IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 19, 2021, accepted December 6, 2021, date of publication January 5, 2022, date of current version January 11, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3140421

Engineering-Economic Evaluation of Diffractive
NLOS Backhaul (e3nb): A Techno-economic
Model for 3D Wireless Backhaul Assessment

EDWARD J. OUGHTON 12, ERIK BOCH3, AND JULIUS KUSUMA3
IColle:ge of Science, George Mason University, Fairfax, VA 22030, USA

2Environmental Change Institute, University of Oxford, Oxford, Oxfordshire OX1 2JD, U.K.

3Facebook Connectivity, Menlo Park, CA 94025, USA

Corresponding author: Edward J. Oughton (eoughton@gmu.com)

This work was supported by the Open-Science Research Grant from Facebook Connectivity.

ABSTRACT Developing ways to affordably deliver broadband connectivity is one of the major issues
of our time. In challenging deployment locations with irregular terrain, traditional Clear-Line-Of-Sight
(CLOS) wireless links can be uneconomical to deploy, as the number of required towers make infrastructure
investment unviable. With new research focusing on developing wireless diffractive backhaul technologies
to provide Non-Line-Of-Sight (NLOS) links, this paper evaluates the engineering-economic implications.
A Three-Dimensional (3D) techno-economic assessment framework is developed, utilizing a combination
of remote sensing and viewshed geospatial techniques, in order to quantify the impact of different wireless
backhaul strategies. This framework is applied to assess both Clear-Line-Of-Sight and diffractive Non-Line-
Of-Sight strategies for deployment in Peru, as well as the islands of Kalimantan and Papua, in Indonesia.
The results find that a hybrid strategy combining the use of Clear-Line-Of-Sight and diffractive Non-Line-
Of-Sight links produces a 9-45 percent cost-efficiency saving, relative to only using traditional Clear-Line-

Of-Sight wireless backhaul links.

INDEX TERMS Wireless, broadband, techno-economic, backhaul, geospatial.

I. INTRODUCTION

Task 9.c of the United Nation’s Sustainable Development
Goals (SDGs) aims to provide universal affordable broadband
to all by 2030 [1], [2]. Over many decades, information and
communications technologies (ICTs) have been an important
enabler of economic development, thus helping to deliver
the SDGs [3], potentially lifting millions out of poverty.
Hence, solving the digital divide by providing universal and
affordable Internet access (SDG 9.c) is critical.

One of the cheapest ways to provide internet access is
to use wireless technologies, such as 4G cellular. While the
access sites themselves can often be viably built, connecting
these assets back into the internet can be a more challenging
endeavor for providing coverage, particularly in mountainous
areas [4], [5]. The connections between the access sites and
the operator’s core network are generally called transport
links or backhaul links [6].
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There are generally three different backhaul technol-
ogy options [7]. These include fixed fiber optic con-
nections [8], [9], or wireless methods such as terrestrial
microwave [10] and different forms of satellite connectivity,
such as low earth orbit (LEO) constellations [11]. Fiber has
the highest capacity, while also having the largest capital
expenditure (capex) cost [12]. This results from the fact the
technology can be slow to plan and deploy, often because
local governments require operators to gain public work
permits to dig road trenching. Satellite has a lower capex
and is much faster to deploy, but data costs are often
prohibitive [13], [14]. Microwave offers the best intermediate
combination of lower capex (relative to fiber) [10], faster
deployment, and lower data costs [15]. In this paper we
therefore focus on assessing microwave wireless capex.

On flat plains, wireless links can be used to backhaul
traffic over long distances using a single pair of assets
(potentially over 100 km, but more commonly below 45 km).
Substantial data rates can be provided to users when
Clear-Line-of-Sight (CLOS) access is available. However,
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in situations where CLOS is not possible, Mobile Network
Operators (MNOs) have traditionally had to build additional
relay sites and ‘hops’ to help connect remote places back
into the nearest fiber Point of Presence (PoP), and the wider
Internet [16]-[23]. This additional construction significantly
affects the cost of delivery. Subsequently, the use of diffrac-
tive Non-Line-Of-Sight (NLOS) backhaul links could help
to reduce the costs of deployment [24], potentially enabling
many more unconnected users to gain wireless broadband
internet connectivity.

A diffractive NLOS backhaul link is defined here as a
wireless data connection which utilizes knife-edge diffrac-
tion, through which some signal energy is conveyed into
the shadow regime of a diffracting feature. In situations
where a CLOS link is not possible, the aim is to utilize
this approach over shorter distances (e.g. <5 km), thus
expanding the feasibility space of microwave backhaul.
This is especially useful when trying to traverse between
settlements in different valleys divided by mountainous
terrain.

Diffractive NLOS links can be implemented using standard
microwave backhaul equipment, but the link designer must
consider higher signal losses due to diffraction compared
to CLOS links [25]. Where appropriate, diffractive NLOS
links can be implemented with no change to the network
architecture. However, when the appropriate bitrate and bit
error rate have been accounted for, the diffractive NLOS link
will appear as a regular link that is fully characterized by its
bitrate, latency and bit error rate.

Two mobile operators have started to include diffractive
NLOS backhaul links into their production networks, pro-
viding motivation for this assessment. Internet para Todos
(‘Internet for All’) is a company operating in Latin Amer-
ica, formed via collaboration between the Inter-American
Development Bank (IDB) Group, Telefénica, Facebook and
the Development Bank of Latin America (CAF) [26]. Mayu
Telecomunicaciones is a Peruvian telecoms company also
founded to provide Internet to all citizens, regardless of their
geography, distance or other market difficulties involved in
providing internet services [27].

Planning CLOS links requires large-scale computation of
line-of-sight and Fresnel Zone clearance for wireless back-
haul design placing larger demands on Three Dimensional
(3D) environment models [28]-[32] and pushing the frontiers
of geospatial cellular network planning [33]-[40]. CLOS
is particularly important for the use of millimeter wave
spectrum, over very short distances e.g. <500 m, which will
become increasingly common over the next decade due to the
large bandwidths being released by governments around the
world [41]-[44].

CLOS backhaul is increasingly being proposed for use
in small cells networks [45]-[47]. However, NLOS com-
munication applications are also now emerging. [48]-[54].
Analysis increasingly shows that high-frequency microwave
technology can be used for NLOS wireless backhauling,
typically involving frequencies operating below 10 GHz,
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opening up a range of new wireless applications [55], [56],
one of which will be closing the rural digital divide.

Established models exist for indoor NLOS (60 GHz)
connections but there has been less focus on outdoor
NLOS applications for mobile cellular communications [57].
Increasingly spatial statistical channel modeling for wire-
less (4G/5G) backhaul networks is being undertaken for
both CLOS and NLOS environments [58], combined with
radio propagation measurement, simulation, and analytical
results [59]-[61].

Given this background information, the research question
outlined for this analysis is as follows:

What is the cost saving of integrating diffractive
NLOS wireless backhaul into least-cost network
designs?

This paper will contribute to the literature in multiple
ways. Firstly, a 3D wireless techno-economic assessment
method will be presented which advances the field by
integrating remote sensing and viewshed techniques. Our
aim is to develop a method which can obtain a broad view
of the required investment to provide broadband services
in a challenging deployment situation, as a precursor to
doing detailed modeling on prioritized regions. Secondly, the
method will be used to answer the research question and
provide, what is to our knowledge, the first openly available
techno-economic assessment of diffractive NLOS wireless
backhaul strategies.

In the next section a review of network planning
approaches is undertaken before a discussion of backhaul
technologies is presented in Section III. The method is then
articulated in Section IV, before Section V details how this
method will be applied to a set of countries to answer the
research question. The results are presented in Section VI,
with the findings of the analysis discussed, and conclusions
given, in Section VIIL.

Il. NETWORK PLANNING APPROACHES

When designing a wireless backhaul network there are
multiple different types of network planning approaches, with
each set of techniques often related to the spatial scale of
the assessment area. Fig. 1 illustrates these three areas which
include (i) regional level, (ii) cluster level and (iii) link level
assessment. Each will now be reviewed in detail.

Technical guidance is provided by the International
Telecommunications Union (ITU) for the design of terres-
trial wireless backhaul networks [71], including diffractive
links [72], although this focuses mainly on the stages carried
out in steps two and three (for cluster and link level
assessment, respectively). There is generally little guidance
provided on the first step focusing on higher level techno-
economic business case analysis, with little information
shared between operators, as this type of insight is viewed
as intrinsic to their own competitive advantage.

Firstly, when developing a greenfield strategy for uncon-
nected locations, high-level evaluation of regional options
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TABLE 1. Comparison of wireless network evaluation tools.

Frequencies Ra Terrain and Techno-

Eval- level Name Purpose (qGHz) tracir}llg? clutter? Cloud? economics?
Link CloudRF [62] Empirically based propagation modeling 0.02-20 No Yes Yes No
Link/Cluster Forsk Atoll[63] Propagation and channel modeling 0.02-20 Yes Yes Yes No
Link Splat! [64] Empirically based propagation modeling 0.02-20 No Yes No No
Link Pathloss [65] Empirically based propagation modeling Not stated No Yes No No
Link Matlab [66] Propagation and channel modeling Unlimited No Yes Yes No
Link EDX [67] Propagation and channel modeling 0.04-100 No Yes Yes No
Link Remcom [68] Propagation and channel modeling <100 Yes Yes No No
Link ANP [69] Propagation and channel modeling <100 No Yes No No
Regional e3nb [70] Engineering-economic evaluation 8,15, 18 No No No Yes

Three Stages of Wireless Network Planning
Resource Allocation

High-level evaluation of regional investment

Regional using I'OOIS such as e3nb. Includes estimati.ug‘
Level potential population coverage. cluster quantities,
fiber and microwave equipment units, ARPU
Assessment and broadband investment costs. Carried out
1 from an office.
Intermediate-fidelity simulations focusing on
Cluster network design evaluation, using tools such as
Level Forsk Atoll. Includes estimating channel
i frequencies, bitrate targets and approximate
Assessment locations of mobile sites. May include field visits
1 to estimate equipment hub locations (e.g. for fiber).
High-fidelity local simulations to optimize RF
engineering parameters, using tools such as
Link Level = PathLoss. Includes estimating specific antenna
Assessment | designs. exact locations of mobile sites. tower

heights, pathloss and margins. Includes
technical field surveys on all sites.

FIGURE 1. Wireless network planning approaches.

must be undertaken to help prioritize strategic investments
into different areas. Within this process a general under-
standing of the demand and supply factors which affect
the network investment must be quantified. For example,
for insight on potential demand, a set of data layers are
required to estimate population settlements, along with any
available demographic information, to quantify potential
revenue. Whereas for insight regarding the supply cost, esti-
mated network designs are required to broadly quantify the
engineering cost of delivering potential wireless broadband
services.

Secondly, once regions have been selected for investment,
cluster level analysis is then required which implements
intermediate-fidelity simulations to support network design
evaluation [73], [74]. This includes estimating the frequency
channels to be deployed along with any bitrate targets aimed
at different settlement types [75].
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Finally, high-fidelity local simulations are the last step
before building the network, with the focus being to
optimize the Radio Frequency (RF) engineering parameters
to provide the desired quality of service (QoS) [76]-[78],
such as the antenna designs, tower heights, potential pathloss
and any required margins [79], [80]. There are a variety of
software tools available on support these different steps, from
regional assessment tools such as the Engineering-Economic
Evaluation of Diffractive NLOS Backhaul (e3nb) (presented
in this paper), to proprietary local simulation software such
as CloudRF, Pathloss etc. as compared in Table 1. Most tools
currently available enable CLOS or near-CLOS link planning
but do not address the design of NLOS wireless routes.

Ill. BACKHAUL TECHNOLOGIES

There are a variety of backhaul technologies which are used
throughout the cellular industry. Recent data from the Global
System for Mobile Communications Association (the mobile
industry association known as GSMA) estimates that the
backhaul technologies in use across different regions can
differ quite dramatically, being driven by the income level of
the potential users. For example, over 70% of cellular sites in
North America have fiber backhaul connectivity, compared to
roughly 20% in Latin America [81]. This pattern is reversed
when considering wireless backhaul methods, where North
America has approximately 25% of towers connected via
these means, compared to 80% in Latin America [81]. There
are consequential impacts on the quality of service which can
be provided to users because of these differences. However,
wireless approaches provide a significant reduction in the
deployment cost which is useful when the average revenue
per user is substantially lower.

Currently, the design and deployment of microwave
wireless backhaul overwhelmingly relies on using CLOS to
exchange data in a cost-efficient manner over large distances,
with well-known design and deployment workflows. For
example, see reference [82]. While diffraction is a known
phenomenon [72], practical guides caution network designers
and engineers that empirically measured diffraction is much
worse than analytical prediction. Further, there is only
limited material that gives guidance on antenna alignment
to optimize link quality in diffracted paths, highlighting
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CLOS and NLOS Options for Wireless Backhaul Links

60% Fresnel Zone 1

Clear-Line-of-Sight (CLOS)

Boresight Radio Path

“Knife-edge™ Diffraction Point —,

Non-Line-of-Sight (NLOS)

Blocked Line-of-Sight Path
Y, (not available)

v 3

FIGURE 2. CLOS and NLOS options for planning wireless backhaul links.

the need for further research in this area. As we showed
previously via real-world measurements [24], [25], antenna
alignment is a very important factor. Fig. 2 (A) provides
an illustrative example of this CLOS-focused design-and-
deployment workflow. We define the Fresnel Zone clearance
as an ellipse shape between two radios which is at least 60%
clear of obstruction to ensure satisfactory link performance
(as further elaborated in Fig. 4). Common deployment
methods involve mounting antenna on erected towers at
heights which enable this ~60% Fresnel Zone clearance
from the boresight radio path. For those locations which are
unable to achieve a direct CLOS, a relay tower (or series
of towers) may need to be erected, providing the additional
complications of power availability and transportation of
necessary materials and equipment.

Recent research has focused on assessing the feasibility of
using diffractive NLOS backhaul connections to help drive
down the cost of connecting rural and remote locations. Links
can ‘hop’ over knife-edge diffraction points without the need
for addition relay towers, as illustrated in Fig. 2 (B).

IV. METHOD

Two wireless backhaul strategies are to be assessed which
include the cost of using either (i) CLOS entirely, or (ii) a
mixture of CLOS and NLOS. Network planning methods
usually follow a set of deployment rules [83], [84], making
it possible to assess the potential effectiveness of different
deployment strategies. Firstly, the scientific basis of the
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assessment approach will be discussed, followed by a
description of the model flow for each strategy.

A. SCIENTIFIC BASIS OF THE TECHNO-ECONOMIC MODEL
Any economic assessment of wireless networks needs to
broadly reflect propagation conditions which are dependent
on the underlying physics of the electromagnetic spectrum.
A surprisingly small number of techno-economic models
use engineering techniques to explicitly inform their design,
instead usually relying on spreadsheet-based approaches with
parameter value assumptions [85], even at the regulatory
level [86]. Often this means a lack of initial rigor translates
into results uncertainty. To avoid such a situation, we present
here a wireless modeling framework which can be used to
inform the model input parameters selected.

Firstly, the Equivalent Isotropically Radiated Power
(EIRP;) for the ith wireless backhaul link can be estimated
for any transmitter (¢) based on (1):

EIRP; = P; +G; — L; (1)

where the power level (P;), antenna gain (G;) and any antenna
losses (L;) can be treated, for example, as 20 Watts, 20 dB,
and 4 dB, respectively [87].

Next, the Free Space Path Loss (FSPL;) for the ith wireless
backhaul link can be estimated for CLOS channels [88],
based on the distance (d) between the transmitter and receiver
(in km) and the carrier frequency (f) of the spectrum band
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(A) Simulation Results for the Received Signal based on the FSPL

Reported for all frequency and distance categories

— <10 km 10-25 km 25-45 km
m -
S o il
§ et
5 10"
('ICS) -20 - Y
g
5 =30 -
& -40 - 1 1 1 1 1 1 1 1 1
6-8 11-15 15-18 6-8 11-15 15-18 6-8 11-15 15-18
Frequency (GHz)
(B) Simulation Results for Required Fresnel Clearance Values
Reported for all frequency and distance categories
<10 km 10-25 km 25-45 km
g 20~
@ 15-
(8]
o
o
8 I o o} Gl T
O | ]‘_,‘._ 3 :’ e
Il ‘ ‘ .“": ‘ 1 1 1 1 1 1
11-15 15-18 6-8 11-15 15-18 6-8 11-15 15-18
Frequency (GHz)

FIGURE 3. Received signal and Fresnel clearance by distance and frequency.

(in GHz), as per (2):

FSPL; = 20log (d) + 201log (f) + 32.44 )

Finally, the received power (RP;) for the ith wireless
backhaul link can be estimated at the receiving antenna,
as per (3).

RP; = EIRP; — FSPL; + G, — L, 3)

where the receiver () has an antenna gain (G,) and antenna
losses (L), for example, which can be treated as 20 dB and
4 dB, respectively [87]. Thus, for different backhaul fre-
quency ranges, the received power can be visualized against
the potential distance between the antennas, as reported in
Fig. 3 (A). In line with wireless communications theory, this
demonstrates that the received power is higher for lower
carrier frequencies and vice versa. Moreover, the received
power values drop rapidly in the first 10 kilometers traveled,
and then more modestly between 10-50 kilometers.
Documentation for industry-standard wireless backhaul
equipment suggests a 100-200 Mbps link can broadly be
achieved with a received signal above -55 dBm and 50 MHz
channel bandwidth [89]. Combined with Fig. 3, such insights
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can be used to guide the development of the techno-economic
model inputs.

These parameters generally vary by geography, desired
link availability, antenna size limitations, regulatory factors,
and therefore are best represented in terms of typical ranges.
Moreover, this does not account for environmental clutter
(buildings, trees etc.), interference, rain attenuation etc.
In practice, all these factors would be considered on a case-
by-case basis, at either the cluster or link level planning
stages, using the predictive planning tools outlined earlier in
this article in Table 1, when such detail is required.

Next, one of the major factors needing to be assessed is the
calculation of the maximum required Fresnel clearance [31]
above the tree canopy present, for the ith wireless backhaul
link, as visualized in Fig. 4.

This is because to ensure signal can be transmitted between
two wireless backhaul antennas, the Fresnel Zone needs to be
kept free of interference from buildings and other structures.
In rural and remote areas, the link path needs to be kept free
of the tree canopy. Thus, to find the maximum radius of the
Fresnel Ellipsoid Zone (RMax;), between the two antennas
in the ith wireless backhaul, we use (4) based on both the
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Fresnel Ellipsoid Zone

/

FIGURE 4. Fresnel ellipsoid zone.

measured distance (D;) and desired carrier frequency (Fj):

| Dj
RMax; = 8.66 - | — 4)
F;

Subsequently, for different backhaul frequency ranges, the
Fresnel clearance can be plotted against the potential distance
between the antennas, as reported in Fig. 3 (B). The results
indicate that both lower frequencies and longer link distances
require higher Fresnel clearances. For example, the median
Fresnel clearance values below 10 km are approximately 5-6
meters depending on the frequency. But these values increase
to 9-13 meters between 10-25 km, and then to 12-18 meters
for 25-45 km. Generally, the distance has a larger impact on
the required Fresnel clearance, compared to the frequencies
used here. The estimated values prove to be highly useful
for approximating tower heights and therefore necessary civil
engineering costs. Next, the strategies to be tested will be
discussed.

B. STRATEGIES

As the approach is based on applying backhaul technologies
within a techno-economic framework, the strategies tested are
guided by the scientific detail reported both in this manuscript
and in previous field studies [24], [25]. The aim is to carry
out system-wide national assessment of CLOS and hybrid
CLOS-NLOS backhaul strategies, utilizing both population
density and terrain irregularity for evaluation in different
locations.

Firstly, Strategy 1 aims to deploy only CLOS links, using
knowledge of all settlements which require connecting back
into a major settlement using wireless means. Secondly,
Strategy 2 takes a similar approach but instead utilizes a
hybrid deployment of both CLOS and diffractive NLOS
technologies. This strategy will always preference CLOS
links but attempt to use a diffractive NLOS approach as a last
resort, enabling a single ‘hop’ over a ‘knife-edge’ diffraction
point.

The strategies are implemented in combination with a
set of least-cost infrastructure design algorithms, which are
originally developed for this assessment and applied within
a geospatially-explicitly simulation framework. Least-cost
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infrastructure algorithms are a state-of-the-art way to design
and test telecom and energy network strategies [90], [91].

C. SPATIAL PROCESSING

Prior to testing the strategies identified, a set of preprocessing
steps are first required to manipulate various data layers into
a common format. This begins with identifying settlements,
which in this analysis are defined as any area having more
than 50 inhabitants per kmZ, with an overall total of 100
inhabitants. This is a common methodological step in telecom
and energy strategy assessment [92]. Then it is necessary
to find the nearest major settlement which has over 20,000
inhabitants [93], and therefore strong economics for existing
digital connectivity, including a fiber PoP which can help
route traffic to the Internet.

These two steps provide the nodes to connect (small
settlements) and the nodes to route traffic to (major set-
tlements). Spatial autocorrelation issues can arise due to
artificial statistical boundaries [94], [95], therefore in such
spatial statistical problems it is wise to generate bespoke area
boundaries which best represent the problem being modeled.
This is a common issue for strategic assessment of telecom
and energy network options [96], [97]. Consequently, a set
of ‘modeling regions’ are defined which consist of merging
local areas to ensure each has a least one major settlement to
route data traffic to. This is achieved by taking the straight-
line route from each local settlement to a major settlement,
creating a union of any statistical areas which these lines
intersect with.

Once defined, it is possible to connect all settlements
within each modeling region by fitting a minimum spanning
tree based on Dijkstra’s algorithm, which is a common
approach for least-cost telecom network design and rout-
ing [98]-[100]. Thus, the shortest potential path is estimated
to create the least-cost network structure that connects all
nodes in each modeling region.

A final preprocessing step estimates CLOS probability
for various terrain types over different distances. Firstly,
as a preparatory step, any target country is divided into
50 x 50 km? grid tiles, with each tile therefore covering a
2,500 km? area. Based on the Longley-Rice Irregular Terrain
Model, a terrain irregularity parameter is extracted for each
tile [101].

To obtain this metric, elevation data are extracted from a
Digital Elevation Model enabling the inter-decile range of
terrain elevation values to be obtained. The Longley-Rice
Irregular Terrain Model is a classic radio propagation model
and capable of estimating signal propagation effects resulting
from irregular terrain [102], [103]. Once this parameter has
been estimated for the whole country grid, the dataset is split
into deciles and a sampling area from each decile is randomly
selected. This area is then converted to a 2.5 x 2.5 km? grid
to enable a random point to be selected every 6.25 km?.

A viewshed is then computed using Python via the
Geographic Resources Analysis Support System (GRASS)
package to estimate the LOS for every sample point, to every
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CLOS Wireless Backhaul Link Estimation

Lookup ITU

Rain Region Moderate

rain

and determne .
rain rate region?
Is the path Is the path
length <15 length <30
km? km?
Build Build
additional additional
relay tower relay tower

Build
additional
relay tower

Lookup operating
frequency

Is fohage
present?

FIGURE 5. Flow diagram for CLOS.

other point within a maximum of 45 km?, based on mean
tower heights of 30 meters (a standard height for cellular
network dimensioning [104]). This exercise produces a
lookup table of the LOS probability given a particular terrain
decile over a specific distance, as illustrated for the countries
assessed in Fig. 7.

D. MODELING PROCESS

In this section the modeling process is outlined, including
the originally developed flow diagrams each strategy follows,
which are also shown visually for CLOS in Fig. 5 and
NLOS in Fig. 6. As CLOS is the current business-as-usual
case for wireless backhaul deployment, the approach will be
familiar to wireless communications researchers. In contrast,
the NLOS flow diagram process illustrated in Fig. 6 is newly
specified from field empirical results for Jaén, Peru [25].
In this section, the model process is discussed in general
terms. Later, the specific required datasets for the model are
reported in Section V, which focuses on the application of the
model.

Firstly, for each region of a country under evaluation
an ITU determined rain region is allocated to account
for air moisture effects on propagation [105]. For a high,
moderate, or low rain region the maximum CLOS paths are
conservatively defined as 15, 30 and 45 kilometers, respec-
tively. Although these significantly downgrade the distances
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Use Fresnel clearance
as an estimate of
tower height

reported in Fig. 3, the approach adopted is a cautious one,
based on the premise that it is worse to underestimate cost
at the initial planning stage, than overestimate. For example,
if costs savings are made when more detailed RF planning
is carried out at a later stage, this is more acceptable than
finding out the initial project thought to be viable, is no longer
possible, after investing further resources to no avail.

The three main backhaul operating frequencies already
used in the method are considered and allocated based on
the link distance. We know from Fig. 3 (A) that lower
frequencies will be preferable for longer distances, and vice
versa. Thus, CLOS links under 10 kilometers use the highest
frequency of 18 GHz, intermediate link distances (10-25 km)
use 15 GHz, and long-range link distances (25-45 km)
use 8 GHz. Whereas NLOS links under 5 kilometers use
the highest frequency of 18 GHz, intermediate link distances
(10 km) use 15 GHz, and long-range link distances (15 km)
use 8 GHz.

Using the preprocessed spatial routing geometries, it is
then possible to iterate through each routing path between set-
tlements using a two-step viewshed computation approach.
For each preprocessed routing path, a viewshed is explicitly
carried out, and if a new relay tower needs to be built (as
per Fig. 5 and Fig. 6), the LOS of this new asset is based
on a probability derived from the lookup table for Fig. 7.
This approach balances the first-order precision of computing
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NLOS Wireless Backhaul Link Estimation
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FIGURE 6. Flow diagram for NLOS.
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FIGURE 7. Visualization of LOS sampling results.

a specific viewshed, with the computational speed of using This part of the method is similar to other studies in the liter-
a probability for any second-order links that need building. ature which utilize interactive testing of line-of-sight [28].
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Based on the literature, a mean tower height of 30 meters
is used to run the viewshed processing [104], to establish
line-of-sight. If the result of the viewshed processing for a
particular route is CLOS, the flowchart in Fig. 5 is used for
the network design.

To determine the required tower height, the presence of
foliage is then assessed via remote sensing techniques using
globally available satellite data layers. From existing studies
in the literature, we know that areas with foliage cover
have a higher probability of requiring additional Fresnel
clearance [106], [107] (for the remote rural area focus of this
assessment).

If foliage is present (>20%), then the mean height of the
tree canopy is added to the Fresnel clearance values obtained
from Fig. 3 (B) and reported for different confidence levels in
Table 2. If no foliage is present, the Fresnel clearance is used
for the tower height.

TABLE 2. Fresnel clearance heights from ground.

.L bk Link Fresnel Clearance (M) by Confidence Level
Distance  Frequency
(Km) (GHz) 50% 90% 99%
<10 6to 8 6.7 9.4 10.4
<10 11to 15 6.1 7.5 8.1
<10 15to 18 4.7 6.6 6.9
10-25 6to8 13.2 15.7 17.0
10-25 11to 15 10.1 11.9 12.6
10-25 15to 18 9.0 10.2 11.0
25-45 6to8 18.7 21.0 22.4
25-45 11to 15 14.2 16.1 17.3
25-45 15to 18 12.1 13.3 14.3

Finally, antennas cannot be mounted directly on top of
erected towers due to high wind exposure. Indeed, antennas
need to be secured directly to the side of the metal tower
structure in multiple places to provide strong wind protection.
Therefore, a mean additional height of one meter is added to
the total estimated tower height to account for this antenna
mounting, based on the antenna sizes reported in Table 3.

Although two separate strategies are to be tested, the key
differentiator is that much smaller maximum path distances
are used for NLOS to reflect the more challenging terrain
conditions. Link distances are as short as 5 kilometers in high
rain regions, as a higher fade margin is used to represent
greater uncertainty and therefore more challenging QoS
conditions when using an NLOS link [12]. In both cases,
if the link is over the maximum distance, a relay tower is
required, which is the key cost driver and the reason why
CLOS approaches have poor cost efficiency in hard-to-reach
areas.

As a high-level planning method is adopted here,
we assume any diffractive NLOS link crosses a single
diffracting obstacle and that the diffracting angle is shallow
(between 177-180 degrees). Indeed, existing analysis has
demonstrated that if the diffraction angle is kept to 3 degrees,
and the diffraction loss to 25 dB, then standard link planning
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tools can make fairly accurate predictions of signal level
(with a 10 dB additional margin to correct for prediction
error, irregularity in the shape of the diffracting object, foliage
changes through the seasons, and terrain data errors) [25].
Indeed, the live network tests for link and cluster designs in
Jaén, Peru, show that even with such restrictions, diffractive
NLOS still delivers a significant new capability. Even
when much shorter maximum path lengths are applied here
for diffractive NLOS assessment, this remains a feasible
expectation, providing sufficient detail for initial planning for
prioritizing resource allocation.

TABLE 3. Cost items.

. Cost
Equipment Item Caveats (USD) Source
Two PtP radios (all-ODU, high
power, licensed bands) . 6,000 [108]
Two 0.6 m PtP parabolic Link distances:
antennas <10 km 1,200 [109]
Two 0.9 m PtP parabolic Link distances:
antennas 10 —20 km 2,200 [110]
Two 1.2 m PtP parabolic Link distances:
antennas 20 —30 km 3,600 (1]
Two 1.8 m PtP parabolic Link distances:
antennas 30 - 45 km 4,460 [112]
Tower cost per 10 m in height
(Materials, construction, - 10,000 [113]
transportation etc.)
Network planning, site . 8,700 [114]

acquisition and installation
Single site PV + battery power

systemn - 12,000  [115]

E. EQUIPMENT COSTS

Generally, network planners attempt to optimize tower
construction costs, preferencing where possible for the
smallest tower height which still achieves certain quality
of service objectives. Generally, a tower can be erected
relatively cheaply (e.g., 30 meter) with a freestanding
structure using no guide wires to ensure full clearance of
any present tree canopy. In some cases, larger assets may be
required.

The investment cost (Cost,) for the modeling region (r)
is the summation of all cost inputs for the ith wireless link,
as defined in (5):

n
COS[rZZri+ai+ti+Pi+€i )
i=0

To connect each settlement into the wireless backhaul
network, a pair of Point-to-Point (PtP) radios (r;) and
parabolic backhaul antennas (a;) are required, along with
the civil engineering costs of building a tower (#;), site
planning (p;), and provision of a suitable power system (e;).
Full item costs are reported in Table 3 based on indicative
equipment prices for 2021, with these values comparing well
to other studies in the IEEE literature [116], published by
GSMA [117], or other industry consultants [114]. As well as
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scaling the cost based on the required tower height needed
to clear the tree canopy (with this scaling being driven by
the material transportation cost), the link distance also affects
the size of the required parabolic antennas. These range from
0.6 meters for under 10 kilometers, up to 1.8 meters for links
at the maximum distance of 45 kilometers.

V. APPLICATION

Two countries are used to apply the method develop here,
including Indonesia and Peru. In Indonesia, we focus on two
of the largest islands (Kalimantan and Papua) and in Peru
we assess the whole country. Kalimantan has a population
of approximately 17 million inhabitants and is growing in
importance due to the capital of Indonesia being relocated
there from Jakarta. Internet access already exists in the major
urban settlements but is scarcely available in rural areas.
Papua has approximately 3.4 million inhabitants with much
of the island unconnected by broadband connectivity at all.
In contrast, Peru has an approximate population of 33 million
inhabitants and while there is broadband access in all major
urban areas, connectivity is progressively poorer as the
country stretches eastwards from the Pacific coastline. This
is driven by the challenging terrain in the Andes mountain
range, as well as the thick rainforest tree canopy in the
Peruvian Amazonia region.

Regional boundaries are obtained from the Database of
Global Administrative Areas (GADM) [118]. Level 2 regions
produce 90 statistical areas for Indonesia (Kalimantan and
Papua) and 195 Peru. After preprocessing, this results in
58 modeling regions for the two Indonesian islands and 95 for
Peru. Next, a global 1 km? population layer is obtained from
WorldPop [119], [120] and used to derive the settlement point
layer for network routing to major settlements [25].

Various remote sensing layers are integrated because they
provide globally available data inputs for establishing terrain
and vegetation cover. This is important for model scalability,
as future users of the open-source e3nb codebase [70] may
wish to apply the capability to new countries (thus, minimal
code changes would be required).

The Global Multi-resolution Terrain Elevation Data
(GMTED) (2010) is used as the Digital Elevation Model,
available from the US Geological Survey as a raster data
layer (.tif) [121]. To identify vegetation presence, the NASA
Moderate Resolution Imaging Spectroradiometer (MODIS)
data layer is obtained which estimates the proportion of
vegetation cover from high-resolution imagery (.tif) [122].
To estimate the mean canopy height of tree foliage in
a modeling region, results are utilized from the LiDAR-
derived Geoscience Laser Altimeter System (GLAS) Global
Estimates of Forest Canopy Height [123].

After running the preprocessing steps for each country to
obtain the LOS lookup, a set of probabilities can be used for
CLOS availability over different distances in each country,
given ten different terrain irregularity types. Decile 1 has the
least terrain irregularity, and Decile 10 the most. The results
are reported in Fig. 7.
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The complement of the CLOS probability is the NLOS
probability. Therefore, in Decile 1 the simulation results
indicate almost a 100% probability of CLOS (thus, a 0%
probability of NLOS), whereas in Decile 10 there is a much
smaller chance of a CLOS link being feasible, depending
on the distance. Generally, the LOS is quite similar in both
countries for the lower and upper deciles, although in the
middle deciles Peru has more irregular terrain. The results of
the applied method can now be reported.

VI. RESULTS

A key contribution of this approach is in helping to prioritize
areas of future investment, thanks to an explicitly spatial
methodology. As an example of the different automated net-
work designs produced for the techno-economic assessment,
a regional illustration for a mountainous rural area in Peru
is provided in Fig. 8. These automated designed build on
the knowledge gained from the manual network designs
produced in [25]. Identified settlements are plotted in red,
with required towers plotted in yellow, and the least-cost
network design connecting all settlements in blue.

The modeling region contains a city of approximately
30,000 inhabitants called Chachapoyas, surrounded by many
smaller settlements ranging from 5,000 down to only
250 inhabitants. While the main city has cellular connectivity,
surrounding settlements have very little access. Challenging
deployment conditions result from low average revenue per
user and modest adoption on the demand-side, combined with
highly irregular terrain affecting the supply-side, as tradi-
tional CLOS wireless connectivity becomes very expensive
as many more towers may need to be built.

In the strategy which utilizes only CLOS links, an esti-
mated 146 towers are required to build a regional wireless
backhaul network which can connect all settlements in Fig. 8,
based on the conservative planning criteria which the high-
level evaluation method defined. In contrast, for a hybrid
strategy which can deploy a mixture of CLOS and diffractive
NLOS links, an estimated 69 towers are required. This leads
to significant investment ramifications for unconnected areas.

The cumulative cost of each strategy is reported for both
strategies for the full assessments of Kalimantan and Papua
in Indonesia, and Peru. Fig. 9 illustrates the cumulative
cost results by country reported using the population density
(A) and terrain irregularity (B) deciles.

The sets of plots in Fig. 9 allow the y-axis to vary, enabling
the main differences between the two different strategies to
be visualized more effectively. In Kalimantan, Indonesia, the
cost of serving the settlements identified reaches approxi-
mately $142 million using CLOS, compared to $129 million
with a hybrid approach, equating to a 9 percent saving.
In contrast, Papua in Indonesia, produced a CLOS estimate
for serving the identified settlements of $142 million, relative
to $79 million with a hybrid approach, leading to a 45 percent
cost saving. Finally, in Peru, the national cost of using
CLOS to connect all identified settlements is approximately
$482 million, considerably more than the $276 million
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FIGURE 8. Example visualization of network designs.

estimated using a hybrid strategy, delivering a 43 percent
saving.

These results demonstrate that cost savings produced by
deploying diffractive NLOS wireless backhaul links are
generally correlated with both population density and terrain
irregularity. For example, in Fig. 9 Kalimantan in Indonesia
produces a similar cumulative cost curve when ranked by
each factor. Moreover, when comparing the two deployment
strategies, in Papua, Indonesia, CLOS-only approaches rise
rapidly in cost in the final three deciles. This contrasts with
a much more modest increase when using a hybrid approach
with diffractive NLOS links, as fewer towers are required to
cover the same distance.

Following the same logic, Fig. 10 illustrates the aggregate
cost results per decile when ranked by either population
density or terrain irregularity. The cost saving for each decile
between the strategies (CLOS versus hybrid CLOS-NLOS)
can be compared, with the hybrid deployment approach being
cheaper in most deciles. These savings range from 4-13% and
27-57% for Kalimantan and Papua in Indonesia, respectively,
and 33-53% for Peru.
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Fig. 10 also presents the composition of this cost based
on the required investment into antennas, radios, tower con-
struction and transportation, site survey/acquisition, and the
site power system. Broadly speaking, the tower construction
and transportation of materials was the largest overall capital
expenditure cost, with the contribution of this factor elevated
in those areas with substantial tree canopy heights, such as
in Papua, Indonesia. This results from the need for a larger
Fresnel clearance zone. The only caveat to the results in
Fig. 10 is that the modeling regions used vary between 90-160
statistical units per country. Future research may want to
use more granular spatial boundaries which would provide
a smoother decile cost curve.

The results highlight the challenge of using CLOS
approaches to serve settlements in mountainous areas. Often
these settlements are in the bottom of valleys, making
them particularly hard to connect. However, in certain
circumstances, diffractive NLOS can make this possible
without building additional towers, leading to substantial
cost savings, even if the wireless links must be under
distances as short as 5 kilometers. The contributions of this
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(A) Cumulative Investment Cost by Population Density Deciles
Deciles labelled from the highest density to the lowest (1-10)
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FIGURE 9. Cumulative cost results reported by population density and terrain irregularity.

paper can now be revisited in the following conclusionary
section.

VII. DISCUSSION OF LIMITATIONS

All research has limitations. Therefore, it is important to
identify shortcomings as they serve as important areas of
future research. To begin, the least-cost routing paths were
exogenously fixed within this assessment to improve the
efficiency of the codebase. This means that the network
designs do not provide an optimal solution due to the
complexity in undertaking such a high-dimensional task.
Future research needs to take advantage of greater computing
resources to explore the ramifications of these simplifica-
tions, especially as we know spatio-temporal factors are
very important when modeling wireless networks. [124], for
example, for antenna locations [125], spectrum sensing [126],
channel simulation [127] and NLOS [128]. The future use
of stochastic spatial simulation methods could help actively
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explore potential tower placement along a routing path
corridor. These advancements may help to refine the cost
estimates used here.

Moreover, this assessment work focused only on including
terrain irregularity effects via a Digital Elevation Model
but did not include surface blockage effects (e.g., via a
Digital Surface Model). Future research could better utilize
3D building height information, to address this area of
uncertainty in the network planning assessment process.

Given the shifting direction of the telecoms industry, it is
also worth considering how the method framework could be
adapted for a post-5G/6G world. This is especially given the
increasing role machine learning is likely to play in network
optimization. Firstly, global connectivity has already started
to become a use case for 6G [85], [129], based on the idea
that every location should be connected wirelessly, with a
much larger role for satellite constellations and Unmanned
Aerial Vehicles (UAVs). Therefore, this method could be
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adopted to account for the increased need for 3D network
assessment tools for these types of network architectures.
Secondly, one of the main computer languages used for many
machine learning packages is Python, therefore the open-
source e3nb [70] repository could be adapted to explore
new techno-economic optimization methods using machine
learning techniques.

The assessment framework presented here provides a
starting point for detailed 3D wireless techno-economic
backhaul planning, but such endeavors will require close
collaboration with network operators. Traditionally, techno-
economic assessment does not consider 3D effects, focusing
only on two-dimensional distance impacts. Research to
further develop the e3nb codebase should focus on working
in close partnership with operators to gain input on the clas-
sification and prioritization of settlements, and 3D network
design process for different wireless backhaul technologies.

VIil. CONCLUSION
In this paper several key scientific contributions have been
made to the literature.

Firstly, an engineering-economic evaluation of different
wireless backhaul strategies has been undertaken. This
assessment is based on (i) a traditional CLOS approach
versus (ii) a hybrid approach using CLOS where possible,
and diffractive NLOS as a backup in challenging terrain
situations. Given the more recent emergence of diffractive
NLOS wireless backhaul research, this is (to our knowl-
edge) one of the first techno-economic assessments of this
technology for backhaul links. Therefore, the method and
results are of substantial relevance to operators, governments
and other agencies interested in providing equitable uni-
versal broadband connectivity for all of society. The fact
that the results estimate a cost saving of approximately
9-45 percent is certainly encouraging. Indeed, spare capital
from this efficiency gain can be reallocated into connecting
more unconnected users, helping to reduce the billions of
people globally yet to access a decent broadband service.

Secondly, from a more theoretical modeling framework
perspective, the method developed here focused on advancing
initial high-level assessment techniques in a spatially explicit
way. This complements the existing wireless backhaul liter-
ature, where most engineering papers have understandably
focused on assessing QoS at the cluster or link level.
They have also not included techno-economic considerations.
Additionally, most techno-economic models published in the
engineering literature usually provide a relatively simplistic,
sometimes spreadsheet-based, approach to cost assessment.
In contrast, this paper utilized a combination of remote
sensing and viewshed geospatial techniques. Therefore,
balancing detailed estimations using viewsheds, with the
computational efficiency of using probability-based line-of-
sight for different terrain types. The techno-economic assess-
ment framework presented can be used to help prioritize
regions for future investment for broadband connectivity.
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