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Topias Kokkinen1*, Heikki Kokkinen1, Seppo Yrjölä2 and Adrian Kliks3

Abstract

Emerging private LTE and 5G services and

applications have created need for local radio

spectrum licensing. The existing pricing models for

licenses do not work well in this context. This

paper introduces three new location dependent

pricing methods that aim to produce more

accurate pricing for local licenses. We use Traficom

Frequency Fee as our base-case general spectrum

pricing model, and we replace the population

density based location coefficient with proxies such

as employee density, value added per employee,

and rent prices. By comparing the differences in

the prices yielded by the models, we show that the

new models can in some cases identify high

demand areas like hospitals and industrial districts

better than the original population density based

model. Additionally, we conclude that the original

population density based model and the new

employee density based model could be used

together to capture both the consumer and the

industrial spectrum demand simultaneously.

Keywords: Private LTE; 5G; spectrum pricing;

valuation

Introduction
Motivation

Private LTE and 5G networks serve enterprise busi-
ness, government or education using mobile network
technology. The studied mobile networks operate in
the radio spectrum bands, which are defined by 3GPP
in specification TS 36.101 [1]. The value of the mo-
bile spectrum for private LTE and 5G networks is de-
pendent on multiple factors, including the bandwidth,
duration, area, and location. In this study, the spe-
cific interest is in the location of the network area.
*Correspondence: topias.kokkinen@fairspectrum.com
1Fairspectrum, Turku, Finland

Full list of author information is available at the end of the article

For services targeted to consumers, the pricing follows
the population density, but as no one lives in facto-
ries, ports, or in shopping malls, other location prox-
ies should be found for spectrum pricing of private
LTE and 5G networks. From the buyer perspective,
the price is what is given up or sacrificed to get the
value of the service or product for which the price is
paid for according to [2]. Mobile Network Operators
(MNOs) have spent billions on gaining exclusive ac-
cess to spectrum assets and deploying network infras-
tructure needed to meet current and future consumer
demand. LTE evolution and future 5G networks tar-
get location specific solutions to meet stringent wire-
less connectivity needs of distinct vertical use cases in
the capacity bands. The 5G technologies bring drastic
changes to how mobile spectrum is used [3]. A signif-
icant driver for this is the change in the demand for
the licenses of mobile spectrum. During LTE era, the
demand has mainly consisted of MNOs, which pro-
vide Mobile Broadband (MBB) services. However, the
potential user-base of 5G is much more diverse. For
example, 5G serves the specific communication needs
of industries like manufacturing, logistics, and educa-
tion [4]. The industry and site specific networks re-
quire local, private network deployments in contrast
to the nation-wide public networks of MNOs. The
danger of misuse of monopoly power is smaller in
local private networks than in MNO networks. The
monopoly is a single seller market structure. By def-
inition, local, private licenses are assigned to a re-
stricted location rather than to a whole market. Be-
cause of this, there is also a need for a change in the
supply side. In [5] spectrum pricing for local 5G net-
works is discussed from the viewpoints of three cen-
tral stakeholder roles: the regulator, the MNO and the
entrant local 5G micro-operator. Found elements of
spectrum value are offered services, spectrum alloca-
tion and assignment method, location specific char-
acteristics, and band specific characteristics. Matin-
mikko et al. [5] state that “location specific charac-
teristics in 5G will have a distinct role compared to
prior generations, as the population density previously
used for assessing the spectrum demand, network di-
mensions and service profits no longer necessarily ap-
plies to many upcoming 5G vertical use cases.” The
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recently proposed micro licensing model [6, 7], private
LTE and 5G [8], and network slicing [9] are concepts
for creating customized mobile communications ser-
vices. Of these methods, micro licensing and private
LTE and 5G allow the transaction of spectrum rights
in a dynamic way that caters the needs of different
user types. In practice, the allocation could be done
through a marketplace that works as a centralised, effi-
cient secondary market of private LTE and 5G licenses
[10] or network slicing [11]. Cramton and Doyle [12]
state that an open access market for spectrum would
increase competition and make the process more ef-
ficient, transparent, fair, and simple. The possibility
to deploy private LTE and 5G networks is highly de-
pendent on the spectrum availability. The spectrum
could become available through local licenses in the
mobile spectrum bands or by allowing unlicensed ac-
cess to 5G bands [13]. Furthermore, all commercial 5G
licenses are advised to be subject to trading or leas-
ing [14]. The novel regulatory approaches include lo-
cally licensed mobile spectrum (The Federal Network
Agency Germany, 2019 [15]; The Swedish Post and
Telecom Authority, 2019 [16]; Radiocommunications
Agency Netherlands, 2018 [17]; Arcep of France, 2019
[18]; and Ofcom, 2019 [19]) wholesale spectrum pro-
visioning, and the secondary market of spectrum. The
pricing model in these regulations has not had any geo-
graphic distribution yet, but it has been either per base
station (Netherlands), per area (Germany) or either of
them (UK). Especially, the 2.3 GHz, 3.5 GHz, and 24
GHz frequency bands are likely to require different ap-
proaches to authorization, as they are expected to be
the enablers for private LTE and 5G services and appli-
cations. The regulators foresee the need for more flexi-
bility in 5G spectrum authorization approaches includ-
ing the commons approach (general authorization, un-
licensed), licensed shared use between different users,
geographical sharing, or dynamic spectrum sharing in
time, frequency, and location [14]. Sharing-based spec-
trum management approaches facilitate more efficient
spectrum use by allowing two or more radio systems
to operate in the same frequency band [20]. Prominent
sharing concepts under standardization and trials are
the European Licensed Shared Access (LSA) [21], the
US based Citizens Broadband Radio Service (CBRS)
[22], and the unlicensed LTE technologies: LAA [23],
LTE-U [24], and MulteFire [25]. 5G convergence with
IEEE family of technologies using unlicensed spectrum
particularly indoors and dense urban area introduce
new opportunities for the co-existence of the 3GPP
and the IEEE Wi-Fi ecosystems [26]. The 3GPP study
item ”Study on New Radio (NR) based Access to Un-
licensed Spectrum” determines a global solution for
NR-based access to unlicensed spectrum [27]. Spec-
trum management aims at effectiveness by allocating

spectrum to the right use, and efficiency by assigning
to those what value it the most [20]. Regulators aim
at making the best value of spectrum in their deci-
sions, but assessing the value of spectrum is a complex
process with multiple perspectives [28, 29, 30]. Differ-
ent wireless services, such as mobile broadband (MBB)
communications, Private Mobile Radio (PMR), broad-
cast, and military use, have different basis for their
value due to their distinct business models, technolo-
gies, and role in society. Ultimately, the spectrum man-
agement decisions are about maximizing the value of
spectrum, its efficient utilization, and its benefits to
society [20]. The mobile communication market has
traditionally been centered around a small number
of MNOs that have been granted long-term exclusive
spectrum licenses, most recently through auctions with
high up-front payments [31]. While auctions have re-
sulted significant income for the governments in many
countries, their impact on society goes beyond auc-
tion revenues and has turned out to be a complicated
topic to analyze [31, 32, 4, 33]. For example, competi-
tion, which will ultimately lead to greater innovation
and better and cheaper services, will likely generate
greater governmental revenues in the long term com-
pared to the sole auction revenues [31]. LTE evolu-
tion and future 5G networks are expected to change
the mobile communication market structure and be in-
creasingly locally deployed by new entrant stakehold-
ers. Facility owners’ role as a local operator serving
MNOs’ customers is highlighted by Zander in [34] and
Ahmed, Markendahl and Ghanbari in [35] as a fea-
sible solution for the deployment of building specific
ultra-dense networks. Furthermore, local high-quality
5G wireless networks are gaining increasing attention
as the solution to deliver guaranteed quality of service,
particularly concerning the low latency requirements,
in various use cases of vertical sectors and enterprises
[36]. Private mobile communication networks as stand-
alone solutions or collaboratively serving MNOs’ cus-
tomers are particularly envisaged to operate in shared
spectrum bands [37]. Spectrum options for local indoor
network deployments by local operators were assessed
by Ahmed, Markendahl and Ghanbari [35] for different
spectrum allocation options where the local operators
were either collaborating closely with the MNOs or
deploying their own independent networks.

Considered use case and contribution

The main contribution of this paper is to show that
the geographic distribution of value of private LTE
and 5G licenses varies from the consumer demand -
based pricing. We give a practical example how to
adjust current operational pricing model of Finland
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to take into account the difference without a signifi-
cant structural change in the pricing formula. We com-
pare the current generic frequency fee pricing model
to the proposed model and show how it changes the
geographic distribution of the frequency fee price to
match the value distribution of the radio license of a
private LTE and 5G network In Finland since 2009,
the spectrum price of the mobile spectrum bands con-
sists of auction price and yearly frequency fee, which
is called Traficom frequency fee in this paper (Note
that Finnish Communications Regulatory Authority
merged with the Finnish Transport Agency, and as of
1.1.2019, the organisation is called TRAFICOM). Be-
fore 2009, instead of auctions the licenses were assigned
through beauty contest. The cost of spectrum consists
only of frequency fee in the licenses assigned before
that. When the beauty contest licenses are renewed,
the price will be a combination of Administrative In-
centive Price (AIP) and frequency fee. The AIP and
frequency fee formulas are the same with the basic fee
coefficient value difference. Bozsóki in [38] has listed
the following challenges of AIP: it can require consid-
erable effort to approximate market values and it may
not be suitable for all services. In this paper, we do not
study the absolute price or value of the private LTE
and 5G licenses, but their geographical distribution.
In Finland, the difference of the absolute value com-
pared to the consumer demand priced frequency fees is
set in the Electronic Communications Act [39]. We as-
sume the same total value of AIP frequency fees as in
the Act but we modify the distribution. We also claim
that AIP is very suitable for private LTE and 5G li-
censes because it enables commercial services and AIP
is typically used for renewed mobile licenses, when the
license assignment did not include auction or similar
one-time payment.

In this paper, we use Traficom frequency fee with
the modification that the population coefficient is re-
placed with employee density and with employee den-
sity factored with the industry specific value of an em-
ployee in the employee-dense areas. The final value
of the spectrum is the higher one of Traficom fre-
quency fee and our employment based Traficom fre-
quency fee. The allocation of local licenses raises an in-
teresting question about how they should be valuated
and priced. A marketplace requires a cost-effective and
accurate method for valuating the licenses. Tradition-
ally, the mobile spectrum licenses have been sold in
large nation-wide bundles to MNOs through auctions.
There has been less research on how the value of the li-
censes is distributed on a local level. The demand and
value of licenses can drastically change between dif-
ferent locations. Moreover, the type of use also affects
the price. While the current mobile licenses are pri-
marily used for MBB, 5G technology can be used for

diverse use cases, including private networks. These
should be taken into consideration in the pricing of
the licenses. There are several challenges related to
spectrum market, one of which is the pricing of the li-
censes. In this paper, we research different methods of
pricing and compare the pricing results that the meth-
ods yield. The aim of this paper is to develop a loca-
tion dependent pricing method of private LTE and 5G
spectrum for industrial users. This study contributes
to the literature the need to extend the private LTE
and 5G spectrum pricing methods with an employ-
ment based, geographic distribution of the spectrum
price. The reminder of this paper will continue as fol-
lows: first, spectrum pricing for private LTE and 5G
is introduced, next the proposed pricing model is dis-
cussed together with description of data to validate the
model. This part is followed by the analysis of achieved
results, and finally the paper is concluded. In this pa-
per we extend the contribution presented in [40]. Com-
paring to that one, we have provided more thorough
analysis of the presented results and included the sim-
ulation results for two new cases, i.e., for German and
UK regulator.

Methods and Experimental

In this paper, the following research methodology was
applied. All of the proposed spectrum pricing methods
have been tested by means of extensive computer sim-
ulations, and compared with the reference approach.
Moreover, in order to guarantee high credibility and
veracity of the results, real data have been used for
experiments when possible.

Spectrum pricing for private LTE and 5G
Conventional pricing Methods

The commercial value is the price of a private LTE
and 5G radio spectrum license should it be for sale.
We focus on the commercial value of local licenses for
private LTE and 5G networks. The value is determined
by the expected future cash flows that the license gen-
erates to its holder. These cash flows are generated
through additional increases in revenues or reductions
in costs. The license can for example be used to offer
a new product to increase revenues, or to implement a
new manufacturing method to reduce costs. Licenses
can also be used defensively to limit competition. By
blocking competition, the license holders can use their
improved market power to increase cash flows. Addi-
tionally, Marks et al. in [41] note that radio spectrum
licenses hold a significant option value. The pricing of
licenses should be based on the above mentioned un-
derlying economic factors. Conventionally, the price of
a mobile license is determined through auctions. Given
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a sufficient number of buyers, auctions result in rela-
tively accurate pricing as the buyers can use sophisti-
cated, context specific financial models to estimate the
economic factors. However, due to the small value and
illiquidity of licenses for private LTE and 5G networks,
auctions are often not a viable method of pricing. One
local license can for example only cover the area of a
single factory or port, which means that the license
has only one potential buyer. Small number of buy-
ers makes auctions inefficient [42]. Additionally, the
context specific financial models used by the buyers
in auctions, as well as in the bidding process, can be
very resource intensive. These costs can be relatively
large compared to the commercial value generated by
the trade of a local license for private LTE and 5G
networks. Benchmarking is another market-based ap-
proach for pricing radio spectrum licenses. Benchmark-
ing would solve the problem of high valuation costs as
it can gather large amounts of market information cost
effectively. However, the markets for local 5G licenses
do not currently exist in large extent, so due to the im-
maturity of the market, benchmarking is not viable in
the early stages of 5G. Furthermore, even if the market
was more mature, it could prove to be very difficult to
find sufficiently similar comparables for the licenses as
the value of the license is determined by many context
specific factors. Thus, if benchmarking was to be used,
it should be adjusted to account for these factors.

General Spectrum pricing Model

As the market-based pricing methods accommodate
the market for local 5G licenses poorly, we seek to
find a general pricing model that uses the character-
istics of the spectrum to determine a price for the li-
cense. The commercial value is not directly based on
these intrinsic characteristic, it is based on the case
specific economic factors such as expected change in
cash flows as noted above. However, in this paper we
study whether some set of intrinsic characteristics can
be used as proxies to estimate the commercial value
with a sufficient accuracy. Typically, general spectrum
pricing models used by regulators consist of the fol-
lowing variables: the opportunity cost for a given band
and location, the amount of spectrum used, the type
of service, the frequency band, and the location [41].
Kokkinen et al. in [43] used the frequency fee developed
by the Finnish Communications Regulatory Author-
ity to price spectrum licenses. Table 1 shows that the
formula used by Traficom [39] fits well to the general
model. Both models measure similar intrinsic commer-
cial value drivers.

Traficom fee uses population density as a measure
for location value. However, as noted by Kokkinen et
al. [43], population density might not accurately esti-
mate the commercial value of local 5G licenses as these

are often used in industrial districts and sites such as
factories and ports. These locations typically have a
low population density even though the willingness to
pay and demand for licenses might be high. Thus, us-
ing population density might underestimate the value
of local 5G licenses. In this paper, we present alterna-
tive proxy measures to estimate the location value for
local 5G licenses. We sought to find alternative mea-
sures that are based on globally available open data.
We research potential measures that would be based
on proxies such as land prices, property tax records,
density of business activity, and value added locally.
However, we selected employee density and commercial
property rental prices as proxies for location value be-
cause the availability of data and our hypothesis that
including either one or both of these measures in the
pricing formula would improve its accuracy in pric-
ing of local 5G licenses.The employee density was cho-
sen because employees are the natural business substi-
tutes for inhabitants, which are used to derive the ge-
ographic distribution of the consumer demand -based
pricing.

Optimal Price Range and Transaction Costs

The pricing method should ensure that the licenses
are allocated to the party that gets the highest eco-
nomic benefit from them. In the context of licenses
for private LTE and 5G networks, there is often only
one buyer and one seller. In this case, the transaction
occurs if the price is higher than the seller’s willing-
ness to pay but lower than the buyer’s willingness to
pay. Thus, there is a range of prices that maximise the
total surplus, assuming that there are no transaction
costs. However, if the transaction costs are high com-
pared to the difference between the seller’s and the
buyer’s pricing there will be no trade and the alloca-
tion remains inefficient. If the transaction costs can be
decreased, there is a possibility for trade. Significant
portion of transaction costs related to the trade of lo-
cal micro licenses come from the pricing of the licenses.
Decreasing the pricing costs might decrease the trans-
action costs enough to allow mutually beneficial trade
between the buyer and seller. However, it is reason-
able to assume that decreasing the spending in pricing
decreases the accuracy of pricing. Thus, a balance be-
tween cost and accurate pricing should be found. If
the pricing costs are too high, there is no possibility
for mutually beneficial trade. On the other hand, if the
pricing is not accurate enough, the price will not sat-
isfy both parties and again there is no trade. General
pricing model enables efficient trading platforms such
as the one proposed in Kokkinen et al. [10]. By com-
bining the pricing model with an efficient trading plat-
form, transaction costs can be decreased even further,
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making transactions more viable and thus increasing
the total surplus. General pricing model can also sig-
nificantly improve the information that is available in
the markets. Valuation costs are sunk costs that dis-
incentivize parties to even consider trading licenses.
General valuation model can decrease valuation costs
and even make prices available for free. Better infor-
mation about prices improves market efficiency by al-
lowing parties to compare and consider license trades.
Additionally, it can reduce the adverse effects of in-
formation asymmetry, decrease uncertainty, and make
the cost of ineffective regulation more transparent [41].

Germany case

In Germany, the band 3400 – 3700 MHz was auctioned
for public mobile networks in 2019, whereas the band
3700 - 3800 MHz was made available for local private
assignments. Access to the band requires an individ-
ual authorization from the German regulator [44]. The
process allows applying for local assignments any time,
in line with the demand. Eligibility is related to the
land ownership or right of use. Mobile network opera-
tors having current access to licensed spectrum in 700
- 3700 MHz are only eligible for a temporary access,
in case there are unused parts in the 3700-3800 MHz
band. The license duration is 10 years, and the licenses
are transferable. The license fee depends on the as-
signment bandwidth, license duration and the category
of the deployment area. Deployment in inhabited and
transportation areas is more expensive than a deploy-
ment in other areas. The fee is calculated as follows:
Fee = 1000 + B ·t ·5 ·(6 ·a1 +a2), where 1000 indicates
the base amount in Euros, B denotes the bandwidth
in MHz (10 to 100 MHz), t is the duration of the al-
location in years (e.g. 10 years), and a is the area in
km2 with a differentiation between the populated area
and transportation areas (a1) and other areas (a2).
The locations and the area of the region can be de-
fined by the applicants. All assignments are based on
10 MHz blocks. The approach is service and technol-
ogy neutral, though TDD is the only allowed duplex
technology, and networks must be synchronized. Effi-
cient use of the assignment is required, with a use-it-
or-lose-it -principle. There are technical requirements
to ensure that no harmful out-of-band interference is
created, affecting incumbent services. In addition, op-
erators of geographically adjacent radio networks are
obliged to negotiate agreements between them. If this
fails, the BNetzA may define regulatory measures to
ensure efficient and interference free use of spectrum
for all affected operators. This could include definition
of a maximum field strength limit at the edge of the
coverage area. The overall status of the band and its
regulatory framework will in any case be re-viewed by

BNetzA after a year in use. By February 19, 2020,
the regulator has received 29 applications and 23 of
them have been processed and licensed. There are also
around 50 experimental radio assignments in the band.

United Kingdom case

The UK regulator Ofcom has made spectrum locally
available through Shared Access licenses in four shared
access bands: 1800 MHz, 2.3 GHz, 3.8 - 4.2 GHz and
26 GHz bands. The approach is to provide spectrum
for local networks in locations where it is not used by
other licensed users. There are two types of licenses,
low power license (per area license) and medium power
license in the Ofcom statement [19]. The low power li-
cense allows the users to deploy a required number
of base stations in a circular area of a 50 m radius,
while the terminals are covered by the same license.
For larger areas, it is possible to apply for multiple li-
censes to achieve the required coverage. The medium
power licenses are mainly available for deployments in
the rural areas. The licenses are assigned on a first-
come first-served basis and the access is coordinated
by Ofcom to ensure avoidance of harmful interference
between the users. This approach can provide certainty
for the spectrum access and QoS. The licenses are tech-
nology neutral, but Ofcom has determined technical
license conditions for the bands. The license fees are
cost based administrative fees, reflecting Ofcom’s cost
of issuing the license, charged annually on a per area
based or on a per base station basis. Currently, the
Ofcom deals with coordination between the licensees,
but they intend to explore the potential for introduc-
ing Dynamic Spectrum Access (DSA) in the shared ac-
cess bands sometimes in the future. The 2 x 3.3 MHz
portion of the 1800 MHz band is best suitable for nar-
rowband applications in the rural areas. The highest
10 MHz of the 2.3 GHz band (2390-2400 MHz) are
currently used for military applications, but there is
still room for local, low power deployments, initially
allowed only for indoor applications. The LTE band
40 on the 2.3 GHz is already widely used for 4G de-
ployments outside of Europe, especially in Asia, and
therefore, LTE equipment is widely available. The an-
nual license fee for the 2300 MHz and 1800 MHz shared
spectrum is 80 GBP per area or per base station. The
3.8-4.2 GHz band is currently used by several incum-
bent services, but in addition, the band can be used
for private networks as there are unused spectrum re-
sources. The band is next to the 3.4-3.8 GHz band,
which has been identified as a pioneer 5G band in Eu-
rope. Several countries plan to expand the 5G deploy-
ments also to the 3.8-4.2 GHz band. For the 3.8-4.2
GHz band, the annual fee is also 80 GBP per 10 MHz
per area. The 26 GHz band (24.25-26.5 GHz) is only
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available for 5G indoor low power deployments. The
licenses are valid for an indefinite duration. The an-
nual license fee is fixed 320 GBP for the 26 GHz band.
Further details can be found in the Ofcom guidance
document [45]. An ecosystem is building up for the
band, as it has been identified for IMT by the ITU-R.

Pricing Model and Data
Approach

We use the Traficom Frequency Fee formula as our
base case model. The formula uses population den-
sity as a measure for location value. In this section, we
substitute the population density with other measures,
namely employee density, adjusted employee density,
and commercial property rental prices. The total value
of the spectrum is obtained using the Traficom Fre-
quency Fee, and it is then redistributed using other
pricing methods. Thus, this paper mainly studies the
relative prices yielded by different pricing methods.
The absolute prices of licenses would change if other
methods such as benchmarking would be used to cal-
culate the total base value of the spectrum. The total
value of licenses is the same in all models. However, the
way in which this total value is distributed to different
locations changes. If a combination of two methods is
used, such as the max function of two pricing, the to-
tal value for the spectrum will be higher than the total
base value of the spectrum. The base value reflects the
spectrum value when it is used only for consumer ser-
vices. It is important to note that estimating the real
option value and the value from limiting competition
is very context specific. It is hard to estimate these fac-
tors using a general pricing model [41]. Thus, our pro-
posed models do not take these factors into account.
Both factors only affect the price positively. Thus, the
pricing derived by the proposed models might have a
downward bias. In the context of local 5G licenses, the
possibility to limit competition does not, most likely,
increase the price significantly. The users of these li-
censes do not compete against each other in the same
way as for example mobile network operators do. The
value from limiting competition is thus smaller. Addi-
tionally, the licenses are local and thus the possibility
to block competition are very limited. In many cases,
the buyer of the license is the only potential user of
the license in the area. However, the option value can
be significant in the context of new technologies such
as 5G because it increases with uncertainty. The full
capability and viability of different 5G applications is
still very uncertain and thus the option value of 5G
licenses can be significant and should be reflected in
the pricing.

Data

We use population density, employee density, and
area data from Official Statistics of Finland [46]. The
database includes statistics for all 3030 postcode ar-
eas and it uses 2018 postal area classification. The
database includes the most recent population and em-
ployee data, from 2016 and 2015 respectively. The
value added per employee by industry data used for
Adjusted Employee Based pricing is from Official
Statistics of Finland [47]. The commercial property
rental prices are obtained from City of Helsinki [48].
The rental price data used a different area classifica-
tion so the data was matched to postcode areas as
closely as possible.

Base Case: Traficom Frequency Fee using population

density

Traficom Frequency Fee formula is currently used in
Finland to determine the annual frequency fee for all
spectrum licenses in Finland. It is based on factors
such as availability, usability, and number of frequen-
cies in the license [39]. The formula fits well to the
general model as seen from Table 1.

TraficomFrequencyFee = C1 ·Cinh ·C6b ·B0 ·S ·P (1)

The constant values on Table 2 are set by Traficom
[39] for a 1-year public mobile network license with a
bandwidth of 10 MHz and area of 1 km2 in the 3.5 GHz
frequency band. The values are also the same as used
in [43]. The population coefficient is calculated for each
postal code using the equation (2).

Cinh =
POPPC

POPFIN

·

1 km2

APC

(2)

where POPPC is the population of the postal code
area, POPFIN the total population of Finland, 1 km
the constant area of the license, and APC the area in
km2 of the postcode.

Location Coefficient variation: Employee Density

The Employee Density formula is the same as Trafi-
com formula, with the exception that employee density
data is used instead of population density data. The
Employee Coefficient Cemp is obtained by dividing the
number of employees working in the license area by
the number of employees in Finland.

Employee Density Pricing = (3)

C1 · Cemp · C6b · B0 · S · P (4)

Cemp =
EMPPC

EMPFIN

·

1 km2

APC

, (5)
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where EMPPC is the number of employees working in
the postal code area, EMPFIN the total number of em-
ployees in Finland, 1 km2 the constant area of the li-
cense, and APC the area of the postcode.

Location Coefficient variation: Adjusted Employee

Density

The Adjusted Employee Density formula is the same as
the Employee Density formula, with the exception that
employees from different industries have been given
different weights. The weights are based on the in-
dustry value added per employee. The rationale be-
hind this is that the number of employees might not
be comparable between different industries. For exam-
ple, some industries are more automated than others.
By adding weights, locations where employees work in
high value adding industries are assigned a higher lo-
cation value. Each industry’s employee weights (EW)
are calculated by dividing the average employee value
added in that industry by average employee value
added in Finland (10). The weights are listed in Ta-
ble 3. If there was no data on a particular industry’s
value added, the average for whole Finland (weight of
1) was used for that industry.

Adjusted Employee Density Pricing = (6)

C1 · Cemp,adj · C6b · B0 · S · P (7)

Cemp,adj =

∑
i EWi · EMPPC,i

EMPFIN

·

1 km

APC

(8)

Employee Weight (EWi) = (9)

Average Employee V alue Added in Industry i

Average Employee V alue Added in F inland
(10)

Location Coefficient variation: Employee Density

The Rent Based pricing uses commercial office rental
prices per square meter to calculate the location value.
For this research, data was available for selected areas
in the Helsinki region. We calculated an average price
for a 1-year public mobile network license with band-
width of 10 MHz and area of 1 km in the 3.5GHz Fre-
quency Band in the selected areas using the Employee-
Based pricing. The average price was calculated using
employee-weighted average, i.e. the relative number of
employees in the area was used as the weight. We then
used relative rent prices as a coefficient to evaluate
licenses in different areas.

Rent Based Pricing = (11)

License V alue ·

RentPC

RentALL

, (12)

where License Value is the employee-weighted aver-
age of a license in the selected areas according to the
Employee-Based Pricing. RentPC is the average rent
in the postcode area, and RentALL is the employee-
weighted average of rent in the selected areas. The data
used is from selected areas from the Helsinki region and
it uses office rental prices. Data from wider area using
industrial rental prices exists but was not available for
this research [49]. This more extensive data could be
used to increase the accuracy of this method.

Results and Discussion
All prices in this paper have been calculated for a
1-year license with bandwidth of 10 MHz in the 3.5
GHz frequency band. In the Table 4 and Figure 1, we
show descriptive statistics of prices obtained by differ-
ent pricing methods for all postcode areas and selected
areas in the Helsinki region. The statistics included are
minimum, maximum, mean, average-weighted mean,
and median price. The rent based pricing is calculated
only for the selected areas in the Helsinki region. The
pricing results including the rent based method are
shown in Table 5 and Figure 3.

Comparison of Traficom, Employee Based, and

Adjusted Employee Based Prices

In this section, we have selected 100 postcode areas
that have the highest pricing based on the Employee
Based method as these types of areas are most relevant
for local 5G licenses.

The Employee Based pricing methods generate sig-
nificantly higher values than the Traficom Frequency
Fee for certain areas (Figure 1). This is explained by
the fact that employment is concentrated more than
residency. Areas such as commercial and industrial dis-
tricts have a very high employee density compared to
the population density of even the most populated res-
idential areas. Conversely, as residency is more spread
out, the population based prices of for example ru-
ral and residential areas are typically higher than em-
ployee based. Interestingly, there is a group of post-
code areas that have no residents but a high employee
density. Examples of these locations are the hospital
area of Joensuu, the office park of Ilmala, Turku Uni-
versity of Applied Sciences, and industrial district of
Martinlaakso.

Employee Density and Adjusted Employee Density
based pricing methods yield very similar prices (Fig-
ure 2). However, differences occur in areas where the
employees work dominantly in industries that have ei-
ther relatively high or low value added per employee.
Examples of locations where the Adjusted Employee
Density yields higher results are postcode areas with
large powerplants (Olkiluoto, Tahkoluoto), some in-
dustrial districts (Martinlaakso industrial area), and
university campuses (Otaniemi).
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Comparison of Prices, Including the Rent Based

Method

In this section, we show the prices for selected areas
in the Helsinki Region. The reason for selecting these
areas was that detailed commercial rent price data was
available for these areas.

Using the Rent Based pricing (Figure 3), the license
prices are significantly more evenly distributed than
using the other methods. Because population density
and employee density can vary significantly between
areas, the prices based on these methods also vary sig-
nificantly and they can even be close to zero. However,
office rents do not have this same characteristic and
thus license prices based on rents are distributed more
evenly.

Comparison of Ofcom and BNetzA pricing with

employee based pricing

In Figure 4, we depicted the Ofcom area based pric-
ing and BNetzA pricing in the Finnish postcode areas
with the highest employee density. Ofcom basestation
based pricing is not compared as it would only be ap-
plicable in the rural area. The whole postcode area
is expected to be settlements or transportation areas
using the area multiplier a1 in the BNetzA formula.
All postcode areas are fully covered by the networks.
Please note that the y-axis is in logarithmic scale. The
absolute price levels of BNetzA and Ofcom are com-
parable with each other as they are based on released
regulations. The employee based pricing should only
be compared to the form of BNetzA and Ofcom curves
as the employee based pricing is just a proposal of the
authors [50] and the absolute level of the curve should
be adjusted with parameters. The graph points have
been sorted by the employee number and due to that
it is natural that the employee-based pricing curve is
falling. The postcode areas tend to increase when mov-
ing from urban areas to rural areas. Due to that we
can note that BNetzA and Ofcom curves are slightly
growing.

Conclusions
As the 5G utilising technology and use cases for lo-
cal licenses develop, there is a growing need to eval-
uate local 5G licenses. In the introduction, we pre-
sented arguments why conventional pricing methods,
namely auctions and benchmarking might not work
in this context. Additionally, we argued that exist-
ing population density based general pricing models
might not accurately proxy the underlying drivers of
location value in commercial local licenses. In this pa-
per, we proposed two alternative proxies for location
value drivers: employee density and commercial rental

prices. As seen from the results, the four pricing meth-
ods used distribute the total value of spectrum differ-
ently. The Traficom Frequency Fee is based on pop-
ulation density, and it is a good measure of location
value for mobile broadband, where the customers are
mainly private consumers. However, we can see from
the results that this pricing method is not always suf-
ficiently accurate in the context of commercial local
licenses. There exist many postcode areas that have a
population of zero but that have potentially high de-
mand for local licenses. These areas include, for exam-
ple, industrial districts and hospital areas. Using the
Frequency Fee based pricing, the prices for licenses in
these areas are very low, which does not accurately
reflect reality. This problem would be even more no-
ticeable if we were to use areas smaller than post-
code areas. Relatively large areas like postcodes are
applicable for pricing comparison in Finland because
many welfare metrics like income and education are
relatively evenly distributed in Finland compared to
most other countries. The applicability of post code
areas is especially noticeable for consumer demand -
based pricing. The difference in employee density -
based value distribution is quite similar in Finland
and other countries. Kokkinen et al. [43] summarises
this problem with a sentence: “No one lives in facto-
ries or ports.” We might add: “But many work there”.
The two proposed employee density based methods are
able to identify areas with low population density but
high potential demand for spectrum. The methods also
show that employment is more concentrated than res-
idency. Companies tend to group up in small areas,
which locally increases the demand for spectrum. This
is reflected in the prices of licenses: the highest prices
using employee density are significantly higher than
the ones the population density based method yields.
Conversely, prices for low demand areas are lower with
employee density pricing. In the basic Employee Den-
sity pricing, all employees drive the spectrum value
equally. However, this might not reflect the reality as
different types of employees, companies, and industries
have different demand and willingness to pay for spec-
trum. Because of this we introduced the Adjusted Em-
ployee Density pricing, where employees from different
industries were weighted based on their average value
added. This method distinguished for example that the
employees of energy companies such as nuclear plants
have a very high value added per employee and thus
areas with energy plants were given a higher license
price per employee. The industry categories we used
were very broad. For example, all manufacturing com-
panies were consolidated in the same category. With
more detailed categories, the usability of this method
would increase significantly. It could, for example, be
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very useful to distinguish smart factories as their own
category, as these factories typically have a very low
ratio of employees to value added. Additionally, value
added per employee is not the only, nor necessarily the
best way to weight employees. Some industries might
have a high value added but no demand for local li-
censes. Further research on how new 5G technologies
will benefit different industries, especially in monetary
terms, would improve the pricing of licenses between
industries. Value of Mobile Broadband licenses is very
much location dependent. If an area has no users for
the service, the price of that local license is close to
zero. The value of the license increases in the num-
ber of users as the potential revenues also increase.
The Employee Density based pricing makes the same
assumption on commercial local licenses and it might
not always reflect reality. Often a factory makes simi-
lar profits no matter if it is surrounded by other busi-
nesses or not. A new factory under construction might
not have many employees working at the site yet but
still its willingness to pay for license can be high. In
the light of these arguments, it is possible that the
Employee Density based method generates too stark
differences between locations. Because of this, we in-
troduced another proxy for location value, commercial
rental prices. Average rents change based on the lo-
cation, but not as abruptly as employee density. Rent
prices do not drop to zero even in very rural areas.
As seen from the results, the rent based method yields
more -evenly distributed prices than the other meth-
ods. Still, it ranks different locations very similarly to
the employee based method as the prices generated by
these two methods have a strong correlation. Because
of the limited availability of data for this research, we
used only office rent prices for selected areas in the
Helsinki region. There exist more extensive databases,
which could be used in further research for more accu-
rate pricing.

We compared the proposed employee number -based
pricing to published BNetzA and Ofcom pricing of lo-
cal licenses. BNetzA has two different area classifica-
tions and they can flexibly be combined in pricing.
The maximum difference that can be achieved with
them is a price difference of factor 6 between forested
and urban areas. Ofcom pricing has two different pric-
ing options: small area based pricing and basestation
based pricing. Basestation pricing is only available for
rural areas. By varying the antenna height and max-
imum transmit power, a single basestation can cover
different sizes of areas. When directly applied to cover
postcodes areas, neither BNetzA nor Ofcom pricing
takes into account the value of spectrum based on em-
ployee density.

The pricing method should enable an allocation
where the party with the highest willingness to pay

gets the license. To achieve this, a combination of dif-
ferent pricing methods could be used. For example, the
license price could be the maximum of the population
density based pricing and the employee density based
pricing. If the location has a high population density
compared to employee density, the most efficient allo-
cation is most likely to use the license for mobile broad-
band. By using max function, the license will always
be sold at the higher price, which in this case incen-
tives mobile broadband use. Spectrum pricing should
follow demand and be based on transparent methods
and easily available data. The demand for consumer
services such as mobile broadband follows population
density but this is not necessarily true for industrial
demand. We recommend the use of employee density
as a measure for the industrial demand. This can be
adjusted to reflect the differences between industries.
Optionally, rent based pricing can also be used to price
licenses. A combination of these methods, such as the
max function of population density and employee den-
sity pricing, allows the consideration of both consumer
and industrial demand simultaneously. This method
will always price the licenses to match the highest will-
ingness to pay
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Figures

Figure 1 Comparison of prices yielded by the employee
density and the Traficom Fee method. The 100 highest
priced areas using the employee density method are included

Figure 2 Comparison of prices yielded by the employee
density and the Traficom Fee method. The 100 highest
priced areas using the employee density method are included

Figure 3 Comparison of prices yielded by different pricing
methods, including the rent- based method. Selected areas in
the Helsinki Region are included

Figure 4 BNetzA and Ofcom license prices in the Finnish
postcode areas with the highest employee density.
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Table 1 Fitting Traficom Frequency Fee to the General Model.

General Model Traficom Frequency Fee
Opportunity Cost for a Given Band and Location P Basic Fee
Amount of Spectrum Used B0 Relative Bandwidth
Type of Service Provided S Basic Fee Coefficient (Type of radio equipment used)

C6b System Coefficient (Scaled number of transmitters used)
Frequency Band C1 Frequency Band Coefficient
Location Cinh Population Coefficient

Table 2 Traficom Frequency Fee coefficients.

Coefficient Name Coefficient Value
Frequency Band Coefficient C1 0.4
Population Coefficient Cinh Variable
System Coefficient C6b 1
Relative Bandwidth B0 2000
Basic Fee Coefficient S 0.018
Basic Fee P 1295.5 €

Table 3 Value added weights by industry.

Finland Average 1.00
B Mining and Quarrying 1.34
C Manufacturing 1.16
D Electricity, Gas, Steam and Air Condi-
tioning Supply

3.95

E Water Supply: Sewerage, Waste Man-
agement and Remediation Act

1.59

F Construction 0.87
G Wholesale, Retail Trade 0.85
H Transportation and Storage 0.89
I Accommodation and Food Service Ac-
tivities

0.53

J Information and Communication 1.51
M Professional, Scientific and Technical
Activities

0.97

N Administrative and Support Service
Activities

0.61
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Table 4 Comparison of prices yielded by different pricing methods. The 100 highest priced areas using the employee density method are
included.

Min (€) Max (€) Mean (€) Employee-Weighted Mean (€) Median (€)
Traficom 0.00 73.39 11.82 14.10 9.17
Employee Based 10.30 364.09 48.07 63.58 24.21
Adjusted Employee Based 10.20 366.34 48.36 64.86 24.73

Table 5 Comparison of prices yielded by different pricing methods, including the rent based method. Selected areas in the Helsinki
Region are included.

Min (€) Max (€) Mean (€) Employee-Weighted Mean (€) Median (€)
Traficom 2.71 73.39 16.77 18.00 11.18
Employee Based 3.87 228.05 54.50 90.57 25.75
Adj. Employee Based 3.86 221.47 56.33 94.66 24.54
Rent Based 56.84 126.34 81.14 90.57 76.43
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Comparison of prices yielded by the employee density and the Tra�com Fee method. The 100 highest
priced areas using the employee density method are included

Figure 2

Comparison of prices yielded by the employee density and the Tra�com Fee method. The 100 highest
priced areas using the employee density method are included
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Comparison of prices yielded by different pricing methods, including the rent- based method. Selected
areas in the Helsinki Region are included
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BNetzA and Ofcom license prices in the Finnish postcode areas with the highest employee density.


