 14.3.0 Release 14, the upper limit for the BS output power is not limited when operating in Wide 

Area mode. Regulation agencies can restrict this requirement and a power limit will be suggested at the end of the project. 

2 UE transmit power shall comply with local regulations regarding maximum permissible exposure to electromagnetic fields values for 

occupational and general public. Reference values [FCCRFEF97], [ICNIRP09] are:  

FCC: 300-1500MHz: Occupational= f/300; General public=f/1500 | 1.5-100 GHz: Occupational= 50 W/m2; General public=10 W/m2  

ICNIRP: 400-2000MHz: Occupational= f/40; General public=f/200 | 2-300 GHz: Occupational= 50 W/m2; General public=10 W/m2 

f= frequency in MHz 
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Different types of services, such as voice, video surveillance, and data, foreseen in the use cases, 

require mechanisms that guarantees End-to-End (E2E) QoS with bandwidth reservation for sensitive 

traffic. Including the network reliability requirement, the QoS mechanism shall operate aligned with 

MAC and PHY sublayers mechanisms for adapting according with TVWS channel opportunistic access 

characteristics. QoS is a challenging topic for the 5G-RANGE network, since the user data will be 

transmitted over a TVWS, meaning that QoS mechanisms must take the availability of TVWS into 

account. 
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3. Overall 5G-RANGE Architecture  

The architecture for 5G-RANGE follows the 5G NR SA standard Release 15 [2] [3] [4], covering 

the Network Architecture, Protocol Stack, and QoS Architecture  specification with considerations about 

the project core use cases and main requirements presented in section 2 of this document. 

3.1. Network Architecture  

The 5G NR system comes to provide a flexible platform, enabling a variety of applications and 

services with significant changes when compared with LTE architecture, supporting a wide range of 

new network requirements and functions, including the Enhanced Mobile Broadband (eMBB), Ultra-

Reliable and Low-Latency Communications (URLLC) and, in the future, the massive Machine-Type 

Communication (mMTC). The 5G-RANGE reference architecture is initially based on 5G NR 

specification [2] [3] with adaption to attend remote area use cases with a new cognitive MAC sublayer. 

This approach is aligned with the 3GPP extreme long-range scenario, although the discussion about this 

use case is still incipient.  

As it happened in previous 3GPP´s mobile technologies, 5G System (5GS) configuration has been 

mainly divided in: 

¶ 5G Core Network (5GC): Network infrastructure with Switches, Routers and Servers, capable 

of supporting software-based Network Functions (NF). UEs should use the structure to 

communicate with the NFs and data network.   

¶ 5G-Access Network (5G-AN): Access network (mobile or fixed) comprising an New 

Generation RAN (NG-RAN) and/or non-3GPP Access Network (AN) connecting to a 5GC.  

¶ User equipment (UE): Any device allowing an end-user access to network services. 

 

 

Figure 1. 5G NR architecture and interface reference points [2]. 

The functions among those network segments are the same as with LTE system. However, Core 

Network (CN) nodes configuration has changed in 5G as can be seen in Figure 1 (section 4.2 of [4], and 

section 6 of [2]) with new elements. The elements included in 5GC are designated as Network 

Functions (NF) that are software-based, so that they can be virtualised using Network Functions 

Virtualization (NFV) and Software Defined Networking (SDN) techniques by design. Hence, it is 
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possible to adapt the network to address different requirements on demand. Also, User Plane Functions 

(UPF) are entirely separated from the Control Plane (CP). The main advantages of the 5G NR 

architecture are the support for several new applications and compatibility with network slicing. 

The central 5GC NFs (including the correspondent functionalities) that can be employed by the 

5G-RANGE networks are: 

¶ Access and Mobility Management Function (AMF): Registration/ Connection/ Reachability/ 

Mobility management; access authentication/ authorization; location services management for 

regulatory services; among other functions. 

¶ Session Management Function (SMF): Session Management; UE IP address allocation and 

management; selection and control of UP function; configures traffic steering at UPF to route 

traffic to the proper destination; charging data collection; downlink data notification; among 

other functions. 

¶ User Plane Function (UPF): Anchor point for Intra-/Inter-RAT mobility; external PDU session 

point of interconnect to data network; packet routing & forwarding; packet inspection; traffic 

usage reporting; QoS handling for user plane (UP); uplink traffic verification; among other 

functions. 

¶ Policy Control function (PCF): Supports unified policy framework to govern network 

behaviour; provides policy rules to CP function(s) to enforce them and accesses subscription 

information relevant for policy decisions in a Unified Data Repository (UDR). PCRF is 

important element when QoS configuration is a demand in the system [16]. 

 

Other NFs that are part of 5GC system architecture are: 

¶ Network Exposure Function (NEF):  Exposure of capabilities and events; secure provision of 

information from external application to 3GPP network; translation of internal-external 

information. 

¶ Network Repository Function (NRF): Supports service discovery function. Receive NF 

Discovery Request from NF instance, and provides the information of the discovered NF 

instances (be discovered) to the NF instance. Maintains the NF profile of available NF instances 

and their supported services. 

¶ Unified Data Management (UDM): Generation of 3GPP AKA authentication credentials; user 

identification handling; access authorization based on subscription data (e.g. roaming 

restrictions); support to service/session continuity; subscription management; SMS 

management; among other functions. 

¶ Authentication Server Function (AUSF): Supports authentication for 3GPP access and 

untrusted non-3GPP access. 

¶ Application Function (AF):  Interacts with the 3GPP Core Network in order to provide 

services, for example to support: Application influence on traffic routing; accessing Network 

Exposure Function (NEF); interacting with the Policy framework for policy control. Application 

Functions considered to be trusted by the operator can be allowed to interact directly with 

relevant Network Functions. 

¶ Network Slice Selection Function (NSSF): Selecting the set of Network Slice instances 

serving the UE; determining the AMF set to be used to serve the UE or, based on configuration, 

a list of candidate AMF(s), possibly by querying the NRF; among other functions. 
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From RAN or NG-RAN point of view, one or more of the following options can be supported with 

common characteristics [2]: 

¶ StandAlone (SA) New Radio. 

¶ Non-standalone with New Radio (NR) as anchor with E-UTRA extensions via NR-E-UTRA 

Dual Connectivity (NE-DC). 

¶ Standalone E-UTRA. 

¶ Non-standalone with E-UTRA as anchor with New Radio extensions via E-UTRA-NR Dual 

Connectivity (EN-DC). 

¶ With NG-RAN/5G-AN node [4]: 

o a gNB, providing NR UP and CP protocol terminations towards the UE; or 

o an ng-eNB, providing E-UTRA UP and CP protocol terminations towards the UE. 

The 5G-RANGE architecture is expected to be fully compliant with the 5G NR specification. 

Nevertheless, new 5GC functions can be added to support specific long-range services or rural 

applications. For the PoC to be developed in Work Package 6, the entire 5G NR might not be completely 

available and, for this, the current methodology consists on adapting the LTE architecture to support the 

new 5G-RANGE services, as depicted in Figure 2. 

 

  

Figure 2. Mapping of LTE EPC elements to become close to the 5GC architecture [17] [18]. 
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¶ Start with LTE Evolved Packet Core (EPC) elements; 

¶ S-GW and P-GW CP and UP sliced, this scheme reflects the concept of Control and User Plane 

Separation (CUPS) as an enhancement of EPC separation. LTE MME Mobility Management 

(MM) and Section Management (SM) sliced; 

¶ S-GW-UP and P-GW-UP moving to 5G UPF to provide specific user plane processing; 

¶ S-GW-CP and P-GW-CP moving to SMF;  

¶ MME Mobility and session management functions are reallocated, MME SM functions 

transferred to the 5G SMF and MME MM functions transferred to the 5G AMF so that mobility 

management can be performed in a centralized manner and session management can be placed 

in each network slice. 

A new interface with GDB, specifically to support sensing and opportunistic channel allocation, 

must be added to the architecture, as shown in Figure 3. The use of GDB and spectrum sensing are 

discussed in more details in section 8.2. 

 

 

Figure 3. 5GC architecture with the 5G-RANGE S1-GDB interface. 

 

3.2. Protocol Stack 

The 5G NR protocol stack specification in front of the LTE specification has several changes, but 

still allows the compatibility with the Radio Access Network (RAN) in case of Non-Standalone 

operation. The main change relevant to the project is a new Service Data Adaptation Protocol (SDAP) 

sublayer in the User Plane. This new sublayer function will deliver a new data QoS flow-based 

framework to the 5G NR.  

Protocol stack is divided in Control Plane, that carries control messages, and User Plane, that carries 

user data, involving whole 5GS. At the 5G-AN, the Control Plane handles the Control Channel and the 

User Plane handles the Traffic Channel. 

3.2.1 Control Plane 

Figure 4 shows the CP protocol stack for 5G-AN (between UE gNB or ng-NB), including UE to 

AMF protocol communication for Non-Access Stratum (NAS) messages. The 5G-AN CP sublayer 

structure is like the LTE structure. 
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Figure 4. CP protocol stack for 5G-AN (between UE and gNB or ng-NB), 

including UE to AMF protocol communication for NAS messages. 

One significant modification in the RRC sublayer functions, considering UE resource control, is the 

addition of a third RRC status comparing with LTE: the NR-RRC INACTIVE status. This modification 

leads to better power saving and mobility optimisation to support eMBB, URLLC, and mMTC services. 

RLC sublayer function has changed with no concatenation and no reordering to meet extreme low 

latency requirement in 5G NR [19]. Figure 5 shows the CP protocol stack and interfaces for 5G-AN 

(gNB or ngNB), 5GC AMF, and SMF. Comparing with the LTE, the NG-AP sublayer replaces the LTE 

S1-AP sublayer, as specified in [2]. 

 

 

Figure 5. CP protocol stack between the 5G-AN and the AMF. 

Figure 6 shows the CP protocol stack for NAS-MM protocol and interface between UE and AMF.  

 

 

Figure 6. CP between UE and AMF. 
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Specifically, for the 5G-RANGE interface reference point S1-GDB, the best choice would be the 

implementation of a protocol stack compatible with the 5G NR, like the protocol used between 5G-AN 

and AMF (N2 interface reference point), that is the NG-AP over Stream Control Transmission Protocol 

(SCTP) protocol, as shown in the in Figure 7. 

 

  

Figure 7. The protocol stack for the interface reference point S1-GDB. 

3.2.2 User Plane 

Figure 8 shows the UP interface between 5G-AN (UE and gNB or ngNB) and 5GC UPF. The 5G-

AN UP and UPF sublayers structure is like the LTE structure. 

 

Figure 8. UP between 5G-AN and UPF. 

 

 

Figure 9. 5G-AN UP protocol stack. 
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Figure 9 shows the UP interface for 5G-AN (UE and gNB or ngNB), showing the new SDAP 

sublayer as specified in [4] [5], with main function being the implementation of a new QoS framework 

of the 5GS, bounding in a single QoS protocol entity between 5G-AN and 5GC.  

This new QoS framework is an important reference for the 5G-RANGE objective, which consists 

on analysing the user experience across the remote area scenario within the PoC phase of this project. 

The description of the SDAP layer operation for QoS is presented in section 3.3 of this document. 

3.3. Quality of Service (QoS) Architecture 

It is expected that video services with high quality resolution will have a dominant position in 

5G networks. The traffic volume of video services is estimated by different operators to vary from 66 

to 75% of the total traffic in 4G networks. By 2020, the volume of mobile M2M connections is expected 

to grow to 2.1 billion connections. The 5G European development strategy aims to enable subscribers 

by 2025 to choose how to connect to TV broadcast: 5G modem or via Digital Video Broadcasting – 

Terrestrial Second Generation (DVB-T2), so this will require appropriate quality management 

mechanisms. Considering these expectations, the general effort nowadays in 5G is to improve these 

mechanisms on video and M2M service traffics, improving the quality checking algorithms and creating 

new quality assessment methods.   

Considering the project definition, the use of opportunistic access to TVWS band with fragmented 

spectrum usage, and the coexistence among heterogeneous networks, will make the user experience and 

reliability rely on MAC and PHY sublayers mechanisms of spectrum sensing and decision, MAC 

scheduler, Adaptive Transmission Bandwidth (ATB), and Link Adaptation (LA). Besides that, regarding 

the 5G-RANGE project, QoS is an essential item to consider in its architecture. The convergence of all 

network application service over IP protocol that encompass the use of heterogeneous network (e.g., 

including 5G-RANGE network), such as the use of mobile cellular network and wired network, with the 

user demand or expectation for a continuous comprehensive service throughout the whole session while 

stopped or moving (slow or fast), requires an End-to-End (E2E) QoS across this heterogeneous network. 

This E2E QoS depends on the system definition of the QoS policy rule to match with user data based 

on network application service, and with QoS mechanisms on each network architecture element and 

within its protocol stack. In this way it is important to have a QoS architecture that takes advantage of 

the best possible use of the mechanisms in the MAC and PHY sublayers in an orchestrated way across 

different network elements, and thus, providing the expected overall network E2E QoS.  

E2E QoS framework for 5G NR and for LTE system is based on Service Data Flow (SDF) as a way 

of applying the QoS policy rule for different user data services. For LTE system, the SDF is based on 

the configuration of Evolved Packet System (EPS) bearer service [20], which corresponds to a Data 

Radio Bearers (DRB) carrying user data at the E-ULTRAN (LTE RAN). Meaning that if an IP service 

requires a specific QoS policy configuration, it needs to be mapped to a specific EPS bearer to receive 

a specific QoS treatment. The 5G NR QoS model has an enhancement, which is the SDF based on QoS 

flow with a set of IP services with similar QoS policy mapped to a unique QoS flow at the 5GC and at 

the NG-RAN, thus enabling a single QoS configuration across the 5GS. 

QoS Flow ID (QFI) identifies the different attributes of QoS defined in the 5G NR for different type 

of user data, and QFI may be dynamically assigned or may be equal to the 5G QoS Identifier (5QI), and 

5QI corresponds to a standardized QoS configuration option applied to 5G-AN and 5GC. Table 5.7.4-1 

in [2] lists the possible values for 5QI, each one with different QoS target values, such as packet delay 

budget and packet error rate for different type of user data service. For example, for 5QI value of 1, the 

packet delay budget is 100 ms applied for conventional voice service. For 5QI value of 2, the packet 

delay budget is 150 ms applied for use with conversational video (live streaming). For 5QI value of 6, 

the packet delay budget is 300 ms applied for video service (buffered streaming) and TCP-based services 

(e.g., www, e-mail, chat, ftp, p2p file sharing, progressive video, etc.). Also, Table 5.7.4-1 in [2] presents 

the 5QI options for Guaranteed Bit Rate (GBR) data services, meaning a reserved bandwidth service, or 

Non-GRB data service, meaning the use of best effort service. 
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At the NG-RAN, a set of QoS flows can be mapped to one or more DRBs [2] [4] [6] as can be seeing 

in Figure 10, with SDAP sublayer providing this mapping based on a criterion, such as the service type, 

the DRB QoS profile, and the RAN resource condition or the network slicing related configuration [21] 

[22]. Each 5QI value has a specific forwarding treatment by the MAC scheduler algorithm, receiving 

treatment that better meets the QoS target value. 

 

Figure 10. 5G NR QoS flow service [4]. 

 

The SDAP sublayer main functions are: 

¶ Mapping between a QoS flow and DRBs; 

¶ Marking QoS flow ID (QFI) in both downlink and uplink packets. 

Figure 11 shows the SDAP sublayer mapping multiple QoS Flows into radio bearers. 

 

Figure 11. SDAP sublayer mapping QoS flows to Data Radio Bears (DRBs) [5]. 

  

Radio Bear= Data Radio Bear(DRB)
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4. Channels and Signals in 5G-RANGE 

5G-RANGE cognitive functions for spectrum sensing and spectrum decision require means for 

exchanging: the database information; sensing information; control messages; and reference signal for 

monitoring the new TVWS channels.  

5G NR specification has a set of channels and signals [4] [23], with most being he same as presented 

in the LTE. The main difference is the absence of the Physical Hybrid-ARQ Indicator Channel (PHICH) 

and of the Physical Control Format Indicator Channel (PCFICH). The summary of the physical channels 

present in 5G NR in the downlink direction are summarized below: 

¶ Physical Downlink Control Channel (PDCCH); 

¶ Physical Downlink Broadcast Channel (PBCH); 

¶ Physical Downlink Shared Channel (PDSCH). 

The channels in the Uplink direction are: 

¶ Physical Uplink Control Channel (PUCCH); 

¶ Physical Uplink Shared Channel (PUSCH); 

¶ Physical Random-Access Channel (PRACH). 

The reference signals present in 5G NR are:  

¶ Primary Synchronization Signal (PSS);  

¶ Secondary Synchronization signal (SSS); 

¶ Demodulation Reference Signal (DM-RS); 

¶ Phase Tracking Reference Signal (PT-RS); 

¶ Channel State Information Reference Signal (CSI-RS); 

¶ Sounding Reference Signal (SRS). 

The PSS and SSS signals are present in the downlink for synchronizing the UE to the gNB during 

the initial access procedure.  

The DM-RS signals are used for channel estimation and as reference for demodulation of specific 

physical channel. This signal replaces the Cell Reference Signal (CRS) used in LTE and is used in both 

downlink and uplink directions. The number of DM-RS symbols can be selected, allowing for better 

performance in high mobility scenarios. 

The aim of the PT-RS is to allow phase noise suppression, by tracking Local Oscillator phase. This 

is an important feature for operating in mmWave frequencies. 

The CSI-RS is used in the downlink by the UE to obtain channel state information to report the CQI 

to the eNB. Link adaptation, scheduler and beam management algorithms depend on this information. 

The channels and signals used in 5G-RANGE will follow the 5G NR definition as much as possible, 

although, the cell search and initial access procedure must be carried on the licensed spectrum first and, 

only after that, the UE will be able to locate the carrier in the TVWS spectrum. Thus, a channel dedicated 

for that purpose may be implemented at the licensed portion of the spectrum. This channel must be able 

to inform the UE about the frequency location of the carrier, the basic parameters of the system and, 

possibly allowing the mobile to communicate with the 5GC. 

For 5G-RANGE exchange information of cognitive functions, one possibility is the inclusion of a 

new in-band control channel specific for these functions, accommodating the 5G Dynamic Spectrum 

and Resource Allocation for Remote Areas (5G DARA) and 5G Collaborative Spectrum Sensing 
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Optimized for Remote Areas (5G COSORA) communication for out-band control channel using an 

assisted licensed spectrum. Other option is the use of existing PDCCH and PUCCH control channels, 

adding new DCI and UCI formatting. 

Considering 5G-RANGE operating in licensed spectrum for control channels and TVWS for traffic 

channel, some reference signals shall be considered for use within this traffic channel, such CSI 

reference signals. 
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5. 5G-RANGE Carrier Aggregation (CA)  

5G-RANGE requirement to use a licensed spectrum for control channel and TVWS spectrum for 

traffic channel (Table 2, Req-F.m.3), characterize, at first sight, the use of the Licensed Assisted Access 

(LAA) functionality that uses a licensed carrier for control channel and unlicensed carrier for traffic 

channel, such as the 5 GHz frequency band [24] [25]. This functionality works with Listen-Before-Talk 

(LBT) mechanism for medium access, with co-existence with Wireless Fidelity (Wi-Fi). LAA is based 

on Carrier Aggregation (CA) for RAN protocol stack to provide operation with licensed carrier for 

control channel and one unlicensed spectrum for traffic channel.  

Considering the use of a variable set of fragmented dynamic spectrum allocation, an extension to 

the use of LAA is required, that is the use of CA. CA allows the use of multiple contiguous or non-

continuous spectrum allocation with aggregation support. In this case, 5G-RANGE control channel 

corresponds to the Primary Component Carrier (PCC) and traffic channel corresponds to one or more 

different Secondary Component Carrier (SCCs) with maximum of 100 MHz aggregated bandwidth [24] 

[26] [27]. Options for the CA operation are [24]: 

¶ Intra-band contiguous FDD; 

¶ Intra-band contiguous TDD; 

¶ Intra-band non-contiguous FDD; 

¶ Inter-band FDD. 

In the case of CA operation, MAC scheduler must be able to handle data across the aggregated 

carriers (CCs). Figure 12 shows the intra-band and inter-band options of configuration, and Figure 13 

shows an example of the CA operating with TVWS carriers for aggregation of two channels, using 

SCC1 and SCC2. 

 

Figure 12. CA operation mode options. 

With CA solution, the protocol stack, mainly the MAC and PHY sublayers, shall be prepared to 

operate in multi-band/multi-carrier operation. MAC scheduler should be able to delivery MAC PDUs 

for each different SCCs. The PHY sublayer should be able to support these different modes of 

operations, with RF hardware supporting multiples RF front-end chains for each of SCCs and accept 

wide or broad aggregated channel bandwidth operation. Besides that, additional basic features needed 

for CA operation are listed below [28]: 

¶ RLC with a large buffer; 

¶ HARQ operation per CC; 
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¶ PDDCH, HARQ ACK/NACK, Channel State Information (CSI) per CC. 

 

 

Figure 13. Example of CA operation with PCC for Control Channel and SCC1 and 

SCC2 for aggregation of TVWS traffic Channel . 

 

Another option rather than the use CA for aggregation of different TVWS channels, 5G-RANGE 

CA can exploit one 5G NR new concept, called wide Channel BW (CBW) operation, which allows a 

more efficient use of resources than the CA channel aggregation option [29]. For that, wide CBW is 

based on the carrier Bandwidth Part (BWP) configuration of contiguous set of Physical Resource Blocks 

(PRBs) selected from a contiguous subset of the common resource blocks for a given numerology on a 

given carrier bandwidth (see section 4.4.5 of [11]). 

BWP concept was created to improve the energy efficiency and to support transmission of different 

Sub-Carrier Spacing (SCS) numerologies in the same slot. It is possible to configure at most four BWP 

for downlink or for uplink. CBW size vary with operation frequency band for a given SCS numerology. 
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For frequency band range of 450 - 6000 MHz, it is possible to achieve at most 100 MHz of wide CBW 

size (see table 4.2.1 of [30]). Figure 14 shows a diagram with an example of three BWP configuration, 

each one with different number of PRBs and, thus, with different BWP sizes. Each BWP can be 

activated/deactivated for efficient use of resources, and in active mode UE expects to be available at 

least one downlink BWP and one uplink BWP. 

 

 

Figure 14. Example of BWP configuration. 

The use of CBW with one or multiple BWP requires that MAC scheduler operates with a single 

MAC PDU, with PHY sublayer having the function of mapping the Transport Block in different set of 

PRBs according with BWP configuration. The same way as CA channel aggregation, operation with 

wide CBW depends on the RF hardware support to wide or broad-spectrum operation. 

Summarizing, the solution for TVWS use case of opportunist access using fragmented spectrum can 

be based on the: 

¶ Use of LAA/CA with PCC for control channel, and one SCC or multiple aggregated SCCs for 

traffic channel dynamically activated/deactivated; 

¶ Use of LAA/CA with PCC for control channel, and one SCC with CBW operation with multiple 

aggregated BWP dynamically activated/deactivated. 

In both cases, 5G DARA is responsible for: 

¶ Dynamic activation/deactivation of SCCs or BWPs; 

¶ Inform the MAC Scheduler about the number of SCCs active;  

¶ Inform the MAC Scheduler about the number of Resource Blocks (RBs) for the active channel 

bandwidth. 

5G DARA together with 5G LA are responsible for informing the MAC Scheduler about the RB 

availability for each UE on active channel, together with frequency domain channel quality information 

(see sections  6.3 and 6.5 of this document). 
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6. Cognitive MAC Sublayer  

The MAC sublayer is one of the main components of this project. The large set of requirements 

presented in [1] makes the design of the new MAC sublayer very challenging. Derivable 4.1 (D4.1) [7] 

presented the cognitive MAC reference architecture with functional structure, interfaces, and 

implementation requirements with low-level description. This section aims to provide a complementary 

information about the new cognitive MAC sublayer considering a broader view as a system, including 

integration with other sublayers, and with description of the global procedures, functionalities and 

interfaces. 

Cognitive MAC sublayer is a new concept of operation, so a re-design is being planned 

considering the addition of these new elements, and with new interfaces as shown in the overall MAC 

block diagram in Figure 15. Integration between the MAC sublayer elements and new cognitive blocks 

is needed, and it is necessary to link the new functions with upper and lower sublayers. This integration 

results the specification of new functionalities and new procedures to operate in the remote area scenario 

using TVWS spectrum. Starting with Figure 15, this section aims to present more detailed information 

about the functional blocks with description of the interfaces, functionalities and procedures, being the 

baseline information for the initial specification of the MAC APIs. The future definitions to be presented 

in WP 4 may fulfil this section development. 

 

Figure 15. A general overview of Cognitive MAC sublayer. 

Besides the D4.1 reference [7], the 5G NR MAC [8] is the reference for the new 5G-RANGE 

MAC specification with the addition of new cognitive elements. The 5G DARA for the gNB, 5G 

COSARA for the UE, and existing elements with new functions, the 5G SCHED, 5G LA, 5G ATB, 5G 

RACH, and 5G D2DRC (for gNB) will be the key blocks for this innovative MAC. 5G DARA controls 

the MAC sublayer and has interface with the new cognitive elements. The 5G SCHED aims for 

providing a scheduling algorithm specific to delivery better network efficiency in long-range scenario, 

being an important element to attend the target quantitative requirements with corresponding 5G-

RANGE KPIs. The 5G SCHED encompasses two phases (or two algorithms) for scheduling the UE data 

transmission: i) the Time Domain Scheduler (TDS); and ii) the Frequency Domain Scheduler (FDS). 
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selecting a set of UEs, it performs the Logical Channel (LC) prioritisation and Rate Control, defining 

how many bits each one of the selected UEs is allowed to transmit. The FDS selects the best PRB for 

transmission for each one of the selected UEs, exploiting the frequency selective transmission. These 

elements are described in the following sections, including also the 5G NR specification for MAC PDU 

and MAC functions and procedures. 

6.1. MAC Protocol Data Unit (PDU) 

To cope with the requirement for 5G-RANGE long-range use case, the new PDU format for 5G NR 

shall be considered, with the new specification focusing on reducing latency added by user plane 

sublayers, including SDAP, PDCP, RLC and MAC sublayers. For this purpose, the concatenation step 

at the RLC sublayer was eliminated, and all sublayers now is working with structured PDU formatting 

allowing an efficient PDU handling, including the new MAC PDU structure, with each MAC PDU 

header (H) immediately before the corresponding MAC SDU as presented in Figure 16. These are basic 

changes brought by the 5G NR, and this new structure of PDU formation allows a pre-processing of 

MAC PDU by the PHY sublayer even before the MAC multiplexing completion, reducing the delay for 

this processing for MAC PDU formation and delivery for PHY sublayer [4]. 

 

 

Figure 16. 5G NR MAC DPU formation [4]. 

Figure 17 and Figure 18 show the MAC PDU structure for downlink and for uplink for 5G NR, 

respectively. With MAC PDU being composed by multiple MAC subPDU, which may contain MAC 

Service Data Unit (SDU) or MAC Control Element (CE), with these being the first in the MAC PDU 

structure [4] [8].  

 

 

Figure 17. MAC PDU structure for downlink [8]. 
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Figure 18. 5G MAC PDU structure for uplink  [8]. 

MAC CE function is to carry out-of-band control plane messages with variable 8-bit multiple size. 

Section 6.1.3 of [8] describes the list of MAC CE information, including commands and messages, such 

as Buffer Status Report (BSR), time advance command and Discontinuous Reception (DRX) command. 

For 5G-RANGE control plane communication between the UE and gNB, the use of MAC CE with 

additional control commands or messages may be interesting, but with restriction that the MAC CE is 

transported in the PDSCH or PUSCH, meaning the use of TVWS channel. 

6.2. RRC Sublayer Integration 

RRC sublayer has an important role. As is already part of the name, it takes care of the radio interface 

resources and it has the information and control of all sublayers and the radio interface resources. It 

controls UE connection establishment and release, radio bearer establishment, reconfiguration and 

release, performs admission control for new UE requesting initial access to the cell where an overloaded 

cell can deny new UE access or even remove a lower priority service to attend the connection 

establishment request of a high priority service [4]. It performs 5G-AN state control, power control 

actions, Carrier Aggregation (CA) Component Carrier (CC) configuration, and 5G-AN QoS control, 

and control all 5G-AN sublayers.  

As can be seen in Figure 19,  5G DARA at the gNB side is part of the MAC sublayer and it is 

restricted to control the cognitive MAC sublayer and the PHY sublayer. In case of information and 

control of the radio interface resources, 5G DARA must interact with RRC sublayer as shown in Figure 

19. Another possibility, besides the one presented in Figure 19, is the integration of 5G DARA and RRC 

sublayer to control functions, including the control of all other sublayers, as presented in Figure 20.  

In both possibilities, it is necessary to perform an in-depth analysis of the mechanism to interface or 

to integrate 5G DARA with RRC sublayer. This goal will be achieved within the activities under 

development in WP4, as initially presented in [7]. Nevertheless, it is clear that 5G DARA and RRC 

sublayer should operate in symbiosis to allow 5G-RANGE to exploit TVWS efficiently.  

For 5G COSARA, the same considerations presented for 5G DARA are valid on the UE side. For 

the development of the following sections, 5G DARA is supposed to be part of the cognitive MAC 

sublayer. 
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Figure 19. Cognitive MAC sublayer interaction with  RRC sublayer. 

 

 

Figure 20. Cognitive MAC sublayer integrated with RRC sublayer. 
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Figure 21. MAC TDS downlink and uplink  strategies. 

After UE selection, Control Plane (CP) resource allocation is performed for PDCCH (downlink 

direction), where the allocation is based on Control Channel Element (CCE). The maximum number of 

CCEs allocated in PRBs is related to the maximum number of UEs capacity for transmission/reception 

in an interval. For each of these UEs selected, occurs the Resource Block (RB) size estimation, taking 

into consideration the RB allocation strategy for the cell. For example, in Figure 22, there is a RB 

allocation strategy with reservation (budget) for each type of message, Signalling Radio Bearer (SRB) 

that is used for control messages and for Data Radio Bearer (DRB) that is used for user data, separated 

in space for GBR and Non-GBR and a shared space for Non-GBR and GBR QoS configurations for 

user data. For RB size estimation, TDS shall use the UE wideband Channel Quality Information (CQI) 

provided by the 5G LA (see section 6.6 for more details).  

 

Figure 22. TDS RB budget for the cell. 

For UE selection, some of TDS algorithms focus on the best performance of the overall cell in terms 

of data throughput, meaning that the UE selection prioritizes those with higher MCS value. This is not 

the case of long range scenario with a large cell, such as the Agribusiness and Smart Farming use case 

scenarios, where if a uniform distribution of the UEs in a cell is assumed, there will be a considerable 

number of UEs near the cell edge compared to the number of UEs near the center of the cell. This means 

that a considerable number of UEs will have low MCS value that would never be able to communicate. 

The dynamic scheduling algorithm should consider these UEs for selection in a more balanced way. 

Thus, for TDS UE selection, there must be a balance between an acceptable throughput for the overall 

cell and the best service possible for UEs with low MCS values. 

When UE has a data to transmit, it sends a Scheduling Request (SR) message through PUSCH, and 

the gNB TDS verify the UE request and, if accepted, after some period of sub-frames, it sends a uplink 

grant to the UE through PDCCH, then another period of sub-frames is performed, and the user transmits 
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LTE, the value for these periods of sub-frames is 4 ms, that is costly regarding time expenditure with 

high latency impact. For this reason, there are different proposals of dynamic scheduling algorithms, 

with different strategies to shorten this process, such as the scheduling algorithms cited in [7]. Besides 

that, the Semi Persistent Scheduler (SPS) provides special treatment for small packets, like the VoIP 

packets, performing a set of uplink transmissions in sequence on a pre-configured period without 

requiring these SRs. This feature is very useful for voice communication use case.  

For the 5G SCHED algorithm definition, the 5G NR new functionalities for latency reduction will 

be considered. The grant-free option for PUSCH transmission and the new numerology used for 

SubCarrier Spacing (SCS) with different options for slot size lower that 1 ms (see section 9.1.5) have 

the potential for drastically reducing the latency when compared to LTE. 

6.4. LC Prioritization , Rate Control MAC PDU Formation 

After TDS performs the RB size estimation for each UE, the MAC Multiplexer receives RLC PDUs, 

as can be seen in Figure 23. For that, there is a procedure of Logical Channel (LC) prioritisation and 

Rate Control for each UE, limiting the number of bits received for each UE based on the RB size 

estimation. This is performed by TDS with RLC sublayer interaction for RLC PDU formation. In the 

case of 5G NR, there is no RLC concatenation, and only segmentation is performed. This is for the 

reduction of the latency caused by this concatenation procedure, aiming to be one of the improvements 

to achieve the URLLC requirement. For uplink transmission, according to to Figure 24, UE performs 

the LC priorization and Rate Control based on the RB size for each UE informed in PDCCH. 

LCs is related to DRBs and SRBs. For the LC prioritisation procedure, the MAC entity shall 

consider the relative LC priority in decreasing order, as presented in [8], to control the number of bits 

that can be received from each UE’s LC, including the GBR and Maximum Bit Rate (MBR) parameters 

defined as QoS configuration for each UE. GBR configuration focus on a guaranteed bit rate packet 

delivery even under adverse conditions for the cell, and MBR configuration allows a maximum bit rate 

that, if reached, packets are discarded. After LC prioritisation and Rate Control, there is the RLC PDU 

formation, MAC multiplexing and MAC PDU formation. 

 

Figure 23.  Block diagram with the elements and interfaces involved in PDSCH transmission. 
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Figure 24.  Block diagram with the elements and interfaces involved in PUSCH transmission. 

6.5. 5G SCHED FDS  

For downlink transmission, after the MAC PDU formation, the FDS selects the best Physical 

Resource Block (PRB) for each UE in the frequency domain. This selection is based on the CQI provided 

by the UE via PUCCH, as described in section 6.6. Frequency Selective Scheduling (FSS) algorithm is 

used in this case. For uplink transmission, FDS performs the same process, but without the MAC PDU 

formation. For downlink transmission, MAC sublayer sends the MAC PDU and PHY configuration 

information to the PHY sublayer, where there is the TB formation and where this PHY configuration 

information is used by gNB for transmission of the PDSCH containing this TB. PDCCH carries this 

PHY configuration information to the UE in order to enable the reception of this TB at the UE side. 

Figure 23 shows the block diagram, highlighting the elements and the interfaces with messages envoved 

in this process for downlink transmission. The information for PHY configuration includes the 

Modulation and Coding Scheme (MCS), Resource Block assignment, and Resource Allocation (RA) 

type. 

Resource Allocation type refers to a set of encoding options for PDCCH to carry the information of 

PRBs selected for a UE by the FDS. PDCCH information is carried in form of Downlink Control 

Information (DCI) and, as there are few bits for DCI formation, this procedure of Resource Allocation 

is performed at the PHY sublayer.  

For the uplink transmission, after FDS choosing the best PRBs for each of the UEs in the frequency 

domain, the MAC sublayer sends the PHY configuration information to the PHY sublayer, where this 

information is used by gNB for PUSCH reception. And PDCCH carries this PHY configuration 

information to the UE in order to enable the transmission at the UE side of the PUSCH containing the 

TB carring the MAC PDU. Figure 24 shows the block diagram with the elements and the interfaces with 

messages involved in this process for uplink transmission.  

For the selection of the best PRBs for multiple UEs, FDS shall consider the multiple access scheme, 

which, in 5G NR, is still based on Orthogonal Multiple Access (OMA). In this case, a time-frequency 

resource block is exclusively assigned to one UE. It is good to point out that Non-Orthogonal Multiple 
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resources concurrently [32]. With the new 5G NR frame structure, there is PRB allocation in the 

frequency domain (as it happens in the LTE), and in the time domain (in LTE this occurs in a limited 

option), with MAC scheduler spanning one or multiple slots [33]. Resource allocation in the time and 

frequency domain are described in [14], with section 5.1.2 for PDSCH and in section 6.1.2 for PUSCH.  

6.6. 5G-RANGE Link Adaptation (5G LA)  

5G LA function controls the PHY sublayer parameters for user data transmission and reception. For 

that, UE performs the channel quality measurement and provides feedback for the gNB, which in turn 

provides for each UE the information of coding rate, modulation, and the maximum number of PRBs 

available to be used. Besides that, it makes part of the uplink power control mechanism [14]. As shown 

in the block diagram of the Figure 25, based on the CQI value, the Inner Loop Link Adaptation (ILLA) 

algorithm determines the mapping between the reported CQI and the MCS index using an Adaptive 

Coding and Modulation (ACM) algorithm. 

The MCS information is related to the Transport Block Size (TBS) that is the maximum number of 

RBs to be exploited by the UE for data transmission using PDSCH or PUSCH, according to the 

procedure described in [14]. The Outer Loop Link Adaptation (OLLA) algorithm corrects the CQI 

reported by the UE, using an offset value resulted from ACK/NACK information. 5G LA and the CSI 

Manager can inform the 5G SCHED about the UE channel quality information for active channels, when 

there is user data (RLC PDU) to be scheduled and 5G DARA can interact with 5G LA and CSI Manager 

to include the cognitive spectrum information adjustments for the MCS or CQI value for a specific UE, 

this being part of the collaborative approach. 

 

Figure 25. Link Adaptation elements and interfaces. 
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Figure 26.  CQI reporting modes. 

5G COSARA shall provide TVWS spectrum sensing and channel quality information to the 5G 

DARA, which based on this information, can activate or deactivate some channel. 5G DARA shall 

inform the 5G SCHED and UE about these decision, as part of the Cognitive Cycle. For this UE 

communicaton, one option is the use of the PDCCH and PUCCH for exchange these control information. 

5G SCHED needs this information because the scheduling decision depends on the active channel 

available for communication, and gNB demands UE to report the QCI feedback before perform any user 

data transmission.  

6.7. Uplink  Power Control 

As described in section 2, the long-range coverage scenario requires UE operation near the 

maximum transmission power. The UE power adjustment purpose is to minimise power consumption 

compensating the effects of variation in the channel conditions, and to maximise uplink data rate with 

higher SINR considering the near-far situation. With the power control, nearby UEs transmit at lower 

power and UEs at the cell edge transmit with increased power. Also, considering 5G-RANGE system 

requirement for incumbent coexistence, uplink power control could be an important feature to protect 

the incumbents. 

For UE uplink control, 5G DARA shall interact with power control algorithm as can be seen in 

Figure 27. There are two different power control mechanism [14]:  

¶ Open Loop Power Control (OLPC): It compensates for slow varying in path-loss and 

shadowing. UE Transmission Power (TP) depends on UE estimation of the downlink path-loss 

and a UE specific power parameter. It is used for: PRACH; PUSCH; PUCCH. 

¶ Closed Loop Power Control (CLPC): It compensates for faster variations and reduces 

interference. In CLPC, UE adjusts its uplink power level based on Transmission Power Control 

(TPC) command sent by the gNB. It is used for: PUSCH; PUCCH. 

UE Transmission Power (TP) for OLPC depends on the previous open-loop primary operation point 

and on a dynamic offset, which is defined based on the MCS, on the received TCP command and on a 

bandwidth factor consisting of the number of PRBs allocated for the UE.  
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¶ The gNB adjusts the UE uplink transmission power based on the MCS value provided by the 

5G LA ILLA algorithm; 

¶ The higher the number of PRBs allocated to the UE, the higher the UE TP. 

The open-loop primary operation point is also called as Fractional Power Control (FPC) because it 

allows the User Equipment (UE) to compensate for the path loss partially. 

gNB transmits reference signals that are used by the UE to estimate the path loss, using as reference 

the symbol received power (RSRP). Then, the UE sets up the PUSCH and PUCCH TPs. In the case of 

CLPC, gNB, by receiving PUSCH and PUCCH transmission, monitors the link quality by measuring 

the SINR and comparing with the target SINR. If the received SINR is below or higher than the target 

SINR, the TPC command requests the UE to increase or decrease the transmitter power accordingly. 

The TPC command is sent using PDCCH DCI information and UE will perform the power setting 

algorithm to determinate de TP to be used for transmitting PUSCH and PUCCH. 

For the UE procedure of initial cell acquisition or Random-Access Channel (RACH) procedure, 

gNB using SIB 2 (carried by PDCCH) inform the UE the configuration to be used for this initial 

procedure. With this information, the UE estimates the path-loss using RSRP and determine the 

necessary transmission power to reach the gNB. After that, the UE sends a Random Access Preamble 

on Physical RACH (PRACH) channel (message 1). If the UE does not receive uplink grant by not 

receiving Random Access Response (message 2), it tries another RACH procedure but now increasing 

the power by an offset value, repeating until reach the UE maximum power. 

 

 

Figure 27.  Block diagram with power control elements and interfaces. 

6.8. Adaptive Transmission Bandwidth (ATB) 

5G Adaptive Transmission Bandwidth (ATB) can exploit two requirements: 

¶ TVWS opportunistic access and variation in spectrum availability, meaning a possible fast 

change in the available transmission bandwidth; 

¶ UE located near the cell edge requiring operating with maximum transmission power. 

For the first case, a fast change in the available transmission bandwidth requires an adjustment in 

the UEs MCS values, leading to the adjustment of the maximum number of RBs available at the MAC 

scheduler.  
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For the second case, in the uplink transmission, a UE sends Power Headroom Report (PHR) to the 

gNB, indicating how much UE transmission power can be increased based on UE Maximum TP. This 

defines how much power is possible to add into the power currently being used. With this information, 

gNB knows if there is some play for power adjustment. In case no extra power can be provided, the gNB 

requires the adjustment in the MCS and, thus, in the number of available RBs. This is a form of uplink 

power control to cope with UE transmission power constraints. This approach handles the requested 

user data bandwidth under varying channel conditions, since the number of RBs can be reduced in order 

to accommodate the UE transmission power limits [34].  

Figure 27 presents the block diagram with 5G ATB interfacing with 5G LA, Power Control, and 

with 5G DARA. 

The input parameters used for ATB algorithm are:   

¶ UE MCS value and the RBs used for transmission; 

¶ TPC commands already sent to the UE; 

¶ UE maximum power; 

¶ Available TVWS channel bandwidth, provided by 5G DARA. 

6.9. Random Access (RA) Procedure 

5G RACH is the Random Access (RA) manager used to provide the initial cell access for the long-

range scenario, with long preambles and frame structures to deal with high delay spread. It interacts with 

the MAC Scheduler and PHY sublayer. There are 2 cases of RA processes. The first one is the 

Contention Based and the second one is the Contention Free. Contention-Based RA is used for initial 

cell access and with uplink data transfer request pending. Contention Free RA is used for handover and 

in case of synchronisation lost with downlink data transfer request pending [35].  

For Contention Based RA, after UE sends the RA preamble on PRACH, RA Manager provides 

information to be carried by the RA response message: Temporary Cell Radio Network Temporary 

Identifier (T-CRNTI), Timing Advance and uplink grant. After UE establishes RRC connection, it 

receives the Cell Radio Network Temporary Identifier (C-RNTI); 

For Contention Free RA, after UE sending the RA preamble on PRACH, RA Manager provides 

information to be carried by the RA response message: C-RNTI, Timing Advance and uplink grant. 

The RNTI is the information encoded with the DCI information by means of CRC that is scrambled 

with this RNTI information. So, when a UE is in RRC connected state, it receives a permanent and 

unique RNTI that is the C_RNTI. The DCI specific for each UE can be decoded by the UE specific 

C_RNTI. 5G SCHED provides the control channel resource assignment for RA procedure and, after 

connection is established, 5G DARA performs the TVWS channel activation in case of traffic pending 

for user data.  

6.10. MIMO and Transmission Modes 

MIMO schemes for space multiplexing can be used to help achieve the requirement of providing 

100 Mbps peak data rate at the cell edge. MIMO for diversity can be used to increase the system 

robustness in doubly-dispersive channels. The 5G Multiple-Input Multiple-Output techniques for 

Remote Areas applications (5G-MIMORA) is responsible for providing the spectrum efficiency or the 

diversity gains based on MIMO techniques (for more information, please see section 9.1.3). 

5G-RANGE operation with MIMO can include the specification of different Transmission Modes 

(TM): Single antenna (also is referred to as SISO); MIMO Transmit diversity; MIMO Open-loop spatial 

multiplexing; MIMO Closed-loop spatial multiplexing; and MIMO Closed loop with pre-coding. With 
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each of them being part of some of the TMs. Some important details about these modes of operations 

are: 

¶ Transmit diversity: the information is coded differently using Frequency Space Block Codes 

(FSBC), Frequency Shift Transmit Diversity (FSTD) or Time-Reversal Space Time Coding 

(TR-STC) to improve the signal quality; 

¶ Spatial multiplexing: multiple antennas are used to transmit multiple data streams 

simultaneously for different users or to a user with multiple receive antennas, leading to a higher 

network throughput; 

¶ Open-loop MIMO: does not require knowledge of the channel at the transmitter, meaning no 

feedback from the UE is requested; 

¶ Closed-loop MIMO: the BS transmitter requires the channel state information to precode the 

data before transmission. Reception by the UE is trivial. 

The activities ongoing in the WP3 will detail the MIMO techniques that will be employed by the 

5G-RANGE PHY sublayer.  
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7. 5G Device to Device Relay Communication (5G 

D2DRC) 

This section briefly describes how the relaying strategy is considered in context of 5G-RANGE 

project for the uplink direction in order to complement the communication to link UE-gNB. In the uplink 

case, when a UE is located far from the gNB and due to poor Signal-to-Noise Ratio (SNR), the gNB 

cannot correctly decode the received signal from that UE considering the direct link and, therefore, a 

cooperative communication is required to assist the UE. The downlink direction is not considered, 

because in this case, the gNB power is enough to reach the UE. An example of D2D uplink transmission 

is depicted in Figure 28. 

 

Figure 28. D2D uplink relaying in the 5G-RANGE network - general case. 

In Figure 28, the scenarios are distinguished by: 

1. UE1-RS1-gNB. In this case, the relay station 1 (RS1) is fixed and can be considered as a 

Customer Premises Equipment (CPE) device that will assist the UE1 in the uplink, as defined 

in [1]. Since it is assumed that the UE1 cannot connect to the gNB via the direct link, the RS1 

forwards the signal from UE1 to gNB, leading into a two-hop communication. In LTE Release 

10, scenarios with more than two hops are not considered; and the same assumption happens 

here. 

2. UE2-UE3. This case considers the connectivity between two UE with mobility. However, this 

case will be only contemplated in the 5G-RANGE deliverable D3.1 - “Physical Layer of the 

5G-RANGE - Part I”. 

From the operational point of view, it is important that RSs are transparent for the devices, i.e., the 

reference signals sent by the RS are seen as a gNB signaling for the UE, and as a device signaling for 

the gNB. This improves the gradual growing of RS in the network without losing the compatibility with 

5G NR [36]. 

The most popular transmission protocols for RS are the Amplify-and-Forward (AF) and Decode-

and-Forward (DF). AF relays, also known as repeaters, amplify the received signal without decoding it. 

This means that the RS amplifies the signal-of-interest plus noise and interference. AF relays are 

recommended for networks where delay is an important issue, due to simplicity of implementation, and 

for having less compliance issues with standard specifications for other devices. The DF protocol 

decodes the received signal, re-encodes and forward it to the gNB. This protocol has the advantage of 

eliminating the noise. However, this operation requires a delay longer than the 5G subframe duration 

and this can make the RS not being transparent for the UE [36]. 



 

Deliverable 2.2 Architecture, system and interface definitions report 

 

© 5G-RANGE Consortium 2018 Page 48 of (72) 

Considering the spectrum use, the RS can be classified in in-band or out-of-band [36]: 

¶ Out-of-band Relays: The backhaul and the access-link share the same spectrum. This means 

that a RS can operate, in principle, in full-duplex mode, i.e., receives and transmits at the same 

time-slot.  

¶ In-band Relays: The backhaul and the access-link operate in different spectrum. From this 

approach, the RS must be designed in order to avoid backhaul-to-access-link interference and 

vice-versa. One way to deal with this interference is designing proper antennas arrangement or 

separating the backhaul and the access-link in time domain, i.e., the RS operates in half-duplex. 

In the 5G-RANGE network, it is recommended that the RS placed in scenario 1 of Figure 28, are 

in-band and operates with AF protocol. The design of antenna arrangement to avoid backhaul-to-access-

link interference will be discussed section 7.1. The channel characterization for this scenario considers 

two different models: The first model is proposed for the cases where the RS is placed between 1 and 

50 km to the UE. The second model is for distances less than 1 km between the RS and UE. Both models 

will be discussed in detail in the 5G-RANGE deliverable D3.1 - “Physical Layer of the 5G-RANGE - 

Part I”. 

7.1. Antenna configuration at Relay Station (RS) 

In order to complete the uplink communication UE-gNB, the RS is assumed to be equipped with a 

pair of antenna arrays. The first antenna array (up to four antenna elements) is used only in the link RS-

gNB and has a directive radiation power pattern pointing to the gNB since both are fixed. This 

assumption ensures better channel conditions, high throughput and also reduces the possible intra-cell 

interference caused by the RS for another RS, which is receiving in the same frequency as depicted in 

Figure 29. In this figure, RS2 receives the desired signal from UE but also the interference signal (red 

arrow) from RS1; which can be drastically reduced if RS1 is equipped with a directive radiation power 

pattern.   

 

 

Figure 29. D2D uplink relaying in the 5G-RANGE network - RS-RS interference. 

The second antenna array placed in the RS is assumed to have a single antenna element with 

omnidirectional radiation power pattern to provide communication to the link UE-RS (signaling and 

data transmission). The choice of such radiation pattern will ensure the UE connectivity since the UE is 

assumed to be near to the RS and placed in a random location. However, this configuration can introduce 

intra-cell interference (when more than one UE is using the same resource frequency) as depicted in 

Figure 30. In this picture, the UEs 1 and 2 are transmitting data in the uplink direction to the RSs 1 and 
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2, respectively. In this case, UE1 and UE2 are interfering with RS2 and RS1 (red arrows), respectively. 

However, this interference can be acceptable taking account the follows assumptions: 

1. The distribution of the UEs in the cell is widely sparse, thus it is expected a low probability of 

two very close UEs transmitting in uplink in the same resource frequency. 

2. The high path loss attenuation combined with the UE low transmission power reduces 

significantly the interference, especially if UEs are far away from each other. 

When the intra-cell interference cannot be acceptable, i.e., it is large enough such that the signal-to-

interference-plus-noise ratio (SINR) is below a given threshold (defined according to the sensibility of 

the transceivers connected in the network), it shall be gNB responsibility to treat the interference (e.g., 

ensuring that close UEs are not assigned to the same resource frequency). 

 

Figure 30. D2D uplink relaying in the 5G-RANGE network - UE-RS interference. 

7.2. Radio Resource Connection (RRC) for uplink  D2D 

The RRC connection establishment is used to make the transition from RRC Idle mode to RRC 

Connected mode. UE must make the transition to RRC Connected mode before transmitting any data or 

completing any signaling procedures.  

The RRC connection procedure for UL D2D 5G-RANGE project is based on LTE RRC connection 

[37] [38] for UL gNB-UE as depicted in Figure 31 and described in five steps as follows: 

1. The UE initiates a session sending a RA Preamble (which contains the Cyclic Prefix, UE 

ID, etc.) to the gNB through RS using the RACH.  

2. The gNB assigns a C-RNTI to the UE through the Downlink Shared Channel (DL-SCH). 

3. UE requests an RRC connection (with the establishment cause) to the gNB through the RS 

via the UL-SCH (Uplink Shared Channel). 

4. The gNB report to the UE (based on the establishment cause) the communication setup 

through DL-SCH. 

5. UE acknowledges the communication setup to the gNB through the RS using the UL-SCH. 

The proposed RRC connection interface in Figure 31 makes the RS transparent in the network, 

which means that the gNB do not know that the UE is connected to the RS. Since the gNB does not 

know about that UE, the intra-cell interference will be more difficult to be treated and, in addition to 

that, UEs in the cell-edge suffer a large path loss attenuation. 
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To lead a better management of the intra-cell interference and SINR in the cell-edge, an alternative 

RRC connection procedure can be introduced by changing the steps two and four of the proposed RRC 

connection as follows: subdivide each one of these steps, such that RS will intermediate the 

communication between the UE and gNB, i.e., the RS will operate in both uplink and downlink 

transmission. In this way, an additional time-slot will be required for each step to complete the 

communication, which may not be suitable for certain applications, but a better SINR condition can be 

reached. 

 

 

Figure 31. RRC procedure. 
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8. Cognitive Cycle 

Considering that one of the most critical features of 5G-RANGE is related to cognitive network 

functionalities, this section provides the system level definitions regarding the cognitive cycle and the 

use of geolocation data base and spectrum sensing. 

8.1. System Definitions for Cognitive Cycle 

The 5G for remote area networks operates in Very-high Frequency (VHF) and Ultra-high Frequency 

(UHF) bands mainly for two reasons. The first one is the coverage. VHF and UHF bands present 

excellent propagation characteristics, which means that the 5G signal can be reliably received at long 

distance. Two bands have already been licensed for mobile communication at the VHF and UHF bands 

in Brazil and Europe. The first one is the 450 MHz and the second one is the 700 MHz, which is also 

being used for mobile communications all over the world. However, spectrum license increases the costs 

of the network, leading to an unpractical price for the end-users in low populated areas. This brings us 

to the second reason. VHF and UHF bands are mainly reserved for TV broadcasting. However, a large 

number of TV channels are vacant in remote and rural areas. A secondary network can opportunistically 

exploit of those channels without a license or with the low-cost license. To provide low-cost and high 

reliable coverage in remote areas, the network must be able to exploit the TVWS without causing 

interference to the primary users. The set of techniques that allows this operation mode is called a 

cognitive network and the cognitive cycle integrated into the MAC layer is the crucial feature to achieve 

this goal. The cognitive cycle is responsible for identifying the available TVWS, allocating the channels 

to the users according to a schedule and coordinating the PHY for the proper communication. The 

cognitive cycle must also verify if the currently occupied channel has started to be used by a primary 

network after the secondary network has occupied it. In case a primary user is detected in the currently 

occupied band, the cognitive cycle must coordinate the frequency change of the secondary network 

without causing service interruption for the users. 

The spectrum sensing is, therefore, a significant function of the cognitive cycle. The gNB must be 

aware of the spectrum occupancy in its operating geographical position. Since TV stations are long-term 

continuous operating system regulated by the spectrum administrators, its presence in a given position 

is known. Hence, a geolocation database can be used to inform all BSs about the spectrum occupancy 

at its position, allowing the secondary network to exploit only the vacant channel. However, two issues 

rise here. The first one is related to the coverage prediction performed to build the database, which is 

realized, in most cases, by software. However, propagation mechanisms in the UHF and VHF band can 

make a signal to be received in a region that was not predicted to be covered. Therefore, the sole use of 

the database can lead the secondary network signal to hinder the operation of TV sets located in areas 

not predicted to be covered. The second problem is related to unauthorised use of the spectrum. Pirate 

TV stations are not listed in the database by the spectrum regulatory agencies. Although these TV 

stations do not need to be protected, its signals can hinder the operation of the secondary network that 

allocates the same channel for data communication. 

From this scenario, one might conclude that the knowledge of the spectrum utilization in a given 

geographic position cannot only be provided by the geolocation database, but it must be complemented 

by the spectrum sensing performed within the limits of the network. The UEs in the cell perform the 

spectrum sensing coordinated by the gNB. Several mechanisms can be used to achieve this goal, but the 

basic idea consists of the gNB selecting a group of UEs to measure the channel conditions in a given 

frequency. Each UE will measure the channel and perform a spectrum sensing technique locally. The 

outcome of this measurement is reported to the gNB, which will decide about the channel occupancy 

based on the collection of received data from the UEs. In some scenarios, the gNB itself can also measure 

the channel and add its statistic about the channel state into the collaborative measurement. This overall 

procedure is called cooperative spectrum sensing, and it avoids issues such as hidden station and TV 

signal fading. 
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8.2. Use of Database and Spectrum Sensing 

For the spectrum holes discovery, and protection of incumbent users from harmful interference from the 

5G-RANGE system, both geo-location database and spectrum sensing will be used, as illustrated in 

Figure 32. 

 

Figure 32. 5G-RANGE database and sensing solution where database protects the incumbent systems 

(registered TV and PMSE signals) from harmful interference caused by the unlicensed use of TV white 

space. 

The database protects the incumbent users (here registered TV and Program Making and Special 

Events (PMSE) signals) from harmful interference caused by the additional unlicensed use of TV white 

spaces. The database includes information about authorised TV signals, excluding pirate TV 

broadcasting, and information about PMSE signals, like registered professional wireless microphones 

or talkback devices that have low power transmission and analog frequency modulation (FM). 

Professional PMSE devices are used in significant events like concerts, or by security agencies. The 

database includes information about the wireless systems, such as location, bandwidth, maximum 

allowed power, and the period of usage. Additionally, an essential part of the database is geographical 

information, for example, obstacles like buildings and terrain information including mountains to model 

the propagation characteristics for the interference studies. Registered TV signal information is general 

information, as registered PMSE information and geographical information are local information. The 

database is used to protect the incumbents by performing interference analyses that use the system 

characteristics, radio propagation characteristics, and protection requirements. The maximum power that 

the 5G-RANGE gNB and UEs can transmit at vacant channels can be calculated based on co-channel 

adjacent channel protection ratios. When protecting PMSE devices, a zone around PMSE devices can 

be defined. Inside the zone, co-channel transmission is not allowed. The area is calculated based on 

centre frequency, output power, antenna gain and the characteristics of the channel.  

Also, the database can include a list of UE devices of 5G-RANGE and other systems that have 

access to it. The database may also include regulatory information, like regulation properties and 

regulation limitations. Because signal classification to occupant/vacant channels is made based on the 

information in a database, this information must be trustworthy, so it must come from some verified 

source, like the spectrum regulator. There can be one or several databases. For example, there may be 

one national database containing, e.g. geographical and registered PU information and several local 

databases that include, e.g. registered PMSE information. 
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The geolocation database includes the following information: 

¶ Location information: i.e. coordinates (longitude, latitude and altitude) that yield to some 

geographic area divided into smaller areas called pixel, for example, 1.50 km2 divided into 200m 

by 200m areas as illustrated in Figure 33; 

¶ channel number; 

¶ regulation properties and limitation; 

¶ maximum power a UE device is allowed to transmit. This depends on the channel and the 

location; 

¶ registered TV and PMSE signals information: name, channel, geographical location, special 

characteristics, duration and range (PMSE), transmit power and status; 

¶ UE device information: list of UEs that have permission to use a database; name, owner, special 

characteristics, limitations, policies, status, geographical data, location, and accuracy; 

¶ White space information: channel, geographical location, purpose, status (occupied/vacant), 

maximum allowed transmit power. 

¶ Channel and power availability are described separately for each pixel (geographical square). 

 

Figure 33. Example of the geographical area in the database (photo: Luciano Mendes) 

The 5G-RANGE system includes spectrum sensing in addition to the database approach. The 5G-

RANGE UEs / BSs will sense unregistered PMSEs, pirate TV channels and other existing (narrowband) 

signals since they are not found in the database. Before sensing, UE provides its location information, 

transmit coverage area and device type to the base station. This ensures that the base station can allocate 

resources that are sized to the device’s capabilities (bandwidth, maximum transmit power) as illustrated 

in Figure 34. This allocation uses database information obtained through the network management 

system. For example, UE downloading some video content gets more resources than UE transmitting 

just voice. In an emergency (e.g., eHealth case), UEs transmitting critical data may have higher priority 

than other UEs (Figure 35). 
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Figure 34. Time and frequency resource allocation in one geographical pixel. Available channels can be 

narrow in frequency and short in time, narrow in frequency and long in time, wide in frequency and short 

in time, and wide in frequency and long in time.  

 

Figure 35. Different users may have different spectrum and priority needs. For example, video transmission 

requires more resources than just a voice, and emergency users may have higher priority than other users. 

The database sends a list of possible vacant frequencies (channels that are not reserved for registered 

TV or PMSE devices), and the maximum allowed transmit power values to the base station, which sends 

the information to the UE. Due to the different types of systems present and some of which may not be 

registered in the database, the transmission may be allowed when vacant frequencies at given location 

are verified using sensing, to avoid collisions between the systems. Both time and spatial aspects are 

taken into account: the channel has to be vacant at that time and on that geographical location. Spectrum 
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occupancy is detected when there is a signal present, so the channel is defined to be occupied. The 

probability of detection (Pd) denotes the probability of detecting the signal when the signal is present at 

the channel. Pfa denotes what the probability of making a false alarm, which is the probability of defining 

the channels occupied even though it is vacant. High Pfa means that transmission opportunities are being 

lost. Miss detection means that signal is not detected when a signal is present, that is, the channel is 

defined to be vacant even though it is occupied, which leads to a collision. The channel occupancy 

verification procedure is shown in Figure 36. 

 

Figure 36. The interaction between database and sensing when defining is the channel occupied or not.  

In general, both the database approach and the spectrum sensing are used to define if the channel is 

occupied or not. This process includes database access as well as detection and transmission cycles, as 

it is shown in Figure 37. Detection includes sensing, sending a report to fusion centre, receiving a 

cooperative decision, and reconfiguration. It can last some seconds. In the detection and transmission 

cycle, detection and data transmission alternate. Detection and transmission cycle can last tens of 

seconds. Database access cycle includes access to the database, detection, and data transmission, and it 

is performed regularly (typically with spaces of hours). 

 

Figure 37. Database and sensing cycles. 
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If the UE cannot detect PU signal and starts transmitting in the channel, the PU can interfere. This 

is a well-known problem that exists in all wireless systems. Obstacles like buildings or mountains, 

shadowing, path loss and fading cause problems for UEs to detect primary signals. Those are illustrated 

in Figure 38. Therein, UE name ‘A’ cannot detect the PU because ‘A’ is outside PUs transmission range. 

Because ‘A’ is not able to detect PU, it assumes that the channel is vacant and starts to transmit to ‘B’ 

that leads to a collision because ‘B’ is inside PUs transmission range. This is called a hidden node 

problem. It can be seen that there is also a mountain between PU and ‘C’ in Figure 38. Therefore, even 

though ‘C’ is inside the PUs transmission range, ‘C’ is not able to detect PU and it starts to transmit and 

causes a collision. 

 

Figure 38. Hidden node problem (‘A’ is outside PUs transmission range and can not detect PU) and natural 

obstacle (there is a mountain between ‘C’ and PU, so ‘C’ is not able to detect PU even though ‘C’ is inside 

PUs transmission range). (Photo: Luciano Mendes). 

One answer to those problems is to use cooperative sensing. Instead of each UE performs sensing 

and makes channel occupancy decision individually, cooperative sensing combines sensing results of 

several UEs. Either all or only part of UEs perform sensing. The reporting of the sensing results requires 

some form of a common control channel (CCC). In addition to the problems mentioned above, 

cooperative sensing speeds up the sensing process and gives also more reliable results thus raising the 

probability of detection. Cooperative sensing utilises spatial diversity when sensing devices are in 

different positions, so detection requirement for one sensing device can be lower. Cooperative sensing 

needs some protocol for sensing information sharing, and this adds overheads. Cooperative sensing 

increases total energy consumption but decrease local energy consumption. However, the achieved gain 

is much more than increased overheads.  

Cooperative sensing can be done in a centralised, distributed or relay-assisted fashion. Centralized 

cooperation means that a fusion centre (FC) (or central entity) controls the sensing and makes the 

decision. Fusion centre may be, for example, the base station. In distributed cooperative sensing, there 

is no fusion centre, but radios communicate among themselves and make a unified decision. Local 

sensing decisions are delivered to others. In relay-assisted cooperative sensing, sensing reports are 

forwarded using other radios (multi-hop cooperative detection). Centralized cooperative sensing is 

illustrated in Figure 39. Therein, UEs make sense, send individual reports to a fusion centre using a 

common control channel, and data fusion combine the sensing results and makes the cooperative 
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decision. That final decision about channel occupancy situation is sent to UEs using common control 

channel. 

 

Figure 39. Centralized cooperative sensing. Single UEs make sensing and send their 

individual reports to fusion centre, which makes final decision and sends it 

to UEs. 

The overall process is briefly illustrated in Figure 40. It starts when then UE needs to transmit, then 

the UE sends a resource request to the base station. The base station uses database information obtained 

through the network management system. Base station acquires a list of possible channel candidates that 

are vacant from PUs based on UEs location information. After that, the gNB may ask UE(s) to perform 

spectrum sensing to detect if there are unregistered PMSEs, pirate TV channels and other existing 

(narrowband) signals in the candidate channel(s). In sensing, some detection threshold is used when 

defining if the channel is vacant or occupied. In the case of individual sensing, UE decides if the channel 

is vacant or not and sends that information to gNB. During the long transmission, in-band sensing may 

be required to avoid collisions with other users like PUs. In the case of cooperative sensing, UE sends 

sensing report to a fusion centre that makes a final decision if the channel is vacant or occupied based 

on several UEs reports. Fusion centre sends its report to gNB which can then allocate channel resources 

to UEs.  

In some situations, there may be no connection to the database. This may occur in very sparsely 

populated rural areas, where, e.g., there is only a single farm (smart farm) or a nature park, or in 

unexpected disasters, like an earthquake. In that case, UE should try to connect to the database using, 

for example, an Internet connection, if the database is publicly available. Alternatively, the system can 

ask the database information for any other nearby UE that may have access to it. If it is impossible to 

get a connection to the database, pure sensing may be acceptable if some conditions are fulfilled. Those 

conditions may concern, for example, used channels or used transmit powers. It may also be possible 

that in areas where it is known that there may be no connection to the database, some specific channels 

are reserved to UEs where they can transmit using some maximum transmission power based on pure 

sensing. Those channels should be selected so that there is no PUs nearby. Those channels can also be 

used in emergency situations, such as eHealth monitoring [39] [40] [41]. 
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Figure 40. Combining geolocation database and sensing information. 
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9. Physical Sublayer 

The 5G-RANGE PHY layer is based on the 5G NR specification and aims to follow the standard as 

much as possible. Although, in order to overcome the challenges posed by long range cell coverage on 

TVWS frequency bands, some characteristics needs to be incorporated or changed. The main features 

required for the 5G-RANGE PHY are low OOB emissions, high flexibility regarding reconfiguration to 

allow dynamic and fragmented spectrum allocation and cognitive radio operation, high robustness 

against frequency-selective channels and high spectrum efficiency. The main changes, regarding 5G NR 

needed to achieve these characteristics are:  

¶ Narrower subcarrier spacing than in 5G NR; 

¶ Longer CP duration; 

¶ Longer symbol, slot and subframe duration because of the longer CP; 

¶ Flexibility to include waveforms other than CP-OFDM/SC-FDMA for better spectral efficiency 

and lower OOB emissions; 

¶ Changes in the frame and resource grid to allow the changes above. 

 Figure 41 details PHY Layer functional blocks, which are explained in the following subsection. 

 
Figure 41. PHY block diagram showing the components and their interfaces. 

9.1. PHY Building Blocks 

To fulfil the requirements of the 5G-Range project, summarised in section 2, the PHY architecture 

is separated into four building blocks. Figure 41 provides an overview of these blocks and the 

communication between the blocks and the MAC layer. In the following subsections, we introduce each 

block of the PHY and briefly state how it communicates with the other blocks. 

9.1.1 5G-ACRA 

The 5G Advanced Coding for Remote Areas (5G-ACRA) block implements the channel coding 

scheme as well as rate matching based on the chosen MCS. Providing reliable communication despite 

the channel distortions, support for high data rates and at the same time a low implementation 

complexity results in very challenging requirements on the channel code. As compared to 5G NR, the 

channels encountered in the 5G-RANGE scenarios are expected to be much more destructive.  

In 5G NR, low-density parity check (LDPC) codes are used for data channels (PDSCH/PUSCH). 

For L1 control signalling (PDCCH/PUCCH), polar coding is used in case of more than 11 information 

bits is necessary [12]. These are also the candidates which are being investigated for an application 

implementation in 5G-ACRA. 
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5G-ACRA communicates with 5G-LA, which is part of the MAC layer. Using an AMC, 5G-LA 

defines the code word length and the code rate to be employed by 5G-ACRA (cf. section 6.6). 

9.1.2 5G-FlexNOW 

The 5G Flexible Non-Orthogonal Waveform modulator/demodulator (5G-FlexNOW) block 

implements the waveform modulator/demodulator. The 3GPP decided that Orthogonal Frequency 

Division Multiplexing (OFDM) and Single Carrier Frequency Division Multiplexing (SC-FDMA) will 

be used in 5G NR. However, additional filtering and windowing may be applied by the vendors, as long 

as it is transparent to the receiver [42]. Since the requirements of the 5G-RANGE scenario impose most 

importantly lower OOB emissions, it will be necessary to make use of the additional filtering and 

windowing. Furthermore, the waveform should be flexible to allow dynamic adaption to the 

transmission environment. Therefore, a non-orthogonal waveform with low OOB emissions is 

investigated for an application in 5G-FlexNOW. Possible waveforms under consideration are f-OFDM 

(filtered OFDM), Generalized Frequency Division Multiplexing (GFDM), Universal Filtered Multi-

Carrier (UFMC) and Filter Bank Multicarrier (FBMC). 

The 5G-FlexNOW may change the configuration of the PHY based on a parametrisation which is 

provided by the MAC layer blocks, such as 5G-DARA (see section 6.8). The parameters include the 

number of active subcarriers, the subcarrier spacing (different numerologies will be supported), the 

modulation order and the specifications for the filtering/windowing, which determine the OOB 

emissions. 

9.1.3 5G-MIMORA  

The 5G-MIMORA block implements the MIMO signal processing of the 5G-RANGE PHY. 

Multiple antennas are used to enhance transmission capabilities of the system. 5G-MIMORA 

implements signal processing for a trade-off in diversity gain, which goal is to enhance the robustness 

of the transmission in order to provide communications for doubly dispersive long-range channels and 

spatial multiplexing between multiple users in order to enhance the spectral efficiency. The choice and 

implementation of the MIMO signal processing algorithms depend on the waveform which is 

implemented in 5G-FlexNOW. A comparison and performance evaluation of Space-Time Block Codes 

(STBC) for multiple non-orthogonal waveforms is given in [43]. 

5G-MIMORA receives input on the desired diversity gain and the spectral efficiency from the upper 

layers. By changing the implemented MIMO signal processing, either the diversity gain or the spectral 

efficiency can be improved. For different use cases, a diversity gain or a gain in spectral efficiency is 

desirable to enhance the system performance. 

9.1.4 5G-IR2A 

The 5G Inner Receiver for Remote Areas applications (5G-IR2A) algorithms are necessary, which 

provide reliable synchronization performance under doubly dispersive channels. They specifically have 

to be able to deal with high Doppler shifts and very long power delay profiles. The algorithms will make 

use of pilot sequences to estimate the synchronization parameters. 

5G-IR2A, as inner receiver algorithm, does not have any MAC interface. However, the block must 

exchange data with multiple other PHY blocks. On the receiver side5G-IR2A receives the distorted 

signals from the RF front end. Based on the pilot observations, 5G-IR2A will estimate the 

synchronisation parameters, correct them and forward the data to 5G-MIMORA for MIMO receive 

processing. On the transmitter side, 5G-IR2A provides the pilot signals for the PHY framer.  
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9.1.5 PHY Frame Structure 

The 5G NR specification introduced more option for multiple numerologies with scalable 

subcarrier spacing [11]. Integer multiples of the traditional 15 kHz up to 240 kHz were adopted aiming 

operation in the higher frequency bands. Table 3 presents the numerologies supported by 5G NR.  

Table 3. NR scalable subcarrier spacing. 

μ Ў█ ⱧϽ  [kHz]  Cyclic Prefix Slot duration (ms) 

0 15 kHz Normal 1 

1 30 kHz Normal 0,5 

2 60 kHz Normal, Extended 0,25 

3 120 kHz Normal 0,125 

4 240 kHz Normal 0,0625 

A slot can be configured as all uplink, with all symbols used to carry information from the gNB to 

the UE, all downlink or mixed downlink and uplink. 5G NR also introduced flexible symbols in a mixed 

slot, which can be dynamically assigned for downlink or uplink through CFI. A table with the valid slot 

formats is specified and can be found in [13]. 

In 5G-RANGE, the multi-user access for the different use cases requires efficient waveforms and 

different numerologies combined in a frame structure flexible enough to address each specific scenario 

requirements. As opposed to 5G NR, where options for wider subcarriers multiple of 15 kHz were added. 

The high-frequency selectivity expected from the long-range application scenarios requires smaller 

subcarrier spacing, down to 937.5 Hz. Submultiples of 15 kHz are proposed, so, they can be considered 

an extension of the 5G NR definition. Table 4 shows the subcarrier spacing proposed for 5G-RANGE. 

Table 4. 5G-RANGE proposed subcarrier spacing. 

μ Ў█ ⱧϽ  [kHz]  Subcarriers per PRB 

0 15 kHz 12 

-1 7.5 kHz 24 

-2 3.75 kHz 48 

-3 1.875 kHz 96 

-4 937.5 Hz 196 

The 5G-RANGE frame is composed by an integer number of subframes, each one formed by an 

integer number of symbols, as depicted in Figure 42. The sub-frames have a fixed time duration, and 

the number of symbols carried by one sub-frame depends on the numerology selected. The final decision 

on the duration for the sub-frame depends on other waveform parameters currently under study. 

We also propose one slice of time in the radio frame dedicated for in-band spectrum sensing. During 

this period, no transmission is allowed from the gNB or the UE. Therefore, it is possible for the receivers 

to sense the spectrum within a bandwidth, limited by its RF front-end. This information will be provided 

to the cognitive MAC, allowing not only the detection of primary users but also the presence of 
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unauthorised transmissions. The duration and periodicity of this procedure in not yet defined. Once this 

definition is achieved, the frame structure will be adjusted accordingly. 

  

Figure 42. Frame structure in time domain 

On the first subframe of every frame, a synchronisation signal is proposed to allow the receiver 

synchronisation. The receiver must be able to derive the symbol timing, frame position and carrier 

frequency offset using this signalling as a reference. The overall frame structure with synchronisation 

reference and the silent period for sensing is illustrated in Figure 43. 

9.1. Physical Resource Blocks 

In 5G NR, a Physical Resource Block (PRB) is defined as 12 subcarriers in the frequency domain, 

for any subcarrier spacing. In time domain, one PRB have the duration of one slot, composed by 14 

OFDM symbols. 5G NR also allows allocation in units smaller than one slot, spanning 2, 4 or 7 OFDM 

symbols in time. 

The 5G-RANGE Physical Resource Block is proposed to be a fixed bandwidth of 180 kHz in 

frequency with the time duration of one subframe. As in NR, 5G-RANGE supports many numerologies, 

as the subcarrier bandwidth decreases, the symbol duration increases in the same proportion. Defining 

PRB as one sub-frame over a fixed bandwidth keeps the amount of information carried in one PRB 

constant, independent of the selected numerology. 

For the 5G-RANGE PoC we initially propose that the Resource Block is the minimum resource 

allocation unit. The value of 180 kHz offers an allocation granularity equivalent to the LTE. The slot-

based allocation of the 5G NR allows a better granularity and is also being considered. 
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Figure 43. 5G-RANGE Resource grid. 
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10. MAC Interfaces and Procedures for Initial API 

Definition 

Table 5 presents the list of MAC sublayer functional blocks, with interfaces internal and external 

with other sublayers, and procedures involving RRC, RLC, MAC and PHY sublayer, as the initial high-

level definition of the APIs, providing information for detailing these APIs and complementing the 

information contained in [7]. 

Table 5. List of MAC interfaces and procedures for  initial API Definition.  

Interfaces Plane Procedures for initial API definition  

5G DARA – RRC sublayer Control 
Management of Radio resource and: access control; admission 

control; state control; power control; CA CC control; QoS 

control; control of all other sublayers; etc. 

5G COSARA – RRC 

sublayer 
Control 

Management of Radio resource and: state control; control of all 

other sublayers; etc. 

5G DARA – 5G COSORA Control 
GDB information exchange. Spectrum Sensing information 

exchange. Spectrum decision control and command exchange. 

5G DARA – 5G SCHED Control 

Management of the TDS and FDS. Number of Secondary 

Component Carrier (SCCs) with correspondent bandwidth size. 

Functions and procedures for TVWS channel selection/ 

reselection and scheduling decision. 

5G DARA – CSI Manager Control 
Exchange UE CSI information: CQI (wideband, sub-band), 

PMI, RI, and it is an option to get Spectrum Sensing Report. 

5G DARA – 5G LA  Control 
MCS information exchange. Cognitive spectrum information 

adjusts for the MCS. 

5G SCHED – CSI Manager Control 
Exchange CSI information: CQI (wideband, sub-band), PMI, 

RI, and it is an option to get Spectrum Sensing Report. 

5G SCHED – 5G LA  MC and CQI (wideband, sub-band) information exchange. 

5G SCHED – 

Multiplexer/Demultiplexer  
Control MAC PDU/RLC PDU formation. MAC CE information. 

5G COSARA – Channel 

estimator 
Control CQI, Spectrum Sensing Report using PUCCH. 

5G SCHED – HARQ 

Manager 
Control HARQ retransmission scheduling. 

5G SCHED - RLC Control LC priorization, Rate control. 

5G DARA – Power Control Control 
UE uplink power control adjustment based on cognitive 

information 

5G DARA – 5G ATB Control 
UE transmission bandwidth (MC and RBs) adjust based on 

Spectrum decision. 

5G SCHED – 5G ATB Control 
UE transmission bandwidth (MC and RBs) adjust based on PHR 

information. 

5G SCHED – RA Manager Control 5G SCHED must schedule allocation for UE Random Access 

5G DARA - PHY Control 
Integration with PHY sublayer for TVWS channel 

configuration, CA configuration. 
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5G SCHED – PHY Control 
Integration with PHY sublayer for exchange UE PHY 

transmission configuration: MCS, Resource Block assignment, 

and Resource Allocation (RA) type 

MAC Multiplexer/ 

Demultiplexer - RLC  
Data RLC PDU reception (downlink), and delivery (uplink) 
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11. List of Initial Technical Requirements 

Based in the information provided in this document, Table 6 presents the list of initial technical 

requirements and actions, that must be defined, analysed, and detailed before and during the platform 

development of the 5G-RANGE system solution. 

Table 6. Initial technical requirements and actions (ITR= Initial Technical Requirement). 

ID  Root 

requirement 

Requirement Description 

ITR1 

Network 

Architecture 

 

Adoption of the 5G 

NR architecture 

nomenclatures 

UE, gNB, AMF, SMF, UPF, 5GS, 5GC, 5G-AN. 

ITR2 

Adaptation of the 

LTE architecture to 

become close to the 

5GC architecture 

AMF (MME SM), SMF (MME MM, S-GW CP and P-GW 

CP), UPF (S-GW UP and P-GW UP), 5GS, 5GC, 5G-AN. 

ITR3 Inclusion of the 

new GDB element 
New S1-GDB interface reference point. 

ITR4 PCRF element For QoS policy configuration. 

ITR4 

 Protocol 

Stack 

Adoption of 5G NR 

protocol stack 
An analysis should be made about this adoption. 

ITR5 Protocol stack for 

S1-GDB 
Same as 5GC protocol stack. 

ITR6 QoS 

Architecture 

Adoption of 5G NR 

QoS Architecture 
An analysis should be made about this adoption. 

ITR7 
Channels 

and Signals 

LTE channels and 

signals  

Analysis of a new control channel, or the use of PDCCH and 

PUCCH for spectrum sensing control and information 

exchange. 

ITR8 

Carrier 

Aggregation 

(CA) 

LLA functionality 
Use of licensed carrier for control channel and unlicensed 

carrier for traffic channel. 

ITR9 
CA with multiple 

SCCs 

Use of multiple contiguous or non-continuous spectrum 

allocation using different SCC with aggregation support for 

traffic channel should be analysed. 

ITR10 

CA with one SCCs 

with wide CBW) 

operation 

Use of wide Channel BW (CBW) operation with multiple 

carrier Bandwidth Part (BWP) configuration with aggregation 

support for traffic channel should be analysed. 

ITR11 
MAC PDU 

format 

Adoption of the 5G 

NR MAC PDU 

format 

Analysis about the use of the 5G new MAC PDU format and 

the use of MCA CE to carry cognitive control plane messages 

and control information. 

ITR12 
MAC 

sublayer 

5G DARA 

integration with 

RRC sublayer 

5G DARA integration and interaction with RRC to perform 

NG-RAN resource management, and control over all another 

sublayer should be analysed. 

ITR13 MAC TDS Uplink strategy and downlink strategy for UE selection. 

Provides LC Prioritization, Rate Control, RB size estimation 
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MAC 

scheduler 

and allocation for each UE. MAC Multiplexer control and 

MAC PDU Formation.  

Integration with CSI manager to exchange the wideband CQI 

information. 

Integration with ATB. 

For CA, capacity for processing multiple MAC PDUs for 

each SCCs. 

Support Transmission Diversity or Multiplexing processing 1 

or 2 MAC PDUs depending on the Transmission Mode. 

ITR14 
Scheduler 

algorithm  

Algorithm optimized for long-range operation with fairer 

selection of UEs with low MCS values, and with reduced 

signalling overhead. 

ITR15 MAC FDS  

Integration with CSI manager to exchange the sub-band CQI 

information. 

FSS algorithm operating with sub-carrier granularity. 

Integration with PHY to provide UE PHY transmission 

parameters: MCS, Resource Block assignment, and Resource 

Allocation (RA) type. 

ITR16 

Link 

Adaptation 

ILLA algorithm 
Mapping between CQI to MCS and delivery the maximum 

number of PRB, code rate and modulation for each UE. 

ITR17 OLLA algorithm 
Corrects the CQI reported by the UE, using an offset value 

resulted from ACK/NACK information. 

ITR18 UE CQI report 

CQI estimation. 

Report periodic, aperiodic, wideband, sub-band, selected sub-

band. 

ITR19 

Power 

control 

Open Loop Power 

Control (OLPC) 

Fractional Power Control (FPC) operation. 

UE path loss estimation based on the reference signal RSRP. 

PRACH PC with power ramp. 

ITR20 
Closed Loop Power 

Control (CLPC) 

TPC command sent to UE.  

TPC value based on the SINR of received PUSCH and 

PUCCH transmission compared with the target SINR. 

ITR21 

Adaptive 

Transmission 

Bandwidth 

(ATB) 

MCS and number o 

RBs adjust 

Uplink transmission bandwidth adjusts (MCS and number of 

RBs adjust) according to with UE maximum transmission 

power constraints. 

Transmission bandwidth adjusts (MCS and number of RBs 

adjust) due to the TVWS variation in spectrum availability 

ITR22 
RA 

Procedure 

Contention-Based 

RA 

RACH manager integrated with MAC Scheduler for resource 

assignment 

ITR23 
Contention-Free 

RA 

RACH manager integrated with MAC Scheduler for resource 

assignment 

ITR24 
Transmission 

Modes 
Transmit diversity 

MAC scheduler shall operate with one MAC PDU for 

multiple layers 
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Shall operate with CA with transmission mode configurable 

per CC. 

ITR37 
Spatial 

multiplexing 

Open-loop MIMO, with layer mapping based on RI 

information. 

Closed-loop MIMO, with layer mapping based on RI 

information, precoding based on PMI report. 

MAC scheduler shall operate with one or two MAC PDUs for 

multiple layers. 

Shall operate with CA with transmission mode configurable 

per CC. 

ITR38 UE report 

RI report based on reference signal measured.  

PMI report based on Code Book. 

PMI reporting can be either wideband or frequency selective. 
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12. Conclusions 

This document has described the reference architecture for 5G-RANGE system solution, covering 

the network features, protocol stack, QoS, cognitive MAC sublayer, cognitive cycle and PHY sublayer. 

Also, this document describes the new procedures that necessary for TVWS operation. The availability 

of the 5G NR specifications allowed the alignment between the 5G-RANGE architecture and the 

specifications of Release 15. The latest 3GPPP specifications provided important information for the 

5G-RANGE architecture definition, including the new QoS and the new approaches related with the 

new PHY frame format. 

With this approach, it was possible to define an architecture that could meet the requirements 

presented in D2.1, in special, the requirement for opportunistic access to TVWS channel, coexistence 

with incumbent users and spectrum agility. These requirements reinforced the importance of the 

functionality presented in the different sections of this document. 

The Cognitive MAC sublayer information was developed, complementing D4.1 and introducing a 

general and high-level overview in terms of procedures, functionalities, and block diagrams with the 

elements and interfaces, providing information for definition of MAC APIs. Also, a list of initial 

technical requirement is presented as a guide for definitions for the next steps WPs 4, 5, and 6. 

The PHY sublayer architecture brings the necessary flexibility to adjust the numerology to cover 

different applications. The waveforms considered in this document can present very low out-of-band 

emissions and, therefore, provide the necessary spectrum agility, once no RF filter is requested. 

Robustness is provided by strong forward error correction and MIMO schemes for diversity and 

multiplexing. 

The network architecture described in this document is the base block for constructing the 5G-

RANGE network. Although several important definitions and new results must be achieved in the tasks 

being carried in WPs 3, 4 and 5, it is clear that the integration of new blocks on the 5G NR for providing 

the capacity of exploiting TVWS will unleash a large set of new possibilities for the 5G network. 
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