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Digital infrastructure consists of all electronic and non-electronic assets operated to provide broadband
servicesto users. Indeed, investing in universal digitalinfrastructure is essential for Internetadoption andis a
key part of the United Nations Sustainable Development Goals via Target9.1 (United Nations 2019). The
availability of Internet connectivity can provide new economic opportunities for unconnected communities and
help in fostering greater structural shifts in labor markets towards more productive, digitally-enabled activities
(Jung and Lépez-Bazo 2020). Moreover, Internet-enabled online services are increasingly essential for
economic development, with the literature documenting improved educational outcomes, enhancedhealthcare,
economic productivity benefits, and job creation (Czernich et.al. 2011; Ford and Koutsky 2005; Gallardo et. al.
2020; Koutroumpis 2019; Prieger 2013; Tranos and Mack 2015; Brian Whitacre et. al. 2014).

While the large disparity in broadband connectivity is a longstanding problem caused by many factors (e.g.,
availability, affordability, relevance, skills etc.), thisissue has been made highly evidentduring the COVID-

19 pandemic. Only approximately 60 percentof the global population is online. Many of those citizens yetto be
successfully connectedto a decentbroadband connection are in emerging marketeconomies (2 billion) or low-
income developing countries (1 billion) (del Portillo et. al. 2021). For example, in parts of Emerging and
Developing Asia (1.7 billion) or Sub-Saharan Africa (0.75 billion) (Alper and Miktus 2019; World Bank 2022).
During COVID-19 this disparity, known as the ‘digital divide,” prevented the implementation of effective social
distancing policies as unconnected citizens could notwork remotely. On the other hand, more digitalized
industries experienced lower revenue losses (Abidi et. al. 2022; Copestake et. al.2022). Also, areas with
superior broadband exhibited better labor market resilience, saw improved educationaloutcomes, and citizens
in these locations could more easily access government support (Sun 2021;Isley and Low 2022; Mac et. al.
2021).

Placing digital infrastructure atthe center of economic policy agendas can unlock economic opportunities,
create jobs, and generate growth as well asimprove the quality of life of citizens (Briglauer et. al.2021; Prado
and Bauer2021; Simione and Li 2021; Stroveret. al. 2021). In addition, the provision and adoption of digital
services which use broadband can enable workers affected by technology-driven economic transformation to
reskill while also ensuring households have access to basic services such as healthcare, education, the social
safety net, and financial services (Khera et.al. 2022; Lobo, Alam, and Whitacre 2020). Access to broadband
can also help reduce depopulation in rural and remote areas (Lehtonen 2020). Moreover, higher levels of
digitalization can help expand the tax base and strengthen revenue collection (Falkand Hagsten 2021), as
well as transform public financial managementby modernizing relevantsystems, improving public service
delivery, enabling digital payments, and promoting transparency (Gupta et. al. 2017). Wider broadband access
can also entail environmental benefits, as digitally connected economies can contribute to lower carbon
emissions by leveraging connected technologies for ‘smart’ management of the energy sector, utilities,
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manufacturing processes, agriculture and land use, buildings, services, transportation, and traffic management
(Lebrusan and Toutouh 2020).

While investing in digital infrastructure is key, by itself, it does not guarantee digital adoption (Manlove and
Whitacre 2019; Rosston and Wallsten 2020). New Internet users need to have the necessary skills to access
relevantcontent(e.g., in meaningful spoken language). Unfortunately, some poorer, less-educated
communities may notalways trustor know how to use these key technologies ormay nothave any proof of
identity to access online secured services (Hasbi and Dubus 2020; Liu and Wang 2021). Legal and regulatory
weaknesses also should be addressed to allow countries to take full advantage of all the benefits, such as user
protection, data privacy, and cybersecurity.

Againstthis background, this paper attempts to provide answers to two importantquestions: (i) how much
investmentis required in digital infrastructure to achieve affordable universal connectivity, and (ii) how does
data consumption and quality of service affectthe necessary investment? To answer these questions, we
develop a method to estimate universal broadband costs for each country, with the results being aggregated to
allow for cross-country comparisons by income group and region. We generally assume the use of 4G cellular
technology to provide access to Internet! and find that additional investment needs to provide universal
broadband connectivity amounts to $418 billion globally or approximately 0.45 percentof global GDP. In terms
of investmentas a share of GDP, the estimated additional spendingneeds are the largestin Sub-Saharan
Africa (4.49 percentof GDP) and the smallestin advanced economies (0.02 percentof GDP).

The rest of the paperis organized as follows. Section |l provides an overview of the evolution of digital
connectivity. Section lll describes the method for costing digital infrastructure investments. Section IV
discusses the cost drivers of digital infrastructure investment. Section V provides estimates of additional
investmentneeds. Finally, Section Vlprovides a sensitivity analysis around the costestimates, with
conclusions being provided in Section VII.

A wide range of broadband technologies exists for users to connectto the Internet, each with differentcost
profiles. Firstly, fixed technologies utilize a physical fiber optic orlegacy copper/coaxial cable to provide
broadband services to users. However, deployment costs can be high, making this approach mostcommoniin
advanced high-income countries where users are able to pay more. In contrast, wireless technologies including
mobile cellular (e.g.,4G), Wi-Fi, and satellite network architectures, provide lower-cost broadband services by
eliminating the expense of laying a physical cable to each user. Wireless methods still require a fixed high-

' Only in the hardest-to-reach locations is satellite broadband used as a last-resort technology.
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capacity connection atsome pointin the data transmission process (e.g., fiber), so that information can be
exchanged with the wider Internet. This assessmentmainly focuses on using 4G as a low-costtechnology for

delivering wide-area mobile broadband.

A new generation of cellular connectivity has been developed, standardized, and deployed on almosta decadal
basis. Cellular connectivity began modestly with 1G systemsin the 1980s, followed by the hugely successful
2G Global System for Mobile (GSM)in the 1990s, which saw a rapid global uptake of cellular devices enabling
mobile voice calling and text messaging. Next, the firstdata-capable technologies were made available via 3G
using the Universal Mobile Telecommunications System (UTMS) in the early 2000s, although the uptake of
devices that used this technology was slower than expected. In contrast, the fourth generation of cellular
technology was hugely successful, with 4G Long Term Evolution (LTE) being deployed from approximately
2010 onwards, delivering mass marketconsumer broadband services (Lehret.al.2021). The success of 4G
was propelled by consumerdesireto purchase novel smartphone devices, instigated by the success of Apple’s
iPhone (West and Mace 2010). While 3G provided a very basic data rate to users (e.g., below a peak of

10 Mbps, and often experienced below 0.5 Mbps per user), the deployment of 4G meantthat users could
stream video contentover theirmobile devices, atspeeds up to 100 Mbps, with a regular experienced speed of
2-10 Mbps.

More recently, 5G hasintroduced new capabilities thatwere notpossible with 4G, including enhanced mobile
broadband and ultra-reliable low-latency communication (Rendon et.al.2019;2021). The newly delivered
technical capabilities of 5G are aimed atenabling arange of new use cases, including Virtual Reality (VR) and
Augmented Reality (AR) systems, across a range of industrial sectors (education, healthcare, transportation,
etc.). Given the established trend, and with research and developmentunderway for the nextgeneration of
cellulartechnologies, we should expectthe deployment of 6G from 2028 onwards, targeting a range of new use
cases (Giordaniet. al. 2021;2020).

While 5G or 6G may seem enticing for expanding digital connectivity, 4G provides a more practical solution.
For many developing countries, the technology has several limitations which make itunsuitable for providing
universal broadband (Forge and Vu 2020), particularly the higher cost of 5G devices which is prohibitive for
many low-income users (Oughton et. al. 2021). Also, the incremental value of 5G comparedto 4G is not
necessarily clear yet, as the technology has primarily been used to provide enhanced mobile broadband—
essentially 4G, but faster (Cave 2018;Lehret. al.2021). Therefore, 5G technology is notnecessarily deemed
suitable as a main approach to achieve universal broadband access, especially as 5G can have poor viability in

the hardest-to-reach locations, which are the prime targets for universal broadband.

Despite importantgains overrecentyearsin connecting unconnected Internetusers, access to 4G, which
enableslow-costwide-area access to the Internet, is far from universal. As of 2021, it is estimated that

approximately 87 percentof the global population was ‘covered’ by a basic 4G signal from atleastone mobile
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operator (Figure 1). Most regions of the world have high 4G population coverage, except Sub-Saharan Africa
and the Middle East, where 2G voice and basic 3G data access can be more prevalent. However, adoption
levels remain much lower and many more infrastructure assets (e.g., sites, fiberetc.) need to be builtto provide
the additional capacity necessary to serve higher adoption levels.

Figure 1. Population Coverage by Type of Mobile Network, Latest Year Available (percent)
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Source: ITU, IMF staff calculations.

Note: ‘Coverage’is defined as the local population being served by atleast one network operator. AE—Advanced

Economies; EME—Emerging Market Economies; LIDC—Low Income Developing Countries; CCA—Caucasus and Central

Asia; EDA—Emerging and Developing Asia; EDE—Emerging and Developing Europe; LAC—Latin America and the

Caribbean; MENAP—Middle East, North Africa, Afghanistan, and Pakistan; SSA—Sub-Sahara Africa. The coverage

percentageis weighted by population.
Within countries, there are also significantdifferences between urban, suburban, and rural settlements. The
heterogeneity in access to the Internet and the availability of a computeris also quite considerable. Often
technologies can be slow to reach ubiquity as they follow a logistic ‘s-shaped’ adoption curve, with late
adopters affected by a variety of barriers (Ramirez-Hassan and Carvajal-Rendén 2021; Salemink et. al.2017;
Whitacre 2008). For example, adoption can be affected by challenges in supply-side infrastructure delivery and
the stickiness of demand-side wages in low-income groups. In other words, the deploymentof infrastructure

gets harderand more complex, in economic viability terms, to serve the final unconnected population deciles.

The Alliance for Affordable Internetinitially setan affordability threshold atwhether 1 GB of mobile broadband
datais priced at 2% orless of the average monthly income in a country. The UN Broadband Commission later
adopted this “1 for 2” target as a standard for affordable internet. More recently, this has been updated to 5 GB
priced at lessthan 2% or less of the average monthlyincome in a country (Alliance for Affordable Internet
2022).However, while 88% of the world’s population live within areas covered by atleast4G network (Figure
1), approximately one third of citizens remain offline due to the high cost of Internetaccess relative to income

levels.
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Data consumption per user varies greatly depending on the market. Forexample, in 2022 a mean global
smartphone user consumedan average of 15 GB per month, butthis is as low as 5 GB per month in Sub-
Saharan Africa, or as high as 25 GB per month in India or parts of SouthwestAsia (e.g., the UAE). Moreover,
by 2028 this is forecastto reach 46 GB per month fora mean global smartphone user, compared to a low of
18 GB per month in Sub-Saharan Africa, and a high of 55 GB per month in North America and North East Asia
(Ericsson 2022).

COVID-19 has increased demand for Internet-based activities. The trends established before pandemic were
amplified as citizens turned to daily in-person tasks much more frequently via online options, such as working,
shopping, financial management, education, and interacting with public services. For example, pre-pandemic
(2018 and 2019) and during-the-pandemic household surveys in Brazil show thatthe demand for online
services hasincreased (Figure 2).

Figure 2. Examples of Shifting Consumer Patterns Resulting from the COVID-19 Pandemic

I, A4
BUYING PRODUCTS OR SERVICES ONLINE ’
66%

I 36%
CONSULTING, MAKING PAYMENTS OR 42%
1%
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DISTANCE COURSE 16%
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Source: CETIC Brazil and ITU(2020), hitps:/www.itu.int/en/ITU-
D/Statistics/Documents/facts/FactsFigures2020.pdf.

Note: Data for household survey 2018 and 2019 have a 12-month reference period, while the
reference period forthe COVID-19 panel was three months. Internetusers aged 16 years and over.
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We developed an assessmentmodel with an associated tool to estimate broadband infrastructure needs—the
Digital Infrastructure Costing Estimator (DICE). While universal digital infrastructure cost modeling is an
established field, mostassessments are usually carried outatthe national level for a single country (Lee,
Jeong,and Lee 2021). Although country-specific assessments are extremely importantfor providing highly
detailed strategic information, a key weakness is that such approaches have poor external statistical
generalization of the key findings to other contexts. Indeed, only recently have research efforts begun to take
more of a cross-country global assessmentapproach (Oughton and Lehr2022; Oughton 2022), utilizing
harmonized global datasets for model inputs, to provide enhanced systematic insightacross many markets. A
key challenge in enabling this type of assessmenthas been developing a model, both general and flexible
enough, to accountfor many different country contexts.

The DICE method enables the estimation of comparative country-specificinvestmentin digital infrastructure to
achieve universal broadband connectivity. The model assumes investments in infrastructure to support
predominantly terrestrial 4G deployment, while allowing for satellite connectivity in areas which require remote
coverage in very hard-to-serve locations. The motivation for using wireless cellular connectivity is that this is
well known to be one of the cheapestways to provide wide-area broadband services affordably. Broadband
connectivity is composed of the firstmile (where and how connectivity enters the country), the middle mile (how
data packets are transported long distances between differentregions), and the lastmile (how data packets are
distributed locally to end-users). The method presented here estimates the total investmentnecessary to
provide the infrastructure to connectcurrently unconnected citizens. It is also acknowledged thatinvestments
need to be made in fostering basic digital skills and contentforend users and designing effective policies and
broadband regulations to achieve universal broadband access. Effective policies could specifically target, for
example, reducing prices via increasing market competition, orimproving digital adoption for enabling financial
inclusion.

Before quantifying the costof building the necessary infrastructure, the model starts by estimating future data
demand (Figure 3). The demand is estimated to obtain the required quantity of traffic to be served, followed by
a network dimensioning process, and finally, the costestimation metrics. Each of the three main model
modules will now be presented (Demand, Network Dimensioning, and Costs) before the model data is explicitly
outlined.
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Figure 3. Sequential Method lllustrated as a Box Diagram
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A. Estimation of Data Demand Density

Estimating the amount of future data traffic requires obtaining the number of active smartphone users (U,,) in
the i population density decile for the busiest hour of the day (t), forall n deciles. Using the current population
in the starting year (P;), the population growth rate (G), and the total number of years the assessmentspans
(), the population in the final year (2030) thatneeds to be served is estimated. The final year ensures thatthe
whole targetpopulation can be covered. However, itis still unlikely that 100 percent of the population will have
adopted broadband even by 2030. Therefore, we setthe expected smartphone adoption rate (4,) forthe end of

the assessmentperiod at 90 percent, which is still highly ambitious butmore realisticthan 100 percent.

Next, as is common in telecommunications regulatory assessment, a ‘hypothetical mobile network operator’ is
modeled and defined in terms of its user base. The hypothetical network operator serves a specific market
share (MS,) forthe total population (e.g., 25 percentif there are fourleading mobile operators), and has an

average quantity of existing infrastructure assets, such as sites and spectrum. This step is necessary because
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we must model the traffic load for a single broadly representative network, to capture a broad balance between
fixed and variable costs. This then enables the cost of serving a single user to be obtained. As the final stepin
the analysis, the cost of universal service will be calculated by multiplyingthe quantity of unconnected users by
the cost of serving a single additional user.

Importantly, notall users access the network simultaneously. In fact, at any one time, only 5-20 percentof the
customer base of a network may be exchanging traffic with a local site. Trafficis often generated in ‘bursts’
when a device downloads content, for example, adding chunks of video to a memory cache. Therefore, the
percentage of active users (AU,) exchanging trafficin a single momentneeds to be set. Equation (1) specifies

how we obtain the desired quantity of users which we need to model, as follows:

o=t (14 (55)) >+ (o) (i) (i) ¥

To estimate the required data rate (RD,) per user, a specified monthly data consumption quantity (MD,) needs
to be converted to a mean capacity in the busy hour of the day, as specified in Equation(2).

RD, = MD,-1000 -8 - (ni)-(m)(ﬁ)) (2)

d

The data consumption peruser (MD,)is exogenously stated in Gigabytes based on the mean expected
monthly consumption in the final year (2030) thatneeds to be served (e.g., 40 GB). This value is converted
from Gigabytes to Megabytes and then from bytes to bits. Next, the monthly number of bits is converted into
the daily demand based on the number of days per month (n,). From the daily quantity of bits and the
percentage of traffic which takes place in the busiesthour of the day (f,,,), the mean number of bits can be
estimated for the hypothetical network’s busiestdaily hour. The mean hourly rate can then be converted to the
bits per second (bps) rate based on the number of secondsin an hour (i.e., 3600).

Next, we quantify the demand density. Equation (3) describes how the number of active users (U,,), the
required per-user datarate (RD,), and the total geographic area of the decile (Area;) can produce an estimate
of the traffic demand density (D,):

_ (Uie- RDY
Areaq;

(3)

t

Once the demand density figure has been obtained, itis necessary to estimate (i) the network capacity based
on the existing number of cell sites and (ii) the necessary number of new sites required to meetthe demand

density. The following section details the approach.
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B. Estimation of Necessary Infrastructure Upgrades

The upgrade strategy adopted in DICE isto build greenfield 4G cellulartowers using either a wireless or fiber
backhaul to transportdata traffic to another existing tower with fiber ora newly built tower with newly built
backhaul capacity. Where past2G or 3G towers are present, costs can be saved by upgrading these to 4G
Radio Access Network equipment.

The capacity of a wireless cellular network depends on a combination of the density of cellular sites, the
efficiency of the technology (e.g.,4G), and the bandwidth of the spectrum channels available to exchange
information over (e.g., 10 MHz). To calculate the area capacity (C;,) (Mbps/km?)of the i decile attime ¢, itis
necessary for each spectrum frequency (f) to multiply the spectral efficiency (nﬁrm) by the available channel

bandwidth (BW'). Then all available frequencies mustbe summed, as per Equation (4):

Cit = an/{rea BWf (4)

The available bandwidth (BW”) can be selected for a country based on the current average spectrum portfolio
available to the hypothetical network operator being modeled. Generally, low-income countries have smaller

spectrum portfolios than emerging economies oradvanced economies, as demand is lowerin the former
countries. The mean network spectral efficiency (ﬁ/frea Yforeach frequency mustbe estimated stochastically via

Monte Carlo simulation. Based on the average number of cells per site (ﬁfeus) (e.g., three) and the density of
f

sites

cellularsites transmitting in the same frequency (2., . ), this can be estimated as per Equation (5).

=f —~f 5T
Narea = Neeus *Msites (5)

The spectral efficiency is a function of the signal-to-interference-to-noise ratio (SINR), which is affected by the
distance from the cell site and interference from other radio transmitters. Using network simulations, itis
possible to generate performance curves based on the probability density function for the capacity achievable
with differentcell sizes and, thus, differentsite densities (Mogensenet.al. 2007). For a desired quality of
service level (e.g., 95 percentreliability), the capacity can be estimated for each site density using Monte Carlo
simulations based on the free space path loss, with log-normal shadow fading (u = 2,6 = 10). Thus, lookup
tables can be generated from these simulations. Using these lookuptables, itis then possible to estimate (i) the
currentcapacity of an area based on the existing site density (ExistingSites) and (ii) the total number of sites
(TotalSites) to provide a network capacity thatmeets the demand density value (D, ). Therefore, the number of

new or upgraded sites thatneed to be built(NewSites) can be estimated as per Equation (6):
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NewSites; = TotalSites;— ExistingSites; (6)

As the number of required sites can now be obtained, the nextstep is to estimate the required cost of building
and operating this infrastructure until the end of this decade.

C. Estimation of Costs

The total cost of new sites can be estimated for each i decile based on the necessary Capex (c) and Opex (o)
investmentneeded in the Radio Access Network (RAN;), the backhaul costto connecteach site (Backhaul,)
into a fiber InternetPoint of Presence (PoP), the civil engineering materials cost of building a cellular tower
(Civils;), and either a grid-connected power system or one capable of generatingrenewable energy (solaror
wind), and storing it via a battery pack (PowerSystem;). Finally, the labor cost is included for radio network
planning (Labor _Planning;), equipmenttransportation (Labor_Logistics;), tower construction

(Labor _Construction;),and equipmentinstallationatthe cellular site (Labor_Installation;). Equation (7)
specifies how a new site’s total capex (Capex;) is estimated.

Capex; = RAN,, + Backhaul, + Civils,. + PowerSystem,.+ Labor_Planning;, @)

+ Labor_Logistics;.+ Labor _Construction,;, + Labor_Installation,,

New sites builtneed to be connected to a wider network to exchange data traffic with the Internet, thus
requiring necessary fiber connections to connecteach site (Metro_Core_Fiber;). In Equation (8),the mean
distance between all new and existing sites (TotalSites;) with fiber backhaul is firstestimated. The mean
distance is then multiplied by the number of new sites, a backhaul-core splitting factor (a, e.g., 10 percent), and

the cost perfiber meter (Fiber _Cost;).

1
Metro_Core_Fiber; = W/Z - NewSites;* a * Fiber _Cost; (8)
" i

The cost to upgrade an existing site is treated as the same as Equation (7), exceptthe civil engineering cost
(Civils;) of building a new tower is excluded. This is justified because upgradinga 2G/3G tower to 4G would
require new RAN equipmentand mostlikely upgradingan old wireless microwave backhaul to a newer version
with higher spectral efficiency (as well as adding a new power system, along with the necessarylabortime for
the overall upgrade).

Next, we estimate operational expenditures (Opex;) for the network based on future annual operational

expenditure up to 2030. The Opex (o) is estimated to be approximately 15 percentof the initial assetvalue
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annually, plus any labor costs associated. This accounts for the ongoing cost of servicing and maintaining
terrestrial 4G cellular sites providing mobile broadband. Equation (9) specifies the cost structure.

Opex; = RAN,, + Backhaul,, + Civils,, + PowerSystem,, + Labor_Planning, ©)

+ Labor _Logistics,,+ Labor_Installation;,

For all new users connected, an additional costis allocated to two key categories of necessary spending,
including policy and regulation and online skills and content. Firstly, it is necessary to ensure resources are
available for delivering high-quality governance by the telecommunication regulator (Policy_Regulation;, e.g.,
roughly $2/user). Secondly, itis essential to ensure users have the necessary skills and available contentto
ensure Internetaccessis useful (ICT_Skills_Content, e.g., $12/user); otherwise, this will be a crucial barrier to

adoption (and, thus, attaining the key benefits associated with digital adoption).

In hard-to-reach regions, where the estimated costs of building terrestrial infrastructure exceed provision via
satellite, DICE allocates a cost peruser forbroadband services providedfrom either Geosynchronous or Low
Earth Orbit satellite constellations (Remote_Coverage,). This is based on a $200 monthly subscription costsplit
between 12,8 or 4 users, forlow-income developing countries, emerging marketeconomics oradvanced
economies, respectively.

Next, the mean Total Costof Ownership PerUser (TPU,) in each country (c) can be obtained by summing all

relevantcost components, as detailed below in Equation (10).

_ Xi-,Capex; + Metro_Core Fiber,+ Opex; + Policy; + Skills Content;

TPU,

Finally, the Total Cost (TC,) per country (c) can be obtained by summing all relevantcostcomponents, as

detailed below in Equation (11).

TC,=TPU, - UnconnectedUsers, (11)

This approach produces all necessary metrics for the modelto supportfuture investmentdecisions basedon
the standard or other user-defined inputs set. Having described the mathematical structure and functionality of
the DICE approach, the method can now focus on how the model will be populated with data and other

parametervalues.
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D. Model Data

The DICE model needs populating with numerous differentdatasets, as summarized in Table 1. Firstly, the
approach begins by estimating the population density for each local statistical areain each country. The global
WorldPop 1 km? population mosaicis obtained for 2020 to provide insightinto the local population spatial
distribution (Tatem 2017; WorldPop 2019), and is intersected with eitherlayer 1 or 2 boundaries from the
Global Database of Administrative Areas (depending on the country) (GADM 2019). Annual population growth
forecasts foreach country are then taken from the United Nations (IMF 2021) to estimate the population
density in 2030. Next, the local statistical areas for each country are grouped into deciles based on population
density, so that the highest population density local statistical areas are allocated to the firstdecile and the
lowestdensity areas are allocated to the bottom (tenth) decile. This allows network designs to be developed for
each density decile (with cost related to user density).

Tower data estimates are obtained from TowerXchange annual reports to build insightinto the number of
existing accessible sites per country (TowerXchange 2019a;2019b;2018b;2018a;2017). Where
TowerXchange information is missing for a particular country, spatial data are taken from OpenCelliD, and the
total sites are estimated based on a mean number of seven cells per site, as detailed on the OpenCelliD
website FAQ (OpenCelliD 2022). Non-4Gssites are allocated to deciles based on an estimate of 2G sites per
population coverage using ITU statistical data (ITU 2022), with this allocation beginning in the densestdeciles
first. The same approach is used to estimate the number of 4G sites by using 4G population coverage obtained
again from the ITU (ITU 2022), with distribution beginning in the densestdeciles. Once there are no more
available sites to allocate from the total per country, the bottom deciles can end up with no sitesto provide
coverage, which matches the distribution seen (because operators rationally deploy infrastructure, building

sites that serve presentand future demand, which is higherin cities and lower in rural and remote areas).

Table 1. Data Sources

Data Type Unit Spatial Resolution Data Source

Statistical boundaries N/A GADM lewvels 1 and 2 (GADM 2019)

Population count Persons 1 km2 (WorldPop 2019)

Population growth rate Percent Country (IMF 2021)
(TowerXchange 2018b;

Tower data Sites Country 2018a; 2019a; 2019b; 2017)

Cell data Cells Coordinates (OpenCelliD 2022)

Cellular population coverage Percent Country (ITU 2022)

Backhaul technology Percent Continent (GSMA 2019)

Labor costs usb Country (IMF 2022)

Internet adoption Percent Country (World Bank 2022)

Next, the number of major network operators is derived from OpenCelliD data based on the aggregation of 2G,
3G, 4G, and 5G cells per country (OpenCelliD 2022). In terms of the number of sites with existing fiber

backhaul, GSMA estimates for 2025 are utilized as detailed geospatial information is notwidely available



IMF WORKING PAPERS Estimating Digital Infrastructure Investment Needs to Achieve Universal Broadband

(81 percentin North East Asia, 73 percentfor North America, 33 percentfor Europe, 21 percentfor Latin
America and the Caribbean, 20 percentfor the Middle Eastand North Africa, 17 percentfor South and South
East Asia, and 15 percentfor Sub-Saharan Africa) (GSMA 2019).

Costs are derived per country based on the necessary work hours and the hourly costof labor (IMF 2022). For
site planning & surveying, logistics, construction, and installation, 16 hours are allocated to each labor
component. The estimated mean costper hourfor ICT, logistics, and construction is developed foreach
country based on IMF calculations.?Finally, the labor costis estimated by multiplying the mean number of
hours by the mean hourly labor cost. For planning & surveying, and installation, the ICT labor cost is used,
because thisis specialistskilled work, whereas derived logistics and construction labor costs are directly used

forthese categories.

Finally, statistical datais taken from the World Bank open data portal on the percentage of individuals using the
Internet (World Bank 2022) to estimate the total number of unconnected users in each country. Next, the model

context will be presented based on the collation of these data sets.

The costs of delivering digital infrastructure will be significantly determined by population density. Low
population density areas are going to have poorinfrastructure economics, as fixed investment costs mustbe
splitacross a few potential users. Figure 4 visualizes the population density deciles for each country. Each
decile represents 10 percent of the local statistical areas for each country in the sample, with the firstdecile
(Decile 1) containing the top 10 percentof areas with the highest population density and the lastdecile (Decile
10) representing the bottom 10 percentof areas with the lowest population density. This approach emphasizes
the areas of high population density across all populated continents. While also most notably illustrating the
leastpopulated areas in the hardest-to-reach deciles, spanning high-latitude regions in Canada, Russia, and

Argentina, as well as the Amazon rainforest, the Sahara Desert, the Tibetan plateau, and much of Australia.

2 Hourly rates by sector by country come from the International Labour Organization’s statistics on wages (see
https://ilostat.ilo.org/topics/wages/, accessed in September 2022). Missing values were imputed by (i) regressing the log of
observed hourly wages on the log of GDP per capita, (ii) predicting the missing values with the observed log of the GDP per
capita, and (iii) taking the exponential of the predicted values. The models’ fitness for all sectors is above 0.9.
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Figure 4. Visualizing Population Density Deciles for eachIMF Country as the Sub-national Level Across
~61,000 Local Statistical Areas

Population Density Deciles for Sub-National Regions (n=60926)
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These deciles are visualized furtherin Figure 5 to illustrate the key dimensions of the infrastructure investment
context foruniversal broadband. The following key observations can be made:

= The firstdecile logically has by far the largest population across all country income groups, as this
segmentcontains mostof the dense urban areas (Figure 5.A). However, the shape of the population
distribution is differentacross income groups based on the level of underlying urbanization. For
example,in advanced economies, where the urbanization rate is as high as 80 percent, thereis a
significantdecline in the overall population after the firstdecile of 420 million people (39 percentof the
total population) to aslow as 22 million people in the final least-dense decile (2 percentof the total
population).In contrast, in low-income developing countries, there is a less profound decrease in the
population distribution across the deciles, with 317 million people in the densestdecile (21 percent)
and then 70 million in the final least-dense decile (5 percent).

= Intermsofarea, the firstdecile consists of 2 percentof the overall area, whereas the bottom decile
consists of 51 percent, 45 percent,and 31 percentfor advanced, emergingmarket, and low-income
developing countries, respectively (Figure 5.B). The geographic area matters for infrastructure
investments because the larger the area needing to be covered, the greater the magnitude of the
required investment, given thatthere is more space to mediate, forexample, in transporting data traffic

to provide broadband services.

= In terms of population density, which combines the previous two metrics (population and area),
emerging marketeconomies have, on average, a higher density (Figure 5.C). For example,inthe
densestdecile (decile 1), emergingmarketeconomies have an average population density of 5,901
persons per square kilometer compared with 659 and 4,640 persons per square kilometerin the
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advanced and low-income countries, respectively. For the least dense decile (decile 10),in advanced
economies, the density fallsto 1 person per square kilometer, which implies thateven with higher
consumer expenditure to spend on broadband services, itis challenging to deploy even a basic
terrestrial broadband service.

Figure 5. Visualizing Key Country Metrics for Population Density Deciles by IMF Income Groups and
Regions

(A) Population by Density Deciles for IMF Income Groups and Regions

Aggregated from WorldPop Global Mosaic 1 km”2 (2020)
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The aggregate global digital infrastructureinvestmentneed is $418 billion.3 This estimate is based on the
assumption of providing universal 4G cellular broadband to users with approximately 40-50 GB of monthly data
at 95 percentreliability. Overall, the mostprominentneeds are in emerging marketeconomies, estimated at
$305 billion (73 percent), compared with a very modestinvestmentin advanced economies of only $11 billion
(3 percent)and a total of $102 billion (24 percent) in low-income developing countries (Figure 6.A). Indeed, the
composition of investmentrequiredin low-income developing countries needs to be targeted into digital
infrastructure capital expenditure (27 percent), metro and backbone fiber (24 percent), and infrastructure
operational expenditure (33 percent). This variance is explained by underlying differences in the existing

infrastructure level (which reflects historical sunk costinvestments) and population density differences.

In terms of geography (Figure 6.B), Emerging and Developing Asia has the largestneeds at $176 billion

(42 percent), followed by Sub-Saharan Africa ($91 billion, 22 percent), and the Middle Eastand North Africa,
Afghanistan, and Pakistan ($69 billion, 17 percent). The regions requiringthe leastinvestmentinclude
Emerging and Developing Europe ($14 billion, 3 percent) and Caucasus and Central Asia ($7 billion,

2 percent), with these lowerinvestmentamounts related to the level of pastinvestmentorsmaller populations
compared to otherregions (e.g.,in the Caucasus). These investmentquantities are heavily correlated with the

number of currently unconnected users, which is the key driver of new broadband infrastructure.

Figure 6. Estimate of Required Annual Investment by Income Group and Region

(A) Aggregate Cost for Income Groups By Asset Cost Type
Based on 50 GB/Month in EMEs and AEs, and 40 GB/Month in LIDCs
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® Compared with otherinfrastructure investment needs, the estimated cost of building digital infrastructure is much lower. For
example, based on the IMF’s previous estimates of additional spending required to meet infrastructure-related SDGs, the total
investment required for electricity, roads, and water and sanitation are $4 trillion, $7.5 trillion, and $1.5trillion, respectively.
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These aggregate costs mask the heterogeneity of investment needs across different population deciles, which
is importantin terms of digital inclusion and equity. Forexample, in emerging and developingeconomies, the
distribution of investmentby decile follows a bell-shaped curve (Figure 7.A), whereas in low-income developing
countries, investmentneeds range from $3.6 billion in the firstdecile to $13.8 billion in the fifth decile, and down
to $6.7 billion in the bottom decile. In contrast, advanced economies are estimated to only need modest
investmentin deciles five to ten, with investmentbelow $2.5 billion in each decile category.In terms of the
regional composition (Figure 7.B), the largestinvestmentneeded across all decilesis visible in the distribution
of Emerging and Developing Asia (up to $28.3 billion perdecile), followed by Sub-Saharan Africa (up to

$11.9 billion perdecile), Latin America and the Caribbean (up to $9.3 billion perdecile), and then MENA,
Afghanistan, and Pakistan (up to $9.2 billion perdecile). The lowestinvestmentneeds are estimated in
Emerging and Developing Europe (up to $3.4 billion per decile) and the Caucasus and Central Asia regions (up
to $1.7 billion perdecile).

Figure 7. Country-level Estimates of Required Investment

(A) Decile Cost for Income Groups By Asset Cost Type
Based on 50 GB/Month in EMEs and AEs, and 40 GB/Month in LIDCs
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* One caveat to these estimates is that these will be prime locations for 5G deployment in the densest urban areas overthe next
decade. Thus, new spectrum and technology could support a proportion of this capacity if consumers can afford to purchase a
5G handset to access the network.
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The picture considerably changes when looking atdigital infrastructure investmentneeds in percentof national
GDP. The total investmentcosts in low-incomedeveloping countries are the largestat about 3.5 percent of
GDP, followed by emerging marketeconomies at0.7 percentof GDP (Figure 8.A). Regarding geography, the
largestneeds are in Sub-Saharan Africa at4.5 percentof GDP, followed by MENAP at1.7 percentof GDP,
Caucasus and Central Asia at 1.6 percent,and Latin America and the Caribbeanat 1 percentof GDP (Figure
8.B).

Figure 8. Proportion of Necessarylnvestment Relative to GDP
(A) Total Investment as a Percentage of Annual GDP by Income Group
Based on 50 GB/Month in EMEs and AEs, and 40 GB/Month in LIDCs
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Since our modeling approach allows for the ability to provide a sub-national understanding of the costs of
universal broadband connectivity, the granular spatial distribution of required investmentcan be presented
(Figure 9). Areas requiring investmentare colored on a scale of below $10 million (yellow) up to those requiring
more than $100 million (dark purple). Unsurprisingly, those areas where the mostinvestmentis required are in
high latitude regions (e.g., Northern Canada, Russia), the Sahara, the Amazon, much of central and western
Australia, and the Tibetan Plateau. This results from these areas having many unconnected users and/or
statistical boundaries covering larger geographic areas. Those areas requiring no investmentare indicated in
dark grey, whichinclude the United States’ coastal areas, Latin America, Western and Southern Europe,

Eastern China, and large parts of India.
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Figure 9. Visualizing Investment Costs for Population Density Deciles for each IMF Country at the Sub-
national Level

Universal Broadband Infrastructure Investment Cost by Sub-National Region (n=27728)
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Note: Lightgrey indicates non-IMF countries. Dark grey indicates areas where no investmentis required.

The estimated investmentto provide universal broadband connectivity is similar to other available estimates.
For example, the ITU Connecting Humanity report (International Telecommunication Union 2020), which is
widely regarded as the key policy assessmentappraising the costof connecting unconnected citizens globally,
estimated the necessary investmentinto broadband infrastructure to be around $428 billion, 1.4 percenthigher
than the estimates presented in this paper. Breaking down the comparison by spendingcategory, geographic
region, and country income groupings shows that(a) the largestdifference is presentin the cost of mobile
infrastructure operational expenditure and (b)in the estimates for East Asia and the Pacific (Figure 10).5

Another estimate by IMF staff reports the total investmentneeds of $14 billion for full 4G connectivity for Sub-
Saharan Africa, which is significantly lower than the estimate presented in this paper due to the range of
differentmethodological assumptions taken. Forexample, the large difference between the two estimates
stems from conservative adoption and data consumption metrics, such as assuming a pre-2020 mean traffic
rate peruser in 2025 (thus, no data consumptiongrowth). Indeed, with low monthly data consumption rates
(lessthan 1 GB), this is insufficientto enable the range of necessary use cases targeted in this assessment,
such as remote learning and video calling. Additionally, as carried outin this assessment, the evaluation only
targets potential data demandin 2025, which is much more modestthan targeting universal broadband in line
with the SDGs. Finally, no topological network effects are accounted for, such as radio propagation and

interference impacts, which can substantially impactthe cost.

® Unfortunately, withoutfurther details about the ITU’s modeling approach, in terms of the data used and modeling assumptions
(which are not available in the ITU report), it is not possible to furtherunderstand the causes of these divergences.
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Figure 10.Evaluation of the DICE Model Against the ITU Connecting Humanity Modeling Method
(A) Comparison of DICE Model Baseline to ITU (2019)

Compared based on investment cost categories.
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The analysisindicates the high sensitivity of aggregate costestimates to the data consumption targetperuser
selected. Using a lower data consumption of 20 GB/Month per userin emerging marketeconomies and
advanced economies (as opposed to 50 GB under the baseline) and only 10 GB/Month peruser inlow-income
developing countries (as opposed to 40 GB underthe baseline),leadsto a 52 percentdecreasein the
aggregate costfrom $418 billion to $201 billion (Figure 11.A). Thisis because less infrastructure needs to be
builtto accommodate this lower data traffic target. One of the largestdecreasesisin emerging market
economies, where the necessary investmentdecreases from $305billion in the baseline to $136 billion in the
reduced data consumption scenario(i.e., 55 percentreduction). On the otherhand, the increase in the data
consumption rate to 100 GB/Month per userin emerging marketeconomies and advanced economies and

80 GB/Month in low-income developing countries results in an overall increase in estimated costto $783 billion
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from $418 billionin the baseline (i.e., more than 90 percentrise). Again, the largestincrease isin emerging
marketeconomies, with necessary investmentescalating from $305 billion to $597 billion (growth of

49 percent), with low-income developing countries shifting from $102 billion to $172 billion (Figure 11.B).

Figure 11.Exploring the Impact of Data Consumption on Cost Sensitivity

(A) Lower Data Consumption by Income
EMEs/AEs: 20 GB/Month. LIDCs: 10 GB/Month
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(B) Higher Data Consumption by Income
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The estimated costis also sensitive to varying the potential Quality of Service (QoS) forthe provided
broadband service. Compared to a 95 percentreliability level in the baseline, lowering service reliability to

5 percent (equivalentto anintermittentservice in the busiesthour of the day) sees an overall costdecrease

from $418 billionto $176 billion (Figure 12). There is a large decrease (77 percent) in emerging and developing

Asia againstthe baseline, buta much more modestdecrease (51 percent) in Sub-Saharan Africa, as
considerable greenfield infrastructure still needs to be builteven to deliver this reduced QoS level.
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Figure 12.Exploring QoS Reliability on Cost Sensitivity
(B) Lower QoS Reliability by Income
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This paperassesses the cost of investing in digital infrastructure to provide affordable universal broadband by
2030.To this end, we develop a new, open-source model—the Digital Infrastructure Costing Estimator (DICE).

The DICE method is novel in accounting for each country’s demographic forecasttrend, underlying population

density, and future economic characteristics.

To provide universal broadband under baseline assumptions, the total investmentneeded is estimated to be
$418 billion, orapproximately 0.45 percentof global GDP. This estimate consists of $305 billion in emerging
marketeconomies (about0.73 percentof their respective GDP) developing countries to connect 1.5 billion
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unconnected citizens. In advanced economies, additional investmentneeds are small and amountto $11 billion
(about0.02 percentof GDP) to connect32 million currently unconnected citizens.

Sensitivity analysis of key model parameters demonstrates thatfuture broadband policy assessmentmustbe
explicitaboutthe quantity of data each usercan consume. Forexample, when the data consumption rate is
lowered to 10-20 GB/Month peruserfrom a baseline of from 40-50 GB/Month per user, the total cost
decreases by abouthalf (to $201 bn from $418 bn), whereas raising the data consumption rate to 80-

100 GB/Month peruser results in a cost mark-up of up to 86 percent(to $783 bn from $418 bn).

The additional investments requiredto provide universal broadband largely depend on (i) the level of past
historical investmentin 4G and previous cellular generation technologies and (ii) the number of new potential
usersto be covered. In Sub-Saharan Africa, where there have been lowerinvestments into newer generations
of cellulartechnologies such as 4G, the Average Revenue PerUser (ARPU) has been verylow. Thisis
compounded by many unconnectedusers (0.75 billion) and alarge geographic region of 19.8 millionsquare
kilometers. The largestestimated investmentis for Emerging and Developing Asia, equatingto approximately
$176 billion and reflecting the need to cover the vast population of 1.7 billion unconnected citizens across

19.5 million square kilometers.

These results focus on the specificinvestmentcostsin differentincome groups and regions based on
business-as-usual approach to existing infrastructure deployment. However, other options can help in
delivering universal broadband infrastructure. For example, technology, business model, regulatory, and policy
changes can be carried out to help to (i) reduce the costs of infrastructure delivery and (ii) increase both the
level of demand-side adoption (number of subscriptions) and the amountconsumers can spend on mobile
broadband (the ARPU per month). One assessmentfinds thatif all cost-reducing measures are implemented,
the necessary investmentfor providing universal broadband to all low-and middle-income countries could be

reduced by half, avoiding the need for governments to provide public subsidies (Oughton et. al. 2022).

Finally, it is worth discussing and reflecting on two key limitations. Firstly,a majorissue mediating investmentin
universal broadband infrastructure is the degree to which countries can deliver strong publicinvestment
managementand capital spending implementation (Schwartz et. al. 2020; Baum et. al. 2020; Yoo et. al. 2022),
particularly in Sub-Saharan Africa (Lledéand Poplawski-Ribeiro 2013). Secondly, in relation to the
methodological approach developed here, any global analysis will inevitably need to sacrifice country-specific
detail outof necessity, in favor of providing systematic assessmentof all countries. This primarily occurs due to
the need to use globally harmonized datasets as model inputs, which are often more limited in nuance
compared to country-specificdata. As demonstrated here, while itis certainly very useful to systematically
evaluate necessary investmentacross all countries, such activities are by no means a substitute for detailed
country modeling, which is a necessary next step for identifying country-specific investment strategies for

universal broadband infrastructure.
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There are numerous avenues of future research. Firstly, it would be useful to explore the developmentof a
more detailed demand-side model for each country which more broadly reflects demand constraints, such as
affordability and digital literacy. Secondly, the approach adopted here is a feasible low-costway to deliver
universal broadband using, predominantly, wireless technologies, such as 4G and satellite broadband (due to
their cost effectiveness in challenging deploymentlocations). However, beyond immediate needs, itis highly
likely that the eventual goal over multiple decades will be deploying Fiber-To-The-Premises (FTTP). Therefore,
future research should explore the costimplications of building FTTP infrastructure globally, on a country-by-
country basis. Finally, as this assessmentfocused on the costof building necessary broadband infrastructure,

future research should explore the economic benefits of such investment.
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