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ABSTRACT The next generation of mobile communication system will allow a plethora of new services
and use cases. By offering support for high throughput connections, low latency response and massive
number of connections, the fifth generation of the mobile network will trigger applications unseen in any
other network. However, one important application scenario is not being properly addressed by the players
responsible for themobile networks’ standardization, that is the remote and rural areas network. This scenario
requires large cells with high throughput, flexibility to opportunistically exploit free bands below 1 GHz
and spectrum agility to change the operational frequency when an incumbent is detected. Incipient actions
are being considered for the Release 17 but based on the new radio specification as starting point. The
limitations imposed by orthogonal waveforms in the physical layers hinder the exploitation of vacant TV
channels in rural and remote areas. 5G-RANGE, a Brazil-Europe bilateral cooperation project, aims at
conceiving, implementing and deploying an innovative mobile network, designed to provide reliable and
cost-effective connection in these regions. This network can be seamlessly integrated with the other 5G
scenarios, closing the connectivity gap between the urban, rural and remote areas. Hence, 5G-RANGE
network is an interesting complementary solution for beyond 5G standards. This paper presents the major
achievements of the 5G-RANGEproject, from the design of the physical, medium access control and network
layers, to the field demonstrations. The paper also covers the business models that can be used to make the
deployment of this technology a reality.
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I. INTRODUCTION
During the last years, the Fifth Generation ofMobile Network
(5G) [1] has been heavily researched to provide support for all
applications and requirements foreseen for the future mobile
technologies. These applications have been organized in three
main scenarios, each one with a key major requirement. The
enhanced Mobile Broadband (eMBB) communications sce-
nario [2] must provide high data rate, increasing the capacity
of the network by a factor of 20 when compared with Long-
Term Evolution (LTE) advanced. This means that a 5G cell
must be able to provide peak data rates of up to 20 Gbps in
the downlink and 10 Gbps in the uplink. The high throughput
provided by eMBB relies on the wide bands available in
frequencies above 20GHz, the so calledmillimeter waves [3],
and also on the capacity gain provided by massive Multiple-
Input Multiple-Output (MIMO) [4], where arrays with high
number of elements are used byBase Stations (BSs). The high
operation frequencies allow small antennas to be employed
on the User Equipment (UE) side, whichmeans that manufac-
turers can also implement a large number of antennas on the
mobile devices [5], increasing the mobile network capacity.
The 3rd Generation Partnership Project (3GPP) Release 15
[6] has defined the Physical Layer (PHY) for the eMBB
scenario, called New Radio (NR) [7], but 5G is more than
just higher data rates and the research activities regarding 5G
networks is growing.

Ultra Reliable Low Latency Communications (URLLC)
[8] is another important scenario for 5G, since it will allow
several new applications to run over mobile networks. The
main requirement is to reduce the overall network response
time to a few milliseconds, which is one order of magnitude
lower than the latency observed in LTE. Low latency commu-
nication will support mission critical applications over 5G,
which means that the mobile network will be used to provide
real-time control of real and virtual objects. Control loop in
Industry 4.0 [9], autonomous vehicle support, online gaming
and use of robots in harmful environments are some of the
applications for this technology. Clearly, robustness against
channel impairments provided by powerful Forward Error
Correction (FEC) schemes is crucial, since the information
life spam cannot tolerate re-transmissions from Automatic
Repeat Request (ARQ) schemes. The definitions recently
presented by the 3GPPRelease 16 [10] have enhanced several
functions of the 5G NR and introduced new features, such
as Integrated Access and Backhaul (IAB) for NR in unli-
censed spectrum in the 5 GHz and 6 GHz bands, support for
Industrial Internet of Things (IIoT), URLLC, and Vehicle-to-
Everything (V2X) communications and positioning.

The third application scenario for 5G is the massive
Machine Type Communications (mMTC) [11], where a large
number of power-limited devices are expected to be con-
nected to the network. The Internet of Things (IoT) [12] will
push the number of connections to hundreds of thousands
devices per cell. These IoT devices must operate with low
power consumption and simple algorithms, due to complexity
restrictions. Non-Orthogonal Multiple Access (NOMA) [13]

is important to assure that devices can share the available
resource blocks without elaborated schedulers and the com-
plexity for decoupling the information send from each device
is handled by the BS. ThemMTCwill be integrated into 5G in
3GPP Release 17, which is expected to be presented in 2021.
This release will propose a simplified version of the NR,
named NR Lite. However, the baseline for this simple PHY
will be the classic Orthogonal Frequency Division Multi-
plexing (OFDM) [14], which hinders the Dynamic Spectrum
Access (DSA) [15] due to its high Out-of-Band Emission
(OOBE). Also, spectrum efficiency over long-range links is
limited by the large Cyclic Prefix (CP) necessary to protect
the OFDM symbols. The enhanced Remote Area Commu-
nications (eRAC) scenario requires a PHY that goes beyond
the orthogonality principles. Indeed, it needs to go beyond the
current 5G limitations.

The technologies introduced in 5G to support this plethora
of services and applications are certainly reducing the cover-
age of 5G cells. Millimeters waves are prone to high atten-
uation [16] and, although massive MIMO beamforming can
provide higher antennas gain by adapting the radiation pattern
towards the desired user, it is not expected that cells operating
in above 20 GHz bands can reach a radius higher than a
few kilometers. The latency reduction also imposes coverage
restrictions in the URLLC, since the latency budget for the
PHY is in the order of microseconds to address the infor-
mation ageing requirements [17] and propagation time can
become a limitation. Finally, the power restrictions imposed
on IoT devices for a reasonable battery life-time in themMTC
scenario can result in short links range in the uplink for these
applications [11]. Clearly, small cells are going to be a reality
in 5G networks [18].

The use of high frequency bands and small cells in 5G
networks hinder the development of an important scenario for
continental size countries, which is the eRAC [19]. In fact, the
main scenarios addressed by the current 5G networks devel-
opment are antipodal to what is needed to provide reliable
and high quality broadband mobile networks in remote and
rural areas, which is the missing scenario to be covered by
Beyond 5G networks (B5G). The areas with low population
density have always been a challenge for mobile operators.
Up to now, mobile standards have been conceived to provide
connectivity in urban areas, where the high population den-
sity provides a sufficiently large number of subscribers within
a cell coverage of 10 km or less. But, in remote areas, such
limited coveragewould not reach enough subscribers, leading
to an unaffordable cost per user. In order to be economically
attractive, a remote areamobile networkmust have a coverage
cell one order of magnitude higher than what is provided by
current Fourth Generation of Mobile Network (4G).

Another problem related to the deployment of remote
area networks is the high Capital Expenditure (CAPEX).
Besides the high cost of installing the equipment in remote
areas and providing the required infrastructure (power, back-
haul, towers, etc), the frequency licenses are one of the
biggest challenges. Auctions for spectrum always require
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high investments, impacting the Return on Investment (ROI)
in remote and rural areas. In countries where auction winners
are granted with national wide license, such as in UK, the
operators typically leave remote areas uncovered and, since
the use of the spectrum by other players is forbidden, the sta-
tus quo remains unchanged for these areas. In countries where
the license to provide service in an economically interesting
area is linked with the compromise for providing coverage in
a more economically challenging region, such as in Brazil,
operators usually prefer to pay fines instead of deploying
networks in remote and rural areas.

In order to modify this situation, changes in the regula-
tions on spectrum exploitation in regions with low population
density must be promoted. One approach, which is being
pursued by the 5G Rural First project in UK, consists on
allowing other parties to exploit the spectrum that is not
being used by the operators in a given region. The shared
spectrum approach is receiving support from regulators and
will allow communities and small operators to organize and
deploy a local network without going through the spectrum
auction process [20]. Another approach that is currently being
considered by the Remote Area Access Network for the 5th
Generation (5G-RANGE) project [19] consists on allowing
local and rural operators to exploit unused TV channels, also
known as TV White Space (TVWS), as secondary network.
In this case, a cognitive engine [21] must be used to iden-
tify the spectrum opportunities where the network can be
deployed and also to coordinate the spectrum change when
a Primary User (PU) is identified in the frequency used by
the secondary network. Here, spectrummobility and DSA are
key features for a successful implementation, which means
that the PHY must employ a waveform with very low OOBE
without relying on RF filtering. The PHY must also provide
robustness for long range coverage, while supporting high
spectrum efficiency. Therefore, modern and powerful FEC
schemes must be combined with MIMO techniques to pro-
vide diversity and multiplexing gains.

A 5G network for remote areas can provide several social
and economic benefits. The broadband Internet access in
remote areas can introduce a large parcel of the population
in the Digital Age. According to the International Telecom-
munication Union (ITU), only 51% of the global population
is connected to the Internet [22], meaning that billions of
persons still live aside from the Information Age. A remote
area 5G network can connect a large set of these people,
providing entertainment, education and social media services.
This long-range mobile network can also be used to support
IoT applied to agribusiness, improving the productivity in
farms. IoT can also be used in logistics for better efficiency
in transportation of agricultural production, road service,
and environment, cattle and disaster monitoring. Mining is
another industry sector that can benefit from a remote area
mobile network, where autonomous machinery can be used
in harmful and dangerous situations for humans.

The 5G-RANGE project is addressing the problem of
remote and rural areas coverage by conceiving, developing

and deploying a new operation mode with large cell size and
high throughput at the cell border. The network developed
by the 5G-RANGE project can be integrated with other B5G
initiatives, increasing the reach and the importance of the
mobile networks. 5G-RANGE network employs techniques
that goes beyond the ones developed for 5G and which have
been tailored for the remote and rural area conditions. This
innovative network operates in Very High Frequency (VHF)
and Ultra High Frequency (UHF) vacant TV bands using
a Cognitive Radio (CR) approach, where up to 24 MHz
can be aggregated to provide up to 100 Mbps at 50 km
distance from the BS. The 5G-RANGE Medium Access
Control (MAC) has been modified from the NR to include
the cognitive engine. In order to allow for spectrum mobility
and DSA, 5G-RANGE uses Generalized Frequency Division
Multiplexing (GFDM) [23] to achieve very low OOBE and
high flexibility. Since OFDM is covered by GFDM as a cor-
ner case, this classic orthogonal waveform is also employed
by the 5G-RANGE network. Polar coding, a powerful FEC
scheme used to protect the NR control plane, is also used
in 5G-RANGE, but for both control and data channels. This
means that the 5G-RANGE PHY does not require two types
of FEC encoders and decoders, simplifying the transceiver
design. The frame structure is based on NR [7], but with nar-
rower subcarriers to increase robustness against Frequency-
Selective Channel (FSC). On the Network (NET) layer,
an architecture to integrate the PHY and MAC layers into
the 5G core network is presented, together with an innovative
use case to complement the 5G-RANGE access network to
support network communications beyond the boundaries of
the radio cells based on Small Unmanned Aerial Vehicles
(SUAVs).

The main aim of this paper is to present the overall require-
ments defined for the 5G-RANGE network, based on several
relevant use cases and describe the techniques used in the
PHY, MAC and NET layers to fulfill these requirements.
The paper also brings the evolution of the Proof-of-Concept
(PoC) used for real-time field demonstrations and perfor-
mance evaluation.

In order to achieve these goals, the remaining of this
paper is organized as following: Section II brings the chal-
lenges and requirements for a remote area mobile network,
including the main use cases that will be supported by the
5G-RANGE network. Section III describes the details of the
PHY layer, while Section IV covers the cognitiveMAC layer.
The NET layer functionalities are presented by Section V.
Section VI brings the main technical definitions for each
layer of the 5G-RANGE network. Section VII depicts the
PoC, the demonstrations scenarios, and the field test, while
the business model to exploit the 5G-RANGE network in
remote and rural areas is presented in Section VIII. Finally,
Section IX concludes this paper.

II. CHALLENGING REQUIREMENTS
The eRAC scenario must address the following main use
cases, which are also depicted in Fig. 1:
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FIGURE 1. Main use cases for the eRAC scenario.

• Voice and Data Connectivity: This use case aims at
providing both broadband Internet access and voice ser-
vices for large areas. The vertical market for this use case
is telecommunications service providers which typically
sell these two services together. It is applicable in uncov-
ered and underserved areas.

• Smart Farms: This use case attempts to provide capa-
bilities for data collection and analysis, crop monitoring,
production traceability, remotemaintenance and diagno-
sis, cattle monitoring, and other services in rural areas.
The vertical market for this use case is agribusiness and
it is applicable in uncovered and underserved areas.

• Wireless Backhaul: The main goal of this use case is to
exploit the TV broadcasting infrastructure available in
remote communities to provide a wireless backhaul link
to connect local cells to the core network. This use case
also considers the connection of other technologies, such
as Wireless Fidelity (Wi-Fi), Long Range (LoRa) and
Sigfox with the core network. The vertical market for
this application is telecommunications service providers
and it is applicable in underserved areas.

• Remote Health Care: This use case aims at providing
a communication infrastructure for health and medical
assistance and monitoring in remote and rural areas.
The vertical market is the health care sector and it is
applicable in uncovered and underserved areas.

• Environmental Monitoring: This use case provides
disaster alert and situational awareness for governmental
and health verticals in remote regions. It is applicable
mainly in uncovered areas.

• Maritime Communications: The aim here is to pro-
vide integration between offshore platforms and onshore
facilities. The vertical markets are mining and energy in
uncovered areas.

• Smart Grid: The goal in this use case is to enhance
smart-grid connectivity and applications, allowing

TABLE 1. Main requirements for the eRAC scenario.

control of the energy flow. The vertical market is energy
and it is applicable in uncovered and underserved areas.

These different use cases demand a large set of require-
ments that can be conflicting with each other. Table 1 contains
the main requirements for the remote area applications [24].

Table 1 shows that eRAC scenario presents challenging
conditions for the PHY. Since this networkwill operate in low
populated areas, the cell coverage must be one order of mag-
nitude larger than the one observed in 4G networks. Consid-
ering the rural and remote areas in Brazil, the cell radius must
achieve 50 km from the BS in order to have enough potential
subscribers to sustain the network [24]. Broadband applica-
tions for data connectivity, wireless backhaul and smart farms
require high data rates over long-distance links. The network
must provide at least 100 Mbps at the edge of the cell while
assuring at least 30 kbps per connected device during busy
hours. Since long-range links are necessary, lower frequency
bands are preferable. 5G-RANGE has been conceived to
operate in frequencies below 3.5 GHz, however, operation in
VHF and UHF bands is desired, since the propagation char-
acteristics at these bands are suitable for large cell coverage.
Also, several available TV channels in rural and remote areas
can be opportunistically used by the 5G-RANGE network.
CR techniques are required to allow the 5G-RANGE network
to exploit vacant TV channels without interfering with pri-
mary users. Regulation agencies around the world authorize
the TVWS exploitation, but very restricted protection Key
Performance Indicators (KPIs) must be addressed. One of
the most challenging KPI is the Digital TV (DTV) detec-
tion threshold, where signals below the noise level must be
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detected to protect TV devices operating in the area. Spec-
trum sensing algorithms can rely on periodical structure of the
DTV signals and use autocorrelation and average to reduce
the influence of noise. Windowing-based energy detection
algorithms [25] can also achieve acceptable performance in
low Signal-to-Noise Ratio (SNR) and are good candidates for
the 5G-RANGE network. Adjacent Channel Leakage Ratio
(ACLR) is another challenging KPI. The ACLR values pre-
sented in Table 1, defined to protect primary users operating
in adjacent channels, must be achieved without RF filter
because the networkmust be able to useDSA and Fragmented
Spectrum Allocation (FSA). Other KPIs are restricted by the
standardization bodies. Although 3GPP does not limit the
BS transmit power in remote areas, several countries impose
transmit power restrictions. 5G-RANGE aims at using the
same power levels employed in mobile networks in urban
environment. The power restriction imposed to handheld
device limits the coverage for smartphones. 5G-RANGE
also considers Device-to-Device (D2D) communication in
the handheld devices’ uplink with reduced throughput. How-
ever, the 50 km link is aimed for backhauling and Fixed
Wireless Access (FWA). Rooftop antennas connected to
Customer Premises Equipment (CPE) are used to provide
Internet access for gateways, which distributes the connec-
tivity among other devices employing complementary tech-
nologies. There is no single technology today that can address
all requirements presented in Table 1. Some technologies that
can partially address the demand in remote areas are:
• Wi-Fi [26]: Wi-Fi is designed to be an indoor wireless
network, but it has been used by small Internet providers
to offer FWA in remote areas. High power wireless
routers with directive antennas use Industrial Scientific
and Medical (ISM) bands (typically in the 2.4GHz
band) to cover large distances. However, Wi-Fi cannot
handle a large number of connected devices as well as
interference with other wireless networks. This leads to
a poor performance in terms of coverage and number of
simultaneous connections. New standards, such as IEEE
802.11af [27] and IEEE 802.11ah [28] are designed to
use CR engines to exploit TVWS. These new standards
focus on low power transmissions (20 dBm) and short
ranges and, therefore, they are not applicable for the
eRAC scenario, but can be used as a complementary last
mile solution.

• IEEE 802.22 [27]: This standard is considered the
first one to employ CR technology. However, its PHY
is heavily based on Worldwide Interoperability for
Microwave Access (WiMAX) [29] and it employs
OFDM as air interface. The high OOBE from this wave-
form requires RF filtering, hindering the possibility to
change the spectrum when a PU is detected. Also, the
few practical implementations of this standard purely
rely on a geolocation database and do not use spectrum
sensing. Consequently, unauthorized transmissions can-
not be detected, which means that pirate TV signals can
interfere with the IEEE 802.22 network.

• LoRa [30]: This standard has been designed for
low throughput Machine-Type Communications (MTC)
applications and it cannot provide broadband Internet
access. It can achieve large coverage, but at very low data
rates. Furthermore, the round trip latency is around 1 s
to 2 s. Nowadays, this latency is acceptable for several
IoT applications, such as monitoring of machinery, soil
conditions, weather and cattle, but it is unacceptable for
mission critical MTC and control applications foreseen
for future agribusiness applications.

• Sigfox [31]: This is a closed standard designed for MTC
applications. It can achieve up to 50 km coverage, but
the payload is limited to a few bytes and a maximum
of 140 uplink transmissions per day. Sigfox can be used
in IoT applications that require low data rate and that
are latency insensitive, but it is not suitable for IoT
applications that demand very high data rate or low
latency.

• LTEAdvanced andNB-IoT [32]: 3GPPRelease 14 has
introduced an evolution of the LTE lineup, which
included high throughput and an IoT-oriented operation
mode, called Narrow Band IoT (NB-IoT). The high
throughput achieved by LTE advanced is applicable
for urban environment and the NB-IoT can be used to
deploy MTC services. These features allow new appli-
cations to be developed over 4G network. Although the
upper MAC layer allows message timing in 100 km
links, the limitations imposed by the PHY layer restricts
the use of this technology in rural and remote areas.
The CP length, restricted to 4.7 µs in normal mode and
16.67 µs in extended mode, cannot protect the high data
rate stream from doubly-dispersive channels with delay
spread that can be of several tenths of µs. Therefore,
only low data rates can be achieved by 4G technology
in long-rage links. Also, this technology only operates
in licensed spectrum.

• 5G-NR: 5G New Radio (5G-NR) was presented by
3GPP in Release 15 as the PHY interface for 5G net-
works. 5G-NR is more flexible than LTE in terms
of subcarrier spacing, which can assume values of
1f = 2n15 kHz, with n = 1, 2, 3, 4. The CP length
is reduced proportionally with the increment of the sub-
carrier spacing. This approach is an interesting solution
for millimeter wave operation in Line-of-Sight (LOS)
environments with high antennas gains and beamform-
ing provided by massive MIMO. But it is not suitable
for long-range links, where the multipath channel can
present long delay profiles with tenths ofµs. 5G-NRwas
also designed for operating in licensed bands, and not in
TVWS. Because 5G-NR relies on OFDM, it requires RF
filtering to reduce OOBE and to be compliant with the
Adjacent Channel Power Ratio (ACPR) defined by the
regulatory agencies. This restriction hinders 5G-NR of
using DSA and FSA.

• NR-U: The unlicensed spectrum access introduced by
the 3GPP in 5G networks, named NR for unlicensed
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spectrum (NR-U) [33] will initially allow 5G networks
to exploit the unlicensed spectrum in the 5/6 GHz
bands and other frequencies in the Millimeter Wave
(mmWave) bands will also be included. Two operational
modes are possible. In the first one, called non stand-
alone, a 5G BS operating in licensed spectrum can
unload data traffic in the unlicensed spectrum, increas-
ing the overall capacity of the network. For the second
one, known as stand-alone, the 5G BS operates only in
the unlicensed spectrum, without any connection with
a BS operating in the licensed spectrum. This approach
is interesting for deploying private 5G networks. NR-U
increases the flexibility of the 5G networks, but its oper-
ation restrictions reduce its impact in remote and rural
areas. The propagation losses in 5/6 GHz frequencies
and the restrictions for the Effective Isotropic Radiated
Power (EIRP) presented in the standard reduce the cov-
erage area of the NR-U BS. In remote areas, the cell size
must achieve tenths of kilometers to cover several sub-
scribers and devices in order to be economically feasible.
Nevertheless, NR-U is an interesting solution that can
enhance the opportunities for the last mile connection
and distribution of the Internet access provided by a
long-range link. Hence, NR-U is a complementary tech-
nology that can be combined with the solution proposed
in this paper to integrate new digital services in areas
with poor or no connectivity.

The introduction of the eRAC scenario in the future B5G
networks can overcome the presented limitations of the cur-
rent technologies, allowing for all use cases describes in this
section to be implemented in remote areas. The evolution of
B5G networks can become a solution for a truly universally
connected society.

III. PHY FOR REMOTE AREAS NETWORK
This section introduces the PHY explicitly designed for the
eRAC scenario. The exploitation of TVWSs for the transport
channel poses many challenging requirements on the PHY,
which varies with the use case, as seen in Sec. II. Conse-
quently, the PHY must employ a frame structure with a high
degree of flexibility and a waveform with very low OOBE for
coexistence with PUs. The control channel is assumed to be
implemented on a narrow band licensed channel in the same
frequency band in order to ensure constant availability for all
users. In the following, the primary considerations for each
subsystem of the 5G-RANGE PHY are presented.

A. WAVEFORM
The exploitation of TVWS requires awaveformwith very low
OOBE in order to coexist with TV stations. 3GPP specifies
−45 dBc for the OOBE at the antenna and 5G-RANGE
project defined −55 dBc for the OOBE when operating in
unlicensed TV channels for better protection of the incum-
bents. Conventional waveforms, like OFDM, which is used
in 4G and 5G NR, do not meet this requirement. In fact, all
candidate waveforms for the 5G-RANGE PHY, i.e., OFDM,

FIGURE 2. Waveforms OOBE without time windowing.

Block OFDM (B-OFDM), Filtered OFDM (F-OFDM) and
GFDM, have presented OOBE above the limit, as it can
be seen in Fig. 2. F-OFDM achieved good OOBE outside
the occupied bandwidth, but the OOBE within the occupied
bandwidth is as poor as the ones observed for the other
waveforms.

Employing RF filtering to reduce the OOBE is not an
option, because the remote area network must be able to
change its operation frequency when a PU is detected. One
way to reduce the OOBE is to utilize time-domain win-
dowing where the time-domain transmit signal is windowed,
i.e., multiplied, with a windowing function which decays
smoothly to zero prior at the beginning and end of each sym-
bol [34]. Time-windowing can be applied to any waveform
that employs CP to protect the signal against the multipath
channels. Fig. 3 shows that all waveforms but B-OFDM
achieved the target -55 dBc. The hard transitions within the
B-OFDM blocks hinder the OOBE reduction for this wave-
form. F-OFDM has achieved the same OOBE as GFDM,
but the former has lower spectrum efficiency in terms of CP
utilization and equivalent complexity when compared with
GFDM [23].

Moreover, GFDM can be understood as a generalization
of OFDM, i.e., GFDM can be configured as OFDM, which
allows for flexible backward compatibility with legacy net-
works. The good spectral behaviour presented by GFDM
allows this waveform to be transmitted even in small fre-
quency gaps between TV signals, without causing interfer-
ence to the legacy technology.

A low-complexity implementation of the PHY is essen-
tial to enable an economically viable solution for emerging
markets, where eRAC is more necessary. However, until
recently, GFDM was considered as too complex for prac-
tical implementations, because either the number of sub-
carriers or subsymbols has to be odd. This restriction has
been overcome by recent advances in GFDMmodulation and
demodulation which enable modem implementations using
efficient radix-2 FFTs [35]. It is now possible to implement
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FIGURE 3. Waveforms OOBE with time windowing.

flexible GFDM modems with a complexity similar to the
one achieved by conventional OFDM implementations [36].
An efficient Zero-Forcing (ZF) receiver implementation for
FSCs is proposed in [37]. These simplifications in the GFDM
implementations allows this waveform to be used by B5G
networks with insignificant impact on the overall cost of the
terminals.

B. CHANNEL ESTIMATION
Accurate yet low-complexity channel estimation algorithms
for the considered long-range FSCs is important for the
overall system performance. Channel estimation for non-
orthogonal waveforms, such as GFDM, is especially chal-
lenging because pilot observations can be distorted by the
unknown payload. The Interference-Free Pilots Insertion
(IFPI) scheme, considered for the 5G-RANGE receivers,
promises low complexity and good performance in terms of
error rate under doubly-dispersive channels [38]. The algo-
rithm allocates the pilots in the frequency domain in the mid-
dle of the GFDM subcarriers in order to avoid Inter-carrier
Interference (ICI). Fig. 4 evaluates the Symbol Error Rate
(SER) performance of this algorithm for the LOS and Non-
Line-of-Sight (NLOS) long-range channel models from [39]
as well as for an Additive White Gaussian Noise (AWGN)
channel. It can be observed that the SER performance with
channel estimation is very close to the performance with
perfect channel state information (denoted as estimated and
perfect, respectively). An enhanced channel estimation per-
formance of GFDM which even outperforms OFDM by up
to 2.4 dB can be achieved by allocating pilots in the CP at
the cost of an increased implementation complexity as shown
in [40].

C. CHANNEL CODING
In order to meet the demanding requirements from Sec. II,
it is necessary to find a FEC scheme that provides i) good
error correction capabilities, ii) a high flexibility and iii) a
low computational complexity. To this end, the 5G NR

FIGURE 4. Evaluation of IFPI channel estimation algorithm [38]
performance for long-range channel models from [39] and AWGN
channel. Numerical results are obtained assuming block fading and by
simulating 104 random channel realizations while employing numerology
0 of the 5G-RANGE PHY (cf. Tab. 2) in combination with 64-QAM.

Low-Density Parity Check (LDPC) and polar codes are com-
pared and the Cyclic Redundant Check (CRC) aided polar
codes is considered in this paper.

A comparison of the achievable Block Error Rate (BLER)
of the considered 5G NR LDPC and polar codes combined
with GFDM shows a nearly identical performance over an
AWGN channel, as depicted in Fig. 5. However, in some
cases, the polar code slightly outperforms the LDPC code.
Furthermore, a superior performance of polar codes for short
block lengths and at low code rates RFEC is known from the
literature [41], [42]. Note that the performance at low code
rates is expected to be especially important for the considered
eRAC scenario in order to support long-range cells.

A recent survey, which compares LDPC and polar codes,
finds that polar codes potentially offer a higher flexibility as
compared to LDPC codes [42, cf. Tab. V]. Polar codes pro-
vide a high flexibility in terms of code rate RFEC, as the ratio
between information carrying and non-information carrying,
i.e., frozen bits, can be chosen arbitrarily [43]. Furthermore,
CRC-aided Successive Cancellation List (SCL) decoding of
polar codes, which is considered to be the state-of-the-art
decoding algorithm, allows vendors to flexibly balance per-
formance and complexity by the choice of list size [44].
Moreover, in contrast to LDPC codes, the polar code block
size can be chosen as any power of two without challenging
optimization of the underlying prototype graph.

In terms of complexity, 5GNR specifies two FEC schemes:
an LDPC code is employed for the transport channel while a
polar code is employed for the control channel. Hence, it is
necessary to implement two FEC decoders in each 5G NR
modem. As the FEC decoder is typically the most complex
signal processing block in the modem, this paper proposes
to reduce the modem complexity by employing a single
FEC scheme for both the transport and the control chan-
nels. A recent survey comparing Application-Specific Inte-
grated Circuit (ASIC) implementations of both considered
FEC schemes concludes that the computational complexity
and efficiency of polar codes is superior, especially at low
code rates [42, cf. Tab. V], despite the fact that this survey
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FIGURE 5. Comparison of 5G NR LDPC and polar code over an AWGN
channel employing GFDM modulation and IFPI channel estimation.
Numerical results are obtained for numerology 0 of the 5G-RANGE PHY
(cf. Tab. 2) in combination with 64-QAM. The block size of the LDPC and
polar code is chosen to 1056 and 1024, respectively. The LDPC decoder
implements the min-sum algorithm with a maximum of 20 iterations. The
polar code decoder implements SCL decoding [44] with a list size of 8.

does not yet consider recent advances in iterative decoding
algorithms of polar codes which operate on graphs [45]–[47].
E.g., the implementation from [47] approaches the perfor-
mance of CRC-aided SCL decoding while simultaneously
offering advantages for implementation. Consequently, polar
codes in combination with iterative decoding algorithms are
expected to yield a good performance-complexity trade-off in
the future.

As a result, due to slightly superior error correction capa-
bilities, a high flexibility and a comparatively low computa-
tional complexity, the 5G NR polar code has been chosen as
single FEC scheme for the proposed 5G-RANGE PHY.

D. MIMO
In order to provide the required robustness as well as to
increase the effective SNR, it is necessary to utilize MIMO
technologies on the PHY. Due to the considered frequencies
in the VHF and UHF bands, only a moderate number of
antennas at the transmitter and receiver is realistic, because of
the large antenna dimensions at these frequencies. The high
path loss due to the long-distance between a UE and the BS
for rural and remote area scenarios is a major challenge for
the PHY. GFDM can be combined with Space Time Code
(STC) techniques by using the time-reversal STC [48], [49].
This scheme allows diversity gain of two times the number
of receiving antennas. Typically, 2× 2 MIMO is considered,
allowing for a diversity gain of order 4.

Devices located close to the BS and that experience bet-
ter channel conditions can exploit the transmit and receive
antennas to increase the spectrum efficiency. In this case,
spacial multiplexing algorithm is used to double the data rate
using the available antennas. ZF algorithm is employed at

the receiver side to decouple the data from the two transmit
antennas.

E. FRAME STRUCTURE
The PHY frame structure requires specific features for the
eRAC,which exploits the TVWSs. Firstly, the frame structure
needs to be flexible, such that it can use any available band.
This flexibility allows the use of 6, 7 or 8 MHz TV channels
in accordance with the geographic region where the system
is deployed. Furthermore, the frame structure should support
a configurable numerology, i.e., a set of different Subcarrier
Spacings (SCSs), in order to tailor the PHY to the specific
use case. This allows the SCS reduction for extreme long-
range use cases with limited mobility and the SCS increment
for short-range uses cases with a higher mobility. An addi-
tional necessary feature of the frame structure is the ability to
dynamically schedule pilots in the resource grid to avoid col-
lisions with PUs. More details about the 5G-RANGE frame
structure is presented in Sec. VI.

IV. MAC LAYER FOR REMOTE AREAS NETWORKS
The 5G-RANGE, as previously mentioned, has a challeng-
ing goal of using TVWS channels in an opportunistic and
dynamic way without interfering with the PUs. Besides that,
there is a demand to share the spectrum with different tech-
nologies or systems, such as Digital TV, IEEE 802.22, or with
narrowband microphone. Coexistence with other technolo-
gies is a mandatory feature. Regulation bodies specify the use
of cognitive mechanism to provide this coexistence, meaning
that the opportunistic users have to perform the CR functions.
Therefore, 5G-RANGE network must rely on CR techniques
to access vacant spectrum in remote areas. CR techniques
integration is a challenging task, since it must simultane-
ously provide coexistence with incumbent while, at the same
time, achieve high spectral efficiency to deliver the neces-
sary throughput. In addition, large cell size and the varying
terrains can result in shadowing among mobile terminals,
leading to the hidden terminal problem. To mitigate against
this problem, 5G-RANGE system relies on cooperative spec-
trum sensing method, where the information from severe
spatially distributed radios (or their antenna components) is
used to detect the presence of the PUs. This procedure helps
preventing hidden terminal problems, since the collective
measurements made by a large number of devices reduce
the probability of miss-detecting an incumbent user due to
shadowing. The Secondary Users (SUs) send their spectrum
sensing information, using the control channel to the BS,
which acts as the Fusion Center (FC). At the FC, a centralized
decision of channel occupancy is performed by using a fusion
algorithm based on the data provided by the SUs. The coop-
erative spectrum sensing decision allows the BS to allocate
the frequency channels minimizing the impact of the hidden
terminal problem.

The new 5G-RANGE network brings some features
that ease the layers integration. 3GPP recent releases pro-
vide functionalities, such as Carrier Aggregation (CA) and
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FIGURE 6. Geolocation database and spectrum sensing cycles.

LicenseAssistedAccess (LAA), that keep the control channel
in a licensed band while the data channel can be defined
in a non-3GPP band. This approach allows the network to
off-load the data traffic in a TVWS bands, while the control
channel is kept in a narrow 3GPP band [24]. Another fact is
that the use of unlicensed spectrum is part of the proposed
conception of the 5G, by allowing operators to improve the
5G user experience by combining licensed and unlicensed
spectrum. In this case, spectrum sharing is a demand. Studies
are conducted to use the ISM spectrum band, based on Listen-
Before-Talk (LBT) mechanism to cope with the coexistence
issue with other technologies [50], [51]. This demonstrates
that the unlicensed spectrum usage is in the pathway of the
3GPP specification for the new technology, such as NR-U.
Other facts are that the 5G provides carrier bandwidth up
to 100 MHz for bands below 6 GHz with flexible bandwidth
configuration, matching with the TVWS channel aggregation
in a flexible way.

5G-RANGE must have a MAC layer with a cognitive
engine that can provide narrow and wide bands detection,
both in a fragmented spectrum, in an efficient way. For that,
the cognitive cycle, which is an intrinsic part of CR, requires
to be integrated within the 5G-RANGE protocol stack, pro-
viding intelligent and autonomous capabilities for the MAC
layer. Cognitive cycle includes Geolocation Database (GDB)
information access and Cooperative Spectrum Sensing (CSS)
to complete GDB information for more dynamic channel
access, as illustrated in Fig. 6.
Considering remote and rural areaswith large coverage, the

use of groups of dispersed terminals sensing information can
cooperatively and reliably determine the idle spectrum holes.
Depending on the number of terminals providing sensing
information, this can result in overhead in the control channel,
and narrowband or sub-band signal detection can magnifying
this overhead, if sensing information for each sub-bands is
demanded. But the CSS can minimize this overhead by using
intelligent mechanisms to achieve efficient use of the con-
trol channel [52]. Cognitive core functionality requires to be
implemented in the PHY and in the MAC layers. The first

one performs the actual sensing measurement of the channel,
and the last one controls the user plane transmissions in the
downlink and uplink.

When the terminal is turned on, it starts the initial access
procedure. For this, after the terminal synchronizes with a
cell, it performs the random access procedure, which involves
the control channel in the licensed band as part of the LAA
specification. After this terminal succeed in this initial access
procedure, the user plane is created with the DSA procedure,
enabling SU opportunistic and dynamic access to the vacant
TV channels, as long as there is data to transmit. The MAC
layer performs the DSAwith spectrum sharing by controlling
the multiple access and resource allocation. This is done by
selecting the best subcarriers to be allocated for each UEs,
based on the Channel Quality Information (CQI) provided by
the link adaptation procedure. The integration of CR func-
tions adds the spectrum sensing information into the resource
allocation decision process. CRs are perceived as a possible
solution for the future spectrum scarcity [53], and integrating
the cognitive cycle in the 5G-RANGE system results in an
autonomous, spectral efficient, and intelligent CR. Besides
that, this integration is an enabler to build a knowledge
base using techniques such as Artificial Intelligence (AI) and
machine learning, resulting in an intelligent way to control
the sensing function and consolidate the received sensing data
from different UEs, minimizing the control channel overhead
and reducing the energy consumption [54].

Fig. 7 illustrates the general architecture of the cognitive
MAC layer introduced in [55]. Having in mind the previous
requirements, the possibilities for the control channel integra-
tion can be split in two procedures. The first one is the Chan-
nel State Information (CSI), which collects all information
related to the UE channel measurements and reports, where
the CQI report provides the channel quality information in the
frequency domain. The second one, is with MAC scheduler
resource allocation that controls the user bits allocation for
transmission in the frequency domain. Both procedures are
independent but they rely on the same information provided
by the UEs. In Fig. 7, the COllaborative spectrum Sensing
Optimized for Remote Areas (5G-COSORA) at the UE side
provides the spectrum report. The BS receives these reports
from different UEs, and performs the fusion algorithm, pro-
viding the consolidated information about the PU or other
SUs detection decision. When the MAC scheduler has user
data to transmit, the Dynamic spectrum and resource Allo-
cation for Remote Areas (5G-DARA) provides the resource
blocks that can be employed by the user data transmissions.

The sensing report can be more or less accurate depending
on the sensing algorithm performed by the UEs [56]. In a
more accurate case, the sensing report results in more bits
to be sent in the control channel. This can result in traf-
fic jamming at the narrow band control channel. The CSS
complementing the geolocation database can minimize the
request for accurate sensing report, and finally, the knowl-
edge base information can be used in the decision to request
sensing measurement and report only for a small set of
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FIGURE 7. Architecture of the cognitive MAC layer [55].

terminals, minimizing the control channel overhead. CSS also
provides consolidated information of idle spectrum holes,
and the MAC scheduler consults this information to perform
the frequency domain resource allocation for each terminal.
The integration of the cognitive cycle results in two quasi-
independent process, the CSS and the DSA.

To select spectrum sensing technique, which information
is needed at MAC layer, 5G-RANGE evaluated the perfor-
mance of Energy Detection (ED)-based method (Window-
Based Energy Detection (WIBA)) and eigenvalue-based
detection (Gershgorin Radii and Centers Ratio (GRCR) [57]).
Typically,EDmethods must have estimation of the noise level
to set a threshold for the signal detection decision making.
The ED method can estimate the noise level, i.e., it does not
need to be provided beforehand. WIBA was found to provide
better spectrum sensing performance than the reference tech-
nique Localization Algorithm based on Double-thresholding
(LAD) [57]. In eigenvalue-based detection case, GRCR was
found to be best and fairly simple test statistic for cooperative
or multi-antenna spectrum sensing. Although simple and full-
blind, GRCR is robust against dynamical noise and received
signal powers, it exhibits Constant False Alarm Rate (CFAR)
property and outperforms the most common full-blind detec-
tors in the literature. Therefore,WIBA andGRCRmethod are
qualified candidates for B5G networks that exploit TVWS.
Cooperative spectrum sensing will improve the performance
of these techniques [57]. Due to the variable characteristics
of the eRAC scenario (mobility of UEs and varying terrains),
it is important to use cooperative spectrum sensing techniques
to minimize the hidden terminal problem, as was previously
discussed.

V. NETWORK LAYER FOR REMOTE AREAS
The aim of the 5G-RANGE network layer is to provide
end-user terminals with secure end-to-end Internet Protocol
(IP) network connectivity, considering and complementing
the solutions adopted at the lower levels, i.e., the PHY and
the cognitive MAC layers. More concretely, besides net-
work connectivity, the network layer covers the following

fundamental aspects: supporting access to operator-specific
services (e.g., IP telephony) as well as to Internet services
(e.g., web browsing, email, video-on-demand, etc.), which
may be provided from external data networks; handling UE
mobility, not only within the 5G-RANGE access network
domain, but also across other access networks that may
be available in the UE vicinity; and securing the network
access connectivity, considering confidentiality, integrity and
authentication of network layer communications. Figure 8
presents the architectural view of the 5G-RANGE network
layer that supports all use cases described in Sec. II.

The network layer includes the components of a 5G core
network, as defined by 3GPP [58], [59], which supports the
connectivity of the end-user terminals via the 5G-RANGE
access network. These terminals can be directly connected
to the access network, or can get network access connectiv-
ity through a gateway. An IP Multimedia Subsystem (IMS)
core [60] enables the provision of IP telephony services to
the subscribers that connect to the 5G core network via the
5G-RANGE access network.

Given that 5G-RANGE access network is a novel tech-
nology, it is still unclear whether future standardization pro-
cesses will consider it as a 3GPP access network. Therefore,
the 5G-RANGE network layer considers the different options
specified by 3GPP to connect the access network to the 5G
core network, which can be either as a 3GPP or as non-3GPP
access [61]. As an example, Fig. 8 illustrates the case where
the 5G-RANGE access network is considered as a non-3GPP
access network. In this case, a Non-3GPP Inter-Working
Function (N3IWF) would enable the interconnection of the
5G-RANGE access network to the 5G core network.

Additionally, in concordancewith 3GPP specifications, the
network layer architecture considers that the different compo-
nents of the 5G core network and the IMS core can be virtu-
alized and executed as Virtual Network Functions (VNFs).
The virtualization of functions is a relevant technology in
the field of 5G networking, being subject to standardization
at European Telecommunications Standards Institute (ETSI)
with the name of Network Functions Virtualization (NFV)
[62]. The 5G-RANGE network layer adopts this technology:
the purpose of the transversal Management and Orchestration
(MANO) functionalities, shown in Figure 8, is precisely to
support the deployment of the different components of the
network layer (particularly the core network and the IMS
core) as VNFs.

A. EXTENSIONS TO THE NETWORK LAYER
Besides the definition or the network layer architecture and
the protocol stacks, 5G-RANGE is also exploring a cost-
effective approach to complement the network infrastructure
offered by the access network, e.g., to support network com-
munications beyond the boundaries of the 5G-RANGE radio
cells. This may be useful in different use cases related to 5G
communications in remote areas, but in 5G-RANGE it has
been particularized for the voice and data connectivity over
long distances use case and the smart farming for remote areas
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FIGURE 8. Overview of the network-level architecture of 5G-RANGE.

use case. In these cases, a number of SUAVs are deployed
over a delimited geographic area. Ground units and vehicles
(e.g., harvesters, tractors, sprayers, etc.) can also be exploited
to support the deployment. These devices would be intercon-
nected to build an ad-hoc network infrastructure, and would
complement the functionalities of the 5G-RANGE access
network, that is, providing network communications over that
area, and supporting the automated and flexible deployment
of VNFs and services under the control of the 5G-RANGE
MANO system. Figure 9 shows an illustrative example of
the application of this approach to facilitate the provision
of voice and data connectivity over long distances, where
network connectivity is to be provided to users participating
in a festive event in a remote area beyond the limits of a
5G-RANGE radio cell. A specificOpen Source network emu-
lator (VENUE, [63]) has been developed within the context
of 5G-RANGE in order to be able to validate this type of
scenarios in laboratory environments, including SUAVs with
on-boarded resource constrained single board computers with
VNFs that are orchestrated by the MANO platform together
with the rest of network components.

B. IMPLEMENTATION OF THE NETWORK LAYER
Regarding the MANO functions and the NFV infrastructure
components of Figure 8, we have conducted the deployment
of a functional NFV MANO platform based on open source
technologies. To this purpose, we have followed the method-
ology presented in [64]. The MANO platform will serve
to support the validation of the network layer components.
It will also be considered as an enabling platform to support
the PoC activities of the 5G-RANGE project.

The MANO platform has been deployed in the 5G Tele-
fonica Open Network Innovation Centre (5TONIC), based
in Madrid (Spain), using open source technologies. In par-
ticular, it has been installed in a server computer using

two independent virtual machines: one hosting an instal-
lation of Open Source MANO, which is an open-source
implementation of a MANO stack aligned with the ETSI
NFV reference specifications; and a second one providing
an OpenStack controller, acting as a virtual infrastructure
manager. This MANO stack controls the compute, storage
and network resources provided by a cloud of two server
computers, connected through a Gb/S Ethernet switch.

With respect to the development of the network layer
components of Figure 8, a basic prototype of a UE and
a core network have been implemented. It is important to
highlight that these components have been developed with
the purpose of supporting testing and trialing processes in the
PoC. Therefore, they are not intended to provide a complete
implementation of a 3GPP UE and a 5G core network. In par-
ticular, they support the user-plane protocol stack defined
by 3GPP for non-3GPP access networks, which is based
on Generic Routing Encapsulation (GRE) [65] and Internet
Protocol Security (IPsec) [66]. Regarding the core network
component, it provides the basic forwarding functionality of
a N3IWF and a User Plane Function (UPF), as defined by
3GPP (more details on the architectural components and the
protocol stack for non-3GPP access networks can be found in
[58]). To ease their utilization in the PoC, both components
have been implemented as virtual machines.

In addition, a preliminary functional validation of the
developed components has been performed. With this pur-
pose, the UE and the core network prototypes were inter-
connected through a routing function, which represented the
5G-RANGE access network. Finally, the core network was
connected to an external equipment using a Gb/s link. The
final setup is depicted in Figure 10.

This setup allows the measurement of the maximum aver-
age throughput and the Round Trip Time (RTT) that could
be achieved between the UE and the external equipment. The
results are collected in Figure 11. Regarding the maximum
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FIGURE 9. Using aerial/ground units to aid voice and data connectivity.

FIGURE 10. Evaluation of network layer components.

FIGURE 11. Maximum average throughput and RTT.

average throughput, it is possible to observe that it is in the
order of 600Mb/s. This represents a reduction of approx-
imately 31% with respect to the throughput that can be
achieved without using GRE tunnelling and IPsec (these
protocols cause processing and message overheads). Still, the
preliminary validation results indicate that the implementa-
tion of the UE and the core network can provide an average
throughput above 100 Mb/s, which is the expected maximum
throughput of the 5G-RANGE access network (in fact, with
a 100 Mb/s link between the core network and the exter-
nal equipment, the implementation achieves a throughput of
93.8 Mb/s). On the other hand, the impact on the RTT due
to the tunnelling and cryptographic operations done by GRE
and IPsec is limited, although a more appropriate evaluation
of the RTT metric is still needed, considering more realistic
scenarios with background traffic.

As a first step towards validating the 5G-RANGE network
layer architecture from a practical perspective, as well as its

extensions related with the utilization of SUAVs and resource
constrained devices, several experiments have been done
using the NFV platform deployed at 5TONIC and the pro-
totype implementation of the aforementioned components.
In particular, in [67] the authors present a use case where an
IP telephony service is to be provided in an area beyond the
radio coverage of the 5G-RANGE access network. This use
case has been realized in laboratory conditions. The results
served as a first step to demonstrate the practical feasibility of
using NFV and resource constrained devices to support voice
and data connectivity over long distances. Motivated by these
results, and considering the lessons learned from this work,
in [68] the authors conducted a theoretical analysis of the
main challenges and hurdles to NFV operations in resource
constrained environments, with a main focus on the transport
protocol options above the network layer.

VI. TECHNICAL DEFINITIONS FOR THE 5G-RANGE
NETWORK
The results achieved by the 5G-RANGEproject for each layer
of the proposed mobile communication network show that a
5G network for remote areas is technically and economically
feasible. In this section, all technical definitions for each layer
of the 5G-RANGE network are summarized.

A. PHY Layer DEFINITIONS
The 5G-RANGE PHY layer must be flexible to support all
use cases expected to be used in remote and rural areas. The
5G-NR has been used as baseline for the 5G-RANGE PHY,
but the numerology has been tailored for the remote and rural
area scenario and new techniques have been added to address
the challenge of providing high throughput data rate in remote
areas.

The first important change is the subcarrier spacing.
5G-NR enlarges the subcarrier spacing starting from the
LTE 15 kHz. This is an interesting approach to achieve
high throughput in short channel delay profiles. However,
for long-range operation, where the channel delay profile
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TABLE 2. 5G-RANGE PHY specifications.

can have multipaths delayed by hundreds of microseconds,
narrower subcarriers are more interesting, since this approach
leads to a longer symbol in the time-domain, which allows
for large CP length and better protection against frequency-
selective channels. Also, the long symbol duration allows for
adding the Cyclic Suffix (CS) for time widowing without
severely reducing the overall spectrum efficiency. Table 2
presents the main parameters of the PHY layer defined for
the 5G-RANGE network.

5G-RANGE adopted GFDM as waveform because of its
flexibility and robustness against doubly-dispersive channels.
Since GFDMcovers OFDMas a corner case, the 5G-RANGE
PHY also employs this conventional waveform. This solu-
tion is interesting because it allows the 5G-RANGE time-
frequency grid to be compatible with LTE and 5G-NR. The
wide selection of subcarrier spacing provides robustness
against long multipath channels or fast time-variant chan-
nels. This means that 5G-RANGE can couple with doubly-
dispersive channels in accordance with its most demanding
characteristic.

The Polar code has been selected for the FEC subsystem
because of its robustness, affordable complexity and flexibil-
ity in terms of code rate and block size. Table 3 brings the
FEC definitions adopted for the 5G-RANGE.

MIMO is essential to provide high spectrum efficiency
and robustness for any mobile communication network and
5G-RANGE exploits this technique to provide multiplexing
and diversity gains, in accordance with the conditions of
the users link. Since 5G-RANGE operates in UHF bands,
the number of transmit and receive antennas is limited by
its size. Vertical and horizontal polarizations are exploited
in both transmit antennas, allowing 5G-RANGE to operate
with up to 4× 4 MIMO. However, all the main requirements

TABLE 3. FEC parameters for the 5G-RANGE network.

TABLE 4. FEC parameters for the 5G-RANGE network.

FIGURE 12. Frame structure in time domain showing the alignment of
multiple numerologies.

are addressed with 2 × 2 MIMO. 5G-RANGE uses spatial
multiplexing MIMO for the users that present high SNR,
i.e., the users close to the BS. The 5G-RANGE BS auto-
matically switch to STC MIMO for the users experimenting
challenging channels frequency response and with low SNR,
i.e., located far away from the BS. With this approach, higher
spectrum efficiency is provided for users with good channel
conditions and high robustness is achieved for the users with
more challenging channels conditions. Table 4 shows the
specifications for the MIMO system used by the 5G-RANGE
network.

B. MAC LAYER DEFINITIONS
The frame structure for the 5G-RANGE network has been
based on the 5G-NR definitions, but with adaptations for the
remote and rural areas scenarios. The subframe structure is
scalable to accommodate the new symbols duration presented
in Table 2. Figure 12 depicts the 5G-RANGE time frame
structure.

The 5G-RANGE PHY uses a time-frequency grid com-
posed by subcarriers and symbols where information is
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FIGURE 13. Time-frequency grid of the of the 5G-RANGE network.

organized and transmitted in a similar manner than in 5G
NR. TVWS exploitation requires protection to the bands
occupied by primary users. This protection is achieved by the
fragmented spectrum allocation, where groups of subcarriers
in the available bands are selected to transmit data and the
subcarriers in the bands occupied by the primary users are
turned off. This approach allows fine granularity in spectrum
usage and allows for efficiently avoiding narrow band incum-
bents. Figure 13 depicts the frequency-time resource grid.
The 5G-RANGE PHY allows allocation with the granularity
of one Resource Block (RB), which is composed by a fixed
bandwidth of 180 kHz. This RB is equivalent to 12 sub-
carriers with 15 kHz frequency spacing, therefore, the same
used by LTE or 5G-NR in the narrower configuration. How-
ever, as opposed to 5G-NR, RBs are not scaled with the
subcarriers and they remain constant for any numerology.
In the time-domain, the 5G-RANGE RBs have a duration of
one sub-frame.

The 5G-RANGE time-frequency grid has a silent period
that is used for in-band Spectrum Sensing (SS), necessary
to detect the presence of incumbents operating in the same
band occupied by the mobile network. Also, the 5G-RANGE
network must sense for other spectrum opportunities within
the UHF band. Hence, the SS mechanism is a key feature of
the 5G-RANGE network and several techniques have been
analysed in terms of detection capabilities and implementa-
tion complexity [57]. Since the regulators demand detection
of TV signals with very low power, the techniques that use
information about the primary signal and the cooperative
sensing are interesting candidates [72]. The decision about
which SS technique to be used is a vendor decision and the
5G-RANGE project does not specify one specific approach.
Nevertheless, different techniques have been studied and the
WIBA energy detector showed interesting trade-off between
performance and complexity [25].

The cooperative spectrum sensing and the dynamic spec-
trum access is orchestrated by the cognitive cycle defined

TABLE 5. Functionalities of the 5G-RANGE cognitive cycle.

for the 5G-RANGEMAC. The cognitive cycle defines which
devices shall perform the spectrum sensing and in what UHF
channels, which channels can be exploited by the mobile
network, to which users each subband shall be allocated,
and which devices shall be in idle and active stage. Table 5
describes the main functionalities of the 5G-RANGE cogni-
tive cycle.

The controls messages and the SS are transmitted by the
BS and UEs, respectively, using the control channel, which
is a narrow 1.4 MHz licensed band. The control channel is
also used by the UEs to report their CQI, which is used by
the MAC layer to define the best Modulation Coding Scheme
(MCS) for each user at every frame.

C. NETWORK LAYER DEFINITIONS
The network layer must provide a flexible, end-to-end con-
nectivity platform, on top of which different services can
be deployed and provided to the 5G-RANGE users. These
services do not only include those traditionally provided by
telecommunication operators, such as IP telephony or live IP
television. The connectivity platformmust be flexible enough
to support the user access to services that are available in
the Internet, e.g., web browsing, video-on-demand, or music
streaming services.

On the other hand, the project ambitions to develop novel
PHY and MAC layer mechanisms for a functional and eco-
nomically viable 5G access network in remote areas, com-
pliant with 3GPP specifications. In this respect, a technical
requirement of the 5G-RANGE access network was to sup-
port trusted or untrusted connectivity to public land mobile
networks. For these reasons, the network layer was designed
to include the components and the standard interfaces of a
5G core network, as defined by 3GPP [58], [59]. Moreover,
the network layer design embraces the softwarization prin-
ciples of 5G networking. In particular, it includes an ETSI
NFV management and orchestration system that supports the
flexible deployment of the constituent components of the 5G
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FIGURE 14. Block diagram of the prototype developed using the National
Instruments LabView Communications platform.

core network, as well as of operator and third party services.
Finally, it offers a cost-effective approach to complement
the access network infrastructure resources using inexpensive
resource-constrained platforms that can be made available on
remote areas (e.g. onboarded on aerial or terrestrial vehicles,
such as SUAVs, tractors, harvesters, etc.).

VII. PoC AND FIELD DEMONSTRATIONS
The 5G-RANGE network has been designed to provide reli-
able broadband Internet access and IoT services to support
the use cases described in Sec. II. The 5G-RANGE project
introduces a new operational mode for 5G, expanding its
applicability for a true universal Internet access, with signif-
icant positive social and economic impacts in uncovered and
underserved areas.

In order to demonstrate the full potential of the
5G-RANGE network, a Software-Defined Radio (SDR)-
based PoCwas built for real-time operation. The PoC consists
of prototypes for the BS and for two UEs, which will be used
to demonstrate the use cases described in Sec. II. Two dif-
ferent approaches were evaluated to construct the prototypes.
The first one utilizes the National Instruments SDR platform
composed by the LabView Communications software and
Universal Software Radio Peripherals (USRPs) model 2954.
LabView Communications is an interesting integration tool
where blocks implemented in different programming lan-
guages can be combined in a single environment, provid-
ing solutions for fast prototyping and reliable debugging.
USRP model 2954 supports 2 transmit and 2 receive RF
ports capable of operating with signal bandwidths of up
to 160MHz. The supported frequency range is 10MHz to
6GHz. The devices are equipped with a Xilinx Kintex 7
Field Programmable Gate Array (FPGA) model XC7K410T,
with more than 400 000 logic elements that can be used
for implementing complex and computation intensive algo-
rithms. A block diagram of the implementation as well as
a picture of the BS prototype are provided by Fig. 14 and
Fig. 15, respectively.

The second approach considered for the PoC development
relies on SDR implementedmainly in software to be executed

FIGURE 15. 5G-RANGE BS prototype implemented using National
Instruments equipment.

FIGURE 16. Architecture of the GPP based PoC platform.

in a General Purpose Processor (GPP). This approach reduces
the costs of the equipment and also allows evolution via
firmware updates. This strategy brings more flexibility for the
product development and the 5G-RANGE development team
is implementing major PHY, MAC and NET blocks in soft-
ware. The current generation of GPPs is able to provide more
than 100 Mbps throughput and inexpensive SDR interfaces
can generate and receive broadband wireless signals. The
softwarization of the MAC and PHY components also helps
transferring the technologies and solutions developed in the
5G-RANGEproject to themarket. Some PHYblocks demand
a high level of parallelism to provide a high throughput, e.g.,
the Polar decoder and the MIMO demultiplexing. In both
cases, a software implementation would be a bottleneck for
the throughput. Therefore, the platform relies on an FPGA
accelerator to perform timing critical tasks. An architecture
overview and a picture of the SDR-based PoC prototype are
provided by Fig. 16 and Fig. 17, respectively.
The PoC was used to analyze the system performance

and compare the results with the KPIs presented in Table 1.
Table 6 shows the parameters used for the field tests.
The BS was installed in Santa Rita do Sapucaí, Brazil

and the measurements were performed in Campos do Jordão,
Brazil, covering a maximum distance of 50.6 km in LOS
condition. The maximum throughput achieved by the system
was 102 Mbps. The ACLR has been measured in two points
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FIGURE 17. Current development of the GPP based hardware platform.

TABLE 6. System parameters used for the test campaign.

of the transmitter chain, as presented in Fig. 18. In both
cases, no RF filter has been used. The ACLR before the
power amplifier was 4.5 dB below the threshold defined in
Table 1 for unlicensed spectrum operation. Due to resources
limitations, an off-the-shelf power amplifier has been used.
The non-linearities introduced by this device increased the
ACLR. A Digital Pre-Distortion (DPD) [73] has been imple-
mented to reduce the influence of the power amplifier in the
OOBE. Fig. 18.b shows the ACLR after the power amplifier
with the DPD, where one can observe that this parameter
is 2.8 dB above the threshold defined in Table 1 for unli-

censed operation and 7.2 dB below the threshold defined for
licensed operation. Two different approaches are being con-
sidered for future works. The first one consists on designing
a power amplifier that presents lower levels of non-linearities
and the second one consists on introducing an automatic
optimization algorithm that can adjust the coefficients of the
DPD to meet a given criteria, based on a sample of the signal
available at the output of the transmitter. Both solutions are
expected to reduce the OOBE to the levels defined in Table 1.
The field demonstration of the PoC covers three of the use

cases defined in Sec. II, namely Voice and Data Connectivity,
Smart Farms and Wireless Backhaul. The 5G-RANGE BS
was installed in a tower located in Santa Rita do Sapucaí,MG,
Brazil and two UEs were installed in a rural property.

For the Voice Connection demonstration, one UE is able to
perform a voice over IP call to the other UE without using the
Internet connection, which means that the voice connection
between the users will be handled by the 5G-RANGE core
network. Fig. 19 depicts this use case.

For the Data Connectivity demonstration, the two
5G-RANGEUEs simultaneously access YouTube videos and
Internet webpages. A satellite or optical link can be used as
backhaul for the 5G-RANGE BS, as shown in Fig. 20
The smart farm and wireless backhaul use cases are

demonstrated jointly. In this case, the 5G-RANGE UE 1
provides backhaul access for a Wi-Fi router which will dis-
tribute the Internet access link locally among several devices.
5G-RANGE UE 2 provides backhaul access to a LoRa gate-
way. IoT devices are deployed in the farm surroundings to
measure soil humidity and pH, and air temperature. The
sensors also collect data from cows. Actuators are used for
a smart watering system and drones forward images to a
server. Fig. 21 depicts the scenario for the smart farm and
backhaul use cases. The integration of the 5G-RANGE with
other technologies, such as LoRa and Sigfox, is an interesting

FIGURE 18. ACLR measured during the field tests. (a) Before the power amplifier. (b) After the power amplifier with digital pre-distortion.
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FIGURE 19. Description of the voice connectivity use case.

FIGURE 20. Description of the data connectivity use case.

FIGURE 21. Illustration of the Smart Farm and Wireless Backhaul use
cases.

solution for IoT applications in long-range scenarios. While
the 5G-RANGE network can provide high data rates for
long distance links, gateways can be used to concentrate the
information from several devices, being responsible to send
the data to the final destination through the 5G-RANGE net-
work. The gateways can be installed in places where energy
is available (tractors, farm buildings, remote stations) or the
gateway can harvest energy using solar panels. The proposed
integration can allow power-restricted devices to be deployed
regions up to 50 km from the 5G-RANGE BS. Figure 21 also
depicts this possibility.

VIII. BUSINESS MODELS FOR REMOTE AREAS
NETWORKS
Considering that almost 50% of world’s population (around
3.9 billion people) is not connected to the Internet [22], there
are significant new market opportunities to be exploited by

offering Internet services to the unconnected remote resi-
dents. This scenario calls for the development of new tech-
nologies and network operating models to better address
challenges related to low density areas (typically in emerg-
ing markets) and to develop cost efficient solutions to offer
Internet access [74].

A. CHALLENGES AND SHOW-STOPPERS
There are various reasons which hinder Internet adoption
across a whole country or region. Each country or region has
its own particular mix of challenges. For example, Europe
has one of the most capillary mobile infrastructure in the
world, leaving a very small percentage of the population
unconnected, so this is not the priority in Europe. On the
other hand, one of the key factors for Internet access and
adoption across Latin America is extending the reach of
mobile network infrastructure as a first step towards closing
the digital divide. In the specific case of Brazil, there is still a
big digital gap betweenBrazilian urban and rural areas. Urban
areas have an Internet penetration of around 65% against 34%
in the rural areas. In Europe urban areas have a penetration of
around 81% vs 69% in rural areas. The reasons for these gaps
include the following [75]:

• High investment per covered inhabitant: Rural popu-
lation tends to be spread across a larger area and grouped
in low-density towns, which makes reaching each single
dweller a harder enterprise. Furthermore, rural topogra-
phy can present additional challenges to deploy back-
haul to reach remote towns, making rural connectivity a
high CAPEX per inhabitant activity.

• Operational complexity and cost: Operations &
Maintenance (O&M) is one of the main Operational
Expenditure (OPEX) costs for network operators. Any
malfunctionwhich requires site visit and repair aremuch
more expensive for remote and harder to reach areas.
Furthermore, a lack of stable energy supply gives rise to
the need to strengthen the electric grid, thus increasing
O&M costs.

• Lack of accurate data:Outdated census and fast chang-
ing migratory movements in rural areas make it hard to
correctly and accurately quantify the rural opportunity
by towns.

• Revenue uncertainty: Most industry data is based on
urban deployments and there is very limited rural histor-
ical data. This makes it harder to extrapolate projections
in rural areas, both in the potential Average Revenue per
Unit (ARPU) to be achieved and the level of adoption to
be expected across rural regions.

• Network Operator investment prioritization: The
combination of a high CAPEX intensive business, fierce
competitive dynamic between network operators in the
urban fight, a higher investment per covered inhabitant
in rural areas and higher operational costs and the uncer-
tainty of the potential rural revenues to be achieved, cre-
ate a situation inwhich a profit-minded network operator
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will not be able to prioritize rural deployments above
other more profitable and risk-adjusted business cases.

• Regulatory framework: The fast-pace of digital trans-
formation present a challenge for regulatory bodies who
cannot analyse and adapt to new technology in a timely
manner. A more visionary regulatory entity could help
in exploring new business models to bring connectivity
in a different way.

To overcome these identified show-stoppers and have a
sustainable business model, it is important to design the
right mechanisms with the right incentives to foster massive
adoption. In order to motivate the investment in broadband
coverage in unconnected areas it is critical that the public
policies and regulatory framework minimize the barriers and
the regulatory uncertainty for players willing to enter this
space. Specifically, regulation should: (i) be open to innova-
tive business models and types of services; (ii) bring greater
regulatory flexibility; (iii) be technologically neutral to create
optimal combination of spectrum and solutions; (iv) explore
softer Quality-of-Service (QoS) requirements in rural areas;
and (v) provide investment incentives, access goals and other
options over fees, sanctions and/or penalties.

B. MARKET OPPORTUNITIES
In order to evaluate the market opportunity related to con-
necting the unconnected in a country, knowledge about how
the population is geographically distributed and, which parts
of that population have access to Mobile Broadband (MBB)
services and which parts do not must be acquired [75]:

Using Brazil as the case study, an intelligence algorithm
has been generated around the main inputs required to make
the segmentation and sizing of the opportunity for Brazil,
including population, telecommunication infrastructure and
overall coverage data. The Total Addressable Market (TAM)
in Brazil is between 10 and 20million unconnected people for
any given Mobile Network Operator (MNO), most of which
are Greenfield (meaning there is no Second Generation of
Mobile Network (2G) in that given area) and a small amount
is Overlay (meaning that there is 2G in that area). These
unconnected people live in a total of around 34000 settle-
ments and sets the scene for new business opportunities in
rural areas [76].

C. BUSINESS MODELS FOR RURAL AREAS NETWORKS
Once the TAMhas been estimated, next step towards building
the business model is to estimate the best way to tackle
the deployment of new connectivity where required. In this
context, an alternative deployment/business models to con-
nect the unconnected in Brazil has been considered, which
also can be extrapolated to other countries, bringing multiple
stakeholders to find a concerted and holistic approach:

• Rural Mobile Infrastructure Operator (RMIO):
Entity which decouples the MNO from a potential local
infrastructure company that deploys in a certain delimi-
tation and closes a revenue share deal with one or various

FIGURE 22. Rural Operator Role in the Value Chain.

MNOs. This figure has already been implemented in
Peru and can be extrapolated to Brazil and other coun-
tries [75]. From an operational business model perspec-
tive, this is an attractive setup for both sides. On the
RMIO side, it can deploy non-competing and value-
added infrastructure in a rural area, with the assurance
that it can then force MNOs to partner and close a
commercial agreement to capture its potential clients in
the area. On the MNO side, it allows to focus CAPEX
on high-density, urban areas where competition is fierce
and,, at the same time, expand user adoption in rural
areas in partnership with the RMIO with limited addi-
tional investment and making use of its licensed spec-
trum which was not being capitalized in the RMIO
unserved area to date. An overview of this business
model and the role of the RMIO in the value chain is
presented in Figure 22.

• Network Sharing: Various forms of network sharing
should be considered, including agreements across com-
panies with infrastructure ownership and MNOs or
Mobile Virtual Network Operators (MVNOs), etc. Two
main forms of network sharing should be highlighted:

– Passive sharing:MNOs share the physical compo-
nents of the cell site, installing multiple antennas on
a single tower to optimize costs.

– Active sharing: MNOs also share more advanced
components of their infrastructure, most commonly
their RadioAccess Network (RAN), less commonly
their transport and backhaul network and rarely
sharing their Core network.

The 5G-RANGE project tackles the unconnected oppor-
tunity assuming the role of an MNO with the help of the
RMIO (as shown in Figure 22), which can be applied to all
use cases defined in the Sec. II. This brings flexibility to
the business model and can help the solution to be widely
adopted. Advantages of this approach are the distribution of
incurred costs between MNO and RMIO and a fair split of
the value generated by the TAM opportunity, as shown in
[76], which makes the model attractive and scalable from the
perspective of both operators.

It is worth noticing that, besides the adopted business
model approach, there are some critical parameters to deter-
mine the dynamics of service adoption and revenue gener-
ation. One of them is the connectivity penetration, defined
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as the percentage of the population that would eventually
access MBB services. As there is yet no ecosystem of devices
compatible with 5G-RANGE, today the penetration would be
somewhere around zero, but it is expected that the deploy-
ment of the 5G-RANGE networks should come together with
the creation of compatible devices, increasing 5G-RANGE
penetration and reducing network costs year over year. Also,
the connectivity penetration can be accelerated by pushing the
5G-RANGE solution as part of the 3GPP specification, which
is a primary goal of the 5G-RANGE project. 5G-RANGE
CPEs can also be integrated with other technologies, allowing
for off-the-shelf devices and smartphones to be promptly
used, which severely reduces the initial cost of the network
deployment.

IX. CONCLUSION
5G for remote areas is an important scenario for B5G net-
works, with huge social and economic impacts. The three
operation modes being defined by 3GPP are not originally
aimed to address the requirements for remote areas networks.
The 5G-RANGE project has conceived a new operationmode
for B5G networks based on the most recent technologies,
but tailoring the parameters to support long-range coverage
with low OOBE and high robustness against frequency selec-
tive channels. GFDM, a more flexible multi-carrier filtered
waveform, has been selected as air-interface due to its good
frequency localization and possibility to cover conventional
waveforms as corner cases. Polar code has been selected as
the channel code for both data and control planes because of
its robustness and good performance compared with LDPC
codes. 5G-RANGE also has innovated the MAC layer by
adding the cognitive cycle, which uses the low OOBE pro-
vided by the waveform to exploit TVWS in an opportunis-
tic approach. The network layer provides connectivity to a
plethora of services and also connects the 5G-RANGE sys-
tem to the 5G Core Network through 3GPP and non-3GPP
interfaces. The entire system has been implemented in a PoC
capable of achieving 100 Mbps at 50 km from the BS. The
developed BS and UEs prototypes were used to demonstrate
the full potential of a remote area network, which can be
economically exploited by the business models described in
this paper. The results achieved by the 5G-RANGE project
show that the technology is ready to provide a cost-effective
and reliable remote area network using the main techniques
developed for 5G networks, but tailored for this important
scenario. B5G can be the final answer to close the connectiv-
ity gap between urban and rural area, bringing a true universal
Internet coverage everywhere for everyone.
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