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About this study
This study for the ACMA looks at the theory behind spectrum valuation, setting out a number of methodologies that have been used by regulators and spectrum users around the world and considering the advantages and disadvantages of each.
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[bookmark: Start][bookmark: _Toc138771591]Summary
This paper has been commissioned by the ACMA to consider how spectrum may be valued by regulators and operators for the purposes of spectrum awards and allocation.
We start by considering the relationship between valuation and pricing.  While it is often true that setting spectrum prices in line with the value to users will produce economically efficient outcomes, there are several considerations that may mean that it is better to set prices at a higher or lower level. Where spectrum is not scarce, for example, use should be encouraged by charging minimal prices to cover administrative costs.  There may be social benefits that arise through spectrum use, which would not be fully realised if spectrum prices were set too high.  On the other hand, where those acquiring spectrum are able to avoid costly auction processes, there may be an argument for this cost saving to be included in the price.
Having established the difference between pricing and value, we look at the basic theories of valuation – in terms of the value of spectrum to its users, and the appropriate value to the economy.  The economically efficient level of pricing is to charge the opportunity cost of spectrum; therefore, the price should be set at the level of the next highest valuation.  In order to determine these values, we must consider the counterfactual – in the absence of spectrum award, how would services be provided, if at all?  If services are reliant on specific spectrum being available, then the entirety of that service is considered as the value of spectrum.  On the other hand, if services could continue, but would be of a lower quality or incur a higher cost of provision, then the differences imposed by the loss of spectrum should be measured.
Regulators are, unfortunately, unable to directly measure this counterfactual analysis in most cases, due to information asymmetry or uncertainty.  Instead, a number of tools and methodologies have been developed which allow regulators to estimate the value of spectrum to different users.  Regulators will often use a variety of these methods when determining a robust estimate of value.
Methodologies are broadly split into two categories: benchmarking, and modelling.  Within each category there are a variety of different methods, as listed in Figure 1.
[bookmark: _Ref138716519]Figure 1: Types of valuation methodology

This paper describes each of the methods in detail.  Each can be seen to have its own advantages and disadvantages, and regulators are usually advised to use a variety of methodologies when estimating spectrum value.  A summary of the advantages and disadvantages of each method is included in Figure 2 below.
[bookmark: _Ref138716641]Figure 2: Advantages and disadvantages of various valuation methodologies
	Valuation methodology
	Advantages
	Disadvantages

	Direct benchmarking
	Reflects actual prices paid by operators for similar spectrum bands
Transparent as it is based on published auction results and not assumptions and detailed modelling
	Large dataset needed
There may be a lack of data points for certain bands
May be difficult to make ‘like for like’ comparisons as international benchmarks may reflect specific circumstances

	Adjusted benchmarking
	Transparent as it is based on published auction results
Can be used when have relatively few data points
	Ratios for other countries may reflect auction- or business-specific factors which may not appropriate comparators
There may be a lack of data points for certain bands

	Econometrics
	Robust statistical method if suitable data exists
Relies on actual prices paid
	Large dataset needed
Quantitative information on certain drivers of value may not be available and thus cannot be captured in the analysis
Regression models may not provide stable forecast of spectrum value, especially where sample size is limited 

	Avoided cost modelling
	Country-specific contexts can be directly captured in the model
Provides outputs on infrastructure requirements (such as base stations) which is not possible with benchmarking methods
	Complex modelling 
Requires access to information which may not be available to the regulator – this results in uncertainty in results
Results may be highly sensitive to input and network assumptions

	Iterated cost model
	Less data required – in particular traffic forecasts not required
Endogenous approach – takes account of consumers’ willingness to pay for data and network costs to derive a mobile traffic forecast rather than using a mobile data traffic forecast 
	Complex modelling 
Requires access to information which may not be available to the regulator – this results in uncertainty in results 
Assumptions needed over price elasticity of demand and cost-volume relationships

	Full enterprise value or Business modelling (DCF)
	Theoretically this provides an upper bound on spectrum value to an operator as it estimates profits from running a mobile network; this gives an indication of an upper limit on what regulators and governments can charge for spectrum
	Likely to overestimate spectrum value
Complex modelling requiring accurate forecasts of future costs and revenues which may not be available
Considerable uncertainty in results given information asymmetry between regulator and operators, and substantial differences in business cases among operators and potential new entrants


Our paper concludes by looking at factors that would influence the choice of methodology, ranging from data availability through to the ways in which the valuation will be used.  However, there is no single correct way of valuing spectrum, and regulators must consider each exercise by its own requirements.
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[bookmark: _Toc138771592]Introduction
This paper has been prepared for the Australian Communications and Media Authority (the ACMA) to examine the theory of spectrum valuation and international examples of its use.  This report has been commissioned ahead of the ACMA considering a number of spectrum licence renewals and awards, due to occur from 2028, but is not restricted to the spectrum included in those awards; the analysis is generic and can be applied across all spectrum bands. At the time of finalising this report, the ACMA is consulting[footnoteRef:1] on its approach to considering these expiring spectrum licences. [1:  See https://www.acma.gov.au/consultations/2023-05/proposed-approach-expiring-spectrum-licences ] 

When looking to understand the value of spectrum, regulators must consider the services that use the spectrum (and which other services can use it), the length of the licence, the total bandwidth to be awarded, and many other parameters.  When spectrum is awarded at auction, the competitive nature of bidding means that network operators and other spectrum users will reveal their own valuations, particularly if the auction is well designed.  As such, regulators need only understand a valuation for the purpose of setting reserve prices or designing an auction to reflect social welfare.  However, not all spectrum is awarded at auction; regulators may need to know more accurate values for the purposes of licence renewal, direct awards, or spectrum trading.  In these cases, understanding spectrum value allows for regulators to set a fair price which will result in an economically efficient allocation.
In commissioning this paper the ACMA has asked a number of key questions:
What methodologies are possible for estimating the value of spectrum?
What the advantages and disadvantages of each of these methods?
Where have these methods been used in the past?
What factors should be considered when choosing a method?
As part of considering these questions we have also reflected on what spectrum value represents, and how it should be considered in the regulatory context.
[bookmark: _Toc138771593]Structure of this paper
This report has been structured to answer these questions.
Section 2 starts by considering the difference between spectrum valuation and spectrum pricing, to provide context for this analysis.
Section 3 provides an overview to the theory of valuation, while Section 4 looks at how this is applied by regulators in the course of their work.
Sections 5, 6, 7, and 8 detail how different valuation methodologies are formulated and applied.
Section 9 summarises the advantages and disadvantages of each methodology.
Section 10 includes a number of case studies showing how regulators around the world have used various valuation methodologies when setting reserve prices or spectrum fees.
Section 11 explains a number of considerations to be made when deciding on the appropriate methodology to use.
[bookmark: _Ref137335049][bookmark: _Ref137335050][bookmark: _Ref137335104][bookmark: _Toc138771594]A theory of spectrum pricing
It is crucial to understand at the outset of this analysis that there is a difference between spectrum pricing and spectrum valuation.  Spectrum pricing is the policy decision made by a regulator when setting fees for spectrum, and while this may be based on the value of spectrum it must also take account of a number of other factors.
In particular, spectrum prices, for them to be set at an economically optimum level, should be based on an opportunity cost methodology.  Rather than paying a fee reflecting the value of spectrum to themselves, spectrum users should instead pay a fee equivalent to the cost suffered by the user with the next highest value.  For many spectrum bands this opportunity cost will be zero – that is, there is no spectrum user who is prevented from their use of spectrum by this spectrum licence being awarded.  
Where there is zero opportunity cost, specifically where there is no excess demand, economic theory indicates that spectrum prices should be set to cover the costs of regulatory administration only.  However, there are several considerations on how this may incentivise use in a way that is not socially optimal, and the appropriate analysis of pricing mechanisms is beyond the scope of this paper.
However, in many bands there is (or could be) excess demand, and regulators must make a decision on how to allocate spectrum between users.
[bookmark: _Toc138771595]Non-economic factors
Ideally, spectrum prices should be set at the level where total demand equals total supply, therefore at a high enough level that some potential users will drop out of the market and results in an equilibrium.  However, there are many cases where this is impossible to do, or would not be optimum.
First, if the regulator does not know the equilibrium price.  In an auction, bidding continues until the equilibrium is reached, and therefore the actions of the bidders reveal their valuations.  However, not all spectrum is awarded at auction.  Auctions can be costly and complex, and regulators (and governments) may have objectives for spectrum award other than maximising the private value to bidders – such as ensuring competition in the market.  When a regulator elects for a direct award, or indeed the renewal of spectrum licences which were previously awarded by auction, the value of spectrum is not revealed by its users, and the regulator must calculate it – or estimate it – themselves.
Second, if there are non-economic considerations regarding spectrum awards.  Many spectrum bands are used for services which have a significant social welfare element, or positive externalities.  Radio broadcasting, for example, can provide education to remote areas; PMSE can be used for public events; telecommunications can be used for participation in local and national government.  Setting prices at a level equal to the valuation of the network operator can lead to an inefficient allocation of spectrum from a social point of view, both in terms of allocation between users, and in terms of the total amount of spectrum being allocated.
Third, there may be specific policies which should be considered when setting spectrum prices.  If a government has an objective to encourage investment in 5G networks, it could consider reducing the price of spectrum necessary for those networks.  In some circumstances lower spectrum prices can lead to increased investment, and greater network coverage, particularly because base stations in rural areas may become profitable and a greater quality of service will be possible.  However, this will depend on the level of competition in the market and whether the incentive exists for lower spectrum prices to be passed on through investment or lower consumer prices.  If there is little competition, regulators or the government may prefer to keep spectrum prices higher, and incentivise or compel investment through other mechanisms or programmes.
If spectrum is not awarded at an auction, the regulator has a much greater control of spectrum prices, and can take account of these factors in setting their policies.  However, this still relies on the regulator having a clear idea of the value of spectrum.
[bookmark: _Toc138771596]Applications to spectrum assignment
Even when not taking account of social value, the results of spectrum valuation can be used by regulators in a number of situations including:
setting reserve prices for auctions; or
setting fees for spectrum renewals, beauty contests or direct assignment.
As discussed above, the considerations in each of these situations can differ depending on specific policy objectives, and market and regulatory circumstances. There is often a trade-off between different objectives and this affects the way spectrum valuation results are applied.
For example, in setting prices for licence renewals, setting prices at too low a level may encourage spectrum hoarding, where holders opt to buy a licence, not to use the spectrum themselves, but instead to prevent others from using it.  On the other hand, prices set too high may mean that operators curtail network investment, or decide to release spectrum which would otherwise be efficiently used – requiring further spectrum award processes.
There are different considerations for auctions, where there are various objectives which have different effects on the appropriate price level. A non-trivial reserve price may deter collusion between bidders and thereby promote competition in the auction. However the reserve price level should be set below the expected value of the spectrum to potential bidders, otherwise they may deter bidders from entering the auction (and so reduce competition in the auction) and reduce demand from those that do participate in the auction.
The relationship between value and pricing is further complicated by the costs and logistics of spectrum awards. In a previous report for ACMA[footnoteRef:2], we investigated the methods that can be used to renew spectrum licences, ranging from a direct licence extension through to a new auction.  While a new auction may theoretically lead to a more efficient outcome in terms of which users hold spectrum, this is balanced against the high cost and complexity of carrying out such an award process[footnoteRef:3].  By avoiding the costs of participating in an auction, spectrum users may be willing to pay a higher price for spectrum[footnoteRef:4] – any costs associated with acquiring spectrum will be subtracted from the value when users determine their bidding strategy.  A direct award could therefore theoretically attract a higher spectrum price, but again this must be balanced against the fact that the operators with the highest value are not given the option of acquiring the spectrum. [2:  “International best practice in spectrum licence renewals”, June 2020]  [3:  There are many other considerations in choosing an appropriate spectrum assignment methodology, which are not explored in depth here.]  [4:  This can be termed an “auction avoidance premium”.] 

Further considerations on appropriate pricing levels are as follows.
Prices in a direct renewal can be reduced to encourage operators to continue using spectrum on their existing networks, rather than incurring costs of redeployment or replanning.  This can also encourage longer-term network planning, rather than operators determining their network strategy based around when spectrum licences can be released.
If spectrum prices are high, operators may have difficulty obtaining the necessary finance to fund the acquisition if they are expected to pay the full amount in a lump sum.  Annual payments or deferred payments can enable operators to pay greater amounts overall, or a reduced price can be offered to enable a single lump sum payment.
A more general availability of finance may also impact the ability of spectrum users to pay for spectrum, which in turn should impact on regulatory decisions over pricing.
General economic uncertainty may impact the risk profile of operators, to the extent that they are less willing to pay large sums for the spectrum up front.  There may be a difference between the regulatory WACC that regulators use when estimating spectrum value and the actual cost of capital faced by operators, which in turn may vary between a short-term cost of capital and a longer-term expected return.

[bookmark: _Ref137335051][bookmark: _Toc138771597]Basic theories of valuation
The value of spectrum to a user is the economic benefit that can be obtained through using the spectrum.  In evaluating this value, economic theory requires us to consider the counterfactual – that is, the state of the world in which there was not spectrum awarded.
For some services, removing a spectrum award or allocation would mean these services could not be provided at all.  Radioastronomy, for example, relies on the allocation of a specific band of spectrum, and there is no alternative that is suitable.  Maritime and aeronautical uses rely on detailed international harmonisation, and one country failing to allocate the same spectrum bands would mean that those industries would be unable to operate.  Similarly, long-distance HF point-to-point communication links require the same allocation in multiple countries.  In these cases, the entirety of the economic profit in the industry can be assigned to the value of spectrum.
For other services, loss of spectrum would mean that the service could be provided but it would need to use alternative technology, which may not be as suitable.  Without availability of spectrum for industrial private networks, users may need to use either public networks or unlicenced spectrum instead, both of which provide a less secure and less reliable connection.  Loss of spectrum used for fixed wireless access could be replaced with fibre connections or LEO satellite networks.  In these cases, the value of spectrum is the sum of the cost saved from the alternative network plus the value of the additional benefits gained from the quality of service provided.
Finally, there are some services that can continue with the same quality of service, using existing alternative spectrum holdings.  For example, in some countries with appropriate technology and channel markets, theoretically these broadcast networks could transmit the same number of channels using a more evolved compression algorithm; similarly, if possible, mobile networks can increase capacity of their networks by building more base stations in areas of congestion rather than adding additional spectrum.  The value of the spectrum here is equal to the cost saved.
[bookmark: _Toc138771598]Constraints on regulators
While it is clear how the value of spectrum is defined, it is more complicated to calculate this.
In the case of services which cannot exist without a certain spectrum band, the profitability of the service can usually be estimated from company reports.  However, setting a spectrum price at this level may well lead to companies exiting the market due to a lack of reasonable return, or uncertainty over future profits.  Further, in some cases these spectrum uses are not commercially motivated.
From the point of view of a mobile operator, an accurate estimate of spectrum value can be obtained through a modelling exercise which looks at capacity of each base station, and considers counterfactual analysis to examine how future demand could be met both with and without spectrum award.  This analysis would lead to two different investment profiles, and the difference between them would be the value of spectrum.  Network operators may choose to run this model at a detailed geographic level, or be categorising base stations by demand.
Industrial users will need to not only evaluate the cost of services with and without the spectrum award – therefore considering two different sets of equipment, one for private 5G networks and one for Wi-Fi use – but also the benefits, and attempt to quantify the difference in service quality.  This may involve detailed risk and productivity analysis.
Each of these cases requires detailed calculations, but there are achievable given the nature of the spectrum use.  However, they all rely on comprehensive data availability, including operational and financial information.  When estimating spectrum values, regulators will not have access to the same level of detail.  Instead, there are a number of methodologies used by regulators to determine spectrum values, using a lower dataset.  These are discussed in the next section.
[bookmark: _Ref137327606][bookmark: _Toc138771599]Regulatory methods to estimate valuation
The value of spectrum can be derived from the values revealed in market processes (such as auctions and trades) and through direct estimation of the opportunity cost of spectrum[footnoteRef:5] by taking account of the possibilities of using additional spectrum to reduce network costs. For most spectrum uses, there are no market values and so direct estimation of value is often required.  The main exceptions are frequency bands used for mobile services, where there are now many auction results that can be used to inform the value of spectrum. [5:  Depending on the regulatory circumstances and the frequency band being valued, this may relate to the estimation of opportunity cost for a different user or for a different use of the spectrum. In the former, this may involve estimating opportunity cost to mobile operators with different market shares and network build-out. In the latter, this may involve estimating opportunity cost to alternative use of spectrum such as cellular mobile, broadcasting, satellite or fixed services.   ] 

There are a number of methodological tools available to regulators for the valuation of spectrum.  There is no one ideal or correct method, and deciding which ones are appropriate depends on the policy context and objectives, and the amount of information available. As there is a necessary degree of uncertainty when valuing spectrum, a mix of approaches is often used by regulators in order to provide a sense check on the value estimates. It also is important to understand each methodology and recognise their limitations when applying them and when interpreting the results obtained.
In general regulators typically use the following approaches:
Benchmarking analysis based on past auction results or trades, including direct benchmarking based on selected countries; adjusted benchmarking using relative value, or distance methods (using selected benchmarks); and econometric analysis, which may automatically take account of socio-economic or topological differences.
Avoided cost modelling, which calculates the cost that operators would need to invest in their networks to meet demand absent the award of additional spectrum.  A variant of avoided cost modelling involves iterative models, which are based on assumptions of willingness to pay rather than taking demand as exogenous.
Business modelling, such as full enterprise valuation or discounted cash flow modelling, which looks at the profit that operators can expect from rolling out additional spectrum and reflects the business planning process that will have been followed.
Opportunity cost estimation using least cost alternative or earnings approaches to calculate the value of spectrum to potential spectrum applications other than the current use.  This method is occasionally used in cases where there are potential alternative uses of the band, which are expected to have a higher value.  In reality, due to harmonisation of primary uses, this method is usually not relevant.
The starting premise underlying this range of approaches is that rational licensees should not pay more than the net present value of future cash flows from use of the spectrum – this is known as the full enterprise value and can be estimated through a business modelling approach. On the other hand, licensees should be willing to pay at least the infrastructure costs saved from having an incremental lot of spectrum – this is known as the avoided cost value and can be estimated through a network cost modelling approach.  An auction price (or traded spectrum value) would be expected to lie in the range between the full enterprise value and the avoided cost value for the marginal bidder.  Auction prices for a particular country should fall between these two values although international benchmarks could be outside this range depending on country-specific circumstances. 
The different approaches to valuation are explained further in the following sections.
[bookmark: _Ref137335052][bookmark: _Toc138771600]Benchmarking methods
Benchmarking analysis is a common methodology used by regulators in spectrum valuation. It involves a comparison of actual prices from spectrum auctions or trades for a selection of data points. This is feasible in the case of bands used for cellular mobile services but not for bands used for other services (such as land mobile radio, microwave links, or satellite services).
The advantages of benchmarking analysis are that it is relatively simple and easy to understand as each data point reflects the actual amount paid by operators for spectrum and is verifiable because it is based on publicly available data. Prices paid in an efficient spectrum auction will generally reflect the value of an incremental spectrum lot to the marginal bidder – either the lowest value for a winning bidder or highest value for a losing bidder.  In this sense auction benchmarks are arguably the best indicators of the market value of spectrum. However the key drawbacks are that data points from other countries may not reflect local market conditions in the country in question and because values vary between countries the choice of the benchmark countries can significantly affect outcomes. 
Table 5‑1: Advantages and disadvantages of benchmarking
[bookmark: _Toc418695666]
Benchmarking data
As benchmarking involves the use of data from different countries which occur at different points in time, a significant amount of care is required in selection of the dataset to derive good “like for like” comparisons.  In addition, adjustments to data points are usually required to take account of differences in the timing or auctions, currency differences and variation in licence duration and annual spectrum fees.  These steps are described below. 
Selection of dataset 
In identifying the appropriate dataset for the benchmark analysis, the main aim is to select data points that come from circumstances that are similar to those for the band being valued and where these circumstances are likely to affect spectrum value.
In relation to spectrum for cellular mobile services, the key factors affecting the value of spectrum revealed through a market process such as an auction are likely to include the following.
The characteristics of the frequencies sold including the frequency range, the technologies and services that may be supported and the quantity of spectrum available. Data for the same or similar bands should be used; differences in band plans across different regions should also be noted and preferences may be given to countries where similar band plans are used.
Frequency licence characteristics including the terms and conditions of licences sold – licence duration and any licence obligations.
Timing of auctions – data from old auctions may not be appropriate as the market circumstances and technology choices are likely to be different from current market situation; more recent data points are likely to have more reliably anticipated the growth of mobile broadband.
Economic and market drivers such as anticipated GDP or income growth, population density and level of urbanisation.
Bidder specific aspects of valuation which in turn will depend on their planned use of the spectrum to generate incremental profit – either additional revenues or reduced costs – and their market expectations.  This includes factors such as operators’ existing spectrum holdings, their planned use of spectrum, extent of their existing network, strategic objectives and market expectations.
Auction specific factors including the reserve price (which may depend on the results of previous auctions), the price setting mechanism, spectrum caps and competition in the auction.
Information on the above factors may not available for every single data point, especially operator-specific factors (which may not be publicly available) and those which are forward-looking (and may be uncertain). Therefore an element of judgement is often required in determining the most appropriate dataset to use for benchmarking. In general a narrower dataset may be more appropriate for the direct and adjusted benchmarking approaches, excluding certain outliers which may distort the results. For econometrics a bigger dataset is likely to be more useful to enable the regression model to capture the effects of various factors on spectrum value. 
Possible metrics
There are three metrics which are commonly used for comparing benchmark data points:
Value/MHz/pop, where value is expressed as a price in real terms per unit population;
Value/MHz/pop, where value is expressed as a price in real terms per unit population and adjusted for purchasing power parity; and
Value/MHz/GDP, where value is expressed as an index per unit of GDP.
The first two metrics are widely used and easily understood, and have similar advantaged and disadvantages.  However, the value/MHz/GDP index has some advantages, namely a simpler conversion process[footnoteRef:6] and it takes account of per capita income in addition to population. Figure 5.1 compares the advantages and disadvantages of the metrics. [6:  As there is no need to decide on the appropriate currency, the choice between spot and PPP exchange rates and to adjust for inflation. ] 

[bookmark: _Ref137232807][bookmark: _Ref413148336]Figure 5.1: Comparison of metrics
	Metric
	Value/MHz/pop
	Value/MHz/GDP

	Advantages
	Widely used measure.
Can be used for intra-country comparisons since disaggregated data is easily available for population.
Takes account of market size through population.
	Takes account of country income, which is implicitly a function of market size (population) and income per capita.
Automatically adjusts for changes in price levels in specific countries.
Avoids need to consider exchange rate, and spot or PPP debate.
Simple – one step process.
GDP varies less than exchange rates.

	Disadvantages
	Debate over spot or PPP exchange rates – the choice of exchange rates can have significant impacts on countries where spot rates do not accurately reflect the purchasing power changes.
Should use country-specific inflation rates which is time-consuming to collect and update.
Needs to be recalculated for each common currency.
	Not widely used 
Spectrum value may reflect GDP growth expectations, whereas current GDP is used in calculating the metric; the alternative price/MHz/pop measure allows for exchange rates which are forward looking.  This may matter in particular for some developing countries.
For auction involving regional licences, regional GDP data may not be available  


Data adjustments
After selecting which metrics to use, a number of treatment procedures must be followed to ensure that the benchmark data points are expressed on a broadly comparable basis.  Many factors cannot be adjusted for because relevant data is simply not available, but a number of adjustments to the benchmark data points can be made to take account of differences in licence duration, annual fees, time of award, exchange rate, inflation, population and GDP.
The key steps in the data treatment process are as follows.
Account for annual fees payable for spectrum (if any) in addition to auction fees. This is done by calculating the net present value (NPV) of total annual fees over the licence duration.
Normalise values for all benchmark data points to a common licence duration.
For price/MHz/pop:
Convert all normalised values in local currency to a common currency using spot or PPP exchange rates at time of auction,
Then adjust for inflation to ensure all data points are in real prices, and
Finally express the values in price per MHz per capita by dividing by amount of spectrum sold and population covered by the licences at the time of auction.
For price/MHz/GDP:
Divide the normalised values in local currency by GDP in local currency at time of auction.
[bookmark: _Toc386456189]Some complications arising from using spot and PPP exchange rates are discussed below; these must be taken into account when interpreting the results of international benchmarks.
Figure 5.2: Converting to common currency (PPP or spot exchange rates)
	A common currency is required for international benchmarking to enable comparison across countries. There are two choices of exchange rates – spot rates and purchasing power parity (PPP) rates. Economists typically prefer to use PPP exchanges rates because it is argued that they provide a more accurate reflection of a currency’s true value than spot exchange rates. Spot market exchange rates tend to fluctuate more in the short term due to a variety of factors such as shifts in monetary policy, the trade balance and market speculation. 
PPP theory postulates that national price levels for a basket of identical goods and services should be equal when expressed in a common currency. The PPP conversion factor adjusts prices so that the relative prices of the same basket of goods in two countries (measured in the same currency) are unchanged over time, because the change in the relative values of two currencies compensates exactly for differences in national inflation rates for the assumed basket of goods.
However, where network equipment is bought on an international marketplace, there is a strong argument for using spot-rates, particularly if values are being derived by auction bidders from an avoided cost approach.  The alterative cost of network densification will be impacted by spot rates (for equipment purchases) and PPP (for installation and maintenance costs).  The true value is likely to lie somewhere between the two.
The choice between spot and PPP exchange rates and the selection of benchmark countries have important implications for the benchmarking results. If the target currency is undervalued with respect to the local currency of benchmark countries, PPP-converted values will tend to be higher than spot-converted values for these countries, and vice versa. The bigger the differences in the implied valuation, the larger the differences between PPP and spot values will be.


[bookmark: _Toc418695667][bookmark: _Toc138771601]Direct benchmarking
In the direct benchmarking approach, values for a particular frequency band in other countries are used as benchmarks for the same band. This is the most straightforward approach used by regulators. A simple average[footnoteRef:7], or a range based on the distribution of results, is then used as an estimate for spectrum value. [7:  In some cases, weightings can be used to account for outliers or auctions where values are strongly influenced by specific market or regulatory circumstances (such as a lack of competition, or spectrum caps).] 

In cases where there is a lack of benchmark data for specific frequency bands, a common approach is to rely on common band groupings by frequency.
Sub-1 GHz bands are often considered together as they have superior propagation characteristics which make them more valuable to mobile operators in terms of coverage and in-building penetration.
More narrowly the Region 1 and 3 800 MHz band can be considered similar to the 700 MHz in ITU Region 2 in terms of propagation and technology (LTE deployment); likewise, the 850 MHz band is similar to the 900 MHz band as both bands traditionally supported 2G and 3G technologies.  For 5G deployment, 600 MHz is often used in Region 2, while 700 MHz is the standard low-band frequency in Regions 1 and 3.
The 1800 MHz band in Europe and Asia is similar to the 1900 MHz band which is used in the Americas, in terms of propagation characteristics and supports both 2G and LTE technologies.
The AWS band used in the Americas are similar to the 2100 MHz bands used in Europe and Asia Pacific for 3G and occasionally LTE services.
The 2500 MHz band is globally harmonised for mobile services and can be considered a separate group. It is typically used as a “capacity” band rather than to provide coverage given its inferior propagation properties compared to lower frequencies. The 2300 MHz band has similar properties but there are very few auction data points for this band.
C-band spectrum (3300 – 4200 MHz) is also globally harmonised and used, and again is considered as a separate group.
Direct benchmarking can be run over a number of cohorts within a general dataset, narrowing down comparators to countries with similar incomes, similar levels of competition, similar mobile penetration, and so on.  By carrying out this analysis a number of values can be identified and the overall benchmark measured from a combination of these.
[bookmark: _Toc418695668][bookmark: _Ref137333912][bookmark: _Toc138771602]Adjusted benchmarking
There are two methods for the adjusted benchmarking approach: the relative value method and distance method. These are often used in cases where there are few actual data points in a particular frequency band for direct benchmarking.
In the relative value method, value ratios for the various frequency bands and band groupings are estimated from international benchmarks.  These ratios are then applied to the band under consideration, comparing it with a past value in the target country.  There are many possible combinations and the value ratios that can be considered include for example:
Sub-1 GHz to 1800 MHz
Sub-1 GHz to 2100 MHz
1800 MHz to 2500 MHz
2100 MHz to 3500 MHz
These ratios are then applied to the appropriate historic results to estimate the relevant values for the new bands.
The distance method[footnoteRef:8] makes use of observed distance ratios of selected reference bands relative to the band to be valued as shown in Figure 5.3.  In the example illustrated the value of band Y is estimated for a particular country (Country 1) using the values of band X and band Z from previous auctions.[footnoteRef:9] The distance ratio a:b is derived from appropriate benchmark countries for which the values of all three bands (X, Y, Z) are available.  This ratio is then applied to calculate the value of band Y in Country 1 using its values for band X and band Z. [8:  This method was used by Aetha and Analysys Mason to estimate value of the 1800 MHz band in the UK. See Aetha-Analysys Mason. Review of Ofcom’s benchmarking of the value of the 1800 MHz spectrum band to determine annual licence fees. Report for Three and EE, January 2014. http://stakeholders.ofcom.org.uk/binaries/consultations/900-1800-mhz-fees/responses/EE_Annex_Analysis_Mason_Aetha_report.pdf ]  [9:  Ideally these two bands should have different propagation characteristics and values.] 

[bookmark: _Ref137235138][bookmark: _Ref413167422]Figure 5.3: Illustration of adjusted benchmarking method
[image: ]
The distance method works best when comparing frequency bands for which the values in relation to each other are unambiguous. For example, it was applied in the UK to estimate the value of 1800 MHz using 800 MHz and 2600 MHz as reference bands. In this case, the 800 MHz values for all the selected benchmark countries are higher than the corresponding 1800 MHz values, which are in turn all higher than the 2600 MHz values. This enables one to work out the value of the 1800 MHz using the corresponding distance ratios. 
[bookmark: _Toc418695669][bookmark: _Toc138771603]Econometric analysis
Econometric analysis is a statistical method which provides an objective way of controlling for market and economic factors, and therefore offers a more promising way forward than simply taking values from other auctions. Moreover, there is less reliance on often imperfect comparisons between different countries. Instead, it uses the estimated relationships between observed spectrum prices and the explanatory factors (such as economic or demographic factors) to predict a value based on the economic and demographic circumstances in the country under study.
The goal of the econometric analysis is to estimate the value of spectrum (dependent variable) based on the effects of various drivers of spectrum value (independent variables) using data from a large number of auctions. The potential drivers of value which are typically considered in econometric analyses of spectrum value is shown in the figure below.
[bookmark: _Ref413251636][bookmark: _Ref413752623]Figure 5.4: Potential drivers of spectrum values and variables 
	Potential drivers of spectrum value
	Variables that can be considered

	Spectrum characteristics
	Frequency band or propagation, total bandwidth offered, time of auction, level of harmonisation

	Licence characteristics
	Licence duration, national or regional licences, coverage requirements

	Auction characteristics
	Ratio of bidders to winners, reserve prices, auction format, spectrum caps

	Economic and market characteristics
	GDP per capita, population density, mobile penetration, average revenue per user, fixed line penetration, number of mobile operators in market 


While econometric analysis can be a more robust statistical method than the direct and adjusted benchmarking approaches, its reliability is affected by data availability and data quality. Numerous data points (ideally well over 50) are required to obtain robust parameter estimates.  Also, while it is widely recognised that operators’ strategic objectives (bidding strategy at auction and business strategy) and future expectations of the market are important drivers of spectrum values; information on these factors is not available in most cases. Furthermore, other factors such as spectrum caps, set-asides and coverage obligations attached to licences, are often defined differently across countries and so cannot be readily incorporated as dependent variables for the econometric analysis[footnoteRef:10]. Given these limitations, econometric analysis should be considered alongside other benchmarking approaches as well as other valuation methods. [10:  It can be difficult to come up with a universally applicable definition for such factors. For example, coverage requirements may be defined by population, geography, or in some cases, by coverage of community centres and schools. Spectrum caps may relate to a specific auction, certain frequency bands or total spectrum holdings.  While dummy variables may be used instead, they do not capture the full nature of these factors.] 

[bookmark: _Toc418695670][bookmark: _Ref137335053][bookmark: _Toc138771604]Avoided cost modelling
Another common methodology used by regulators for spectrum valuation is avoided cost modelling. This is based on the calculation of the potential cost reduction that an operator could expect if additional spectrum is available in its spectrum portfolio following an award process.  The cost savings arise from the possibility of using the extra spectrum as a means of enhancing capacity or extending coverage without incurring additional costs of physical infrastructure roll-out.
The avoided-cost value of a particular spectrum band is calculated assuming that the operator views the spectrum as a marginal bandwidth.  The operator first forms a view of the total bandwidth that it is likely to have in its portfolio in the long run, taking into account the opportunity to acquire new spectrum in an upcoming auction (or trade).  The total cost of deploying and operating the network given this additional amount of spectrum is then computed.  Subsequently the spectrum band that the operator plans to acquire in the auction is removed (partially or wholly) from this portfolio, and a new network cost based on this new (reduced) spectrum portfolio is calculated.  The network cost difference under the two spectrum availability scenarios represents the cost savings or the avoided costs as illustrated below.
[bookmark: _Ref415738298]Figure 6.1: Illustration of the avoided-cost principle
[image: ]
The main network costs to be considered are those associated with the core network and the radio access network. The size of the core network is determined primarily by the total mobile data traffic that the network is expected to carry.  The cost of the core network, thus, does not change under different spectrum assumptions, as long as the total traffic remains the same.  Therefore, the cost difference between the two spectrum scenarios effectively becomes the difference in radio access network costs. 
The costs of the radio access network under each spectrum scenario are calculated in three steps:
Demand determination – This involves estimating an operator’s mobile data traffic demand from the country’s mobile data traffic based on the operator’s market share in the different regions.  The operator’s regional traffic is in turn split across the different geotypes, which are defined by population density.
Network dimensioning – The traffic for each geotype along with the operator’s network roll-out plan and coverage obligations dictate the extent of the 5G and LTE physical infrastructure required in the radio access network.  The number of 5G and LTE base stations and the supporting backhaul connections are determined using these inputs, technical network parameters such as assumed transmission capability for each component, and the amount of spectrum available to the operator.  The outputs from this step are the volume of infrastructure for each year of the spectrum licence period.
Network costing – The annualised unit cost of each component on the radio networks is then applied to the outputs from the network dimensioning step to derive the implied total cost for each year of operation during the licence period.  The total annualised costs are then discounted with an appropriate cost of capital and summed to compute the net present value of radio access network costs.
The steps described are shown below. In many current models, 5G and LTE networks are modelled simultaneously as they are interdependent on bandwidth, but as 5G SA becomes the dominant technology it may be necessary to separate out the network models.
[bookmark: _Ref415739112]Figure 6.2: Steps for calculation of radio access network costs 
[image: ]
There are a number of advantages to avoided cost modelling.  The first advantage is that country-specific market factors as well as technology usage and developments can be directly accounted for.  These factors can be set as parameters in the model and adjusted as required.  In addition, depending on the requirements for the outputs, the model may be structured to provide costs by network component.  This can be useful when sense checking for the implied expenditures against data from operators’ reported network costs. 
This approach requires data on country-specific inputs, such as technical parameters that represent actual network operating conditions, some of which may be collected by the regulator or reported by companies in annual financial reports.  However, the data requirements are less onerous than business modelling which requires information on revenue data and forecasts and other operating costs (such as marketing and staff wages).
The figure below summarises the advantages and disadvantages of this methodology for spectrum valuation.
[bookmark: _Ref415739179]Figure 6.3: Advantages and disadvantages of avoided cost modelling

[bookmark: _Toc418206726][bookmark: _Toc418695671][bookmark: _Toc138771605]Iterative cost model
Some countries have adopted an adaptation of the avoided cost model developed by Plum, which includes iterative approach to set demand and network dimensioning[footnoteRef:11].  The iterative cost model provides an alternative way of thinking about data and spectrum demand by treating data demand as endogenous.  In other words, consumers adjust their consumption of data in response to unit cost and price changes, rather than simply demanding the same quantity of data (regardless of the cost and price). On the supply side, operators expand network capacity as long as there is sufficient willingness to pay for the extra capacity.  [11:  Plum, June 2014, “Do you need a mobile data forecast to estimate spectrum demand”?  http://www.plumconsulting.co.uk/pdfs/Plum_Insight_June_2014_Do_you_need_a_mobile_data_forecast_to_estimate_spectrum_demand.pdf ] 

One analogy of the iterative approach is road traffic planning.  Transport planners noticed that expanding road capacity did not solve the problem of congestion – instead, it increased the number of journeys until congestion was again a constraint. The extra road capacity lowers the ‘cost’ (in terms of time) of a car journey, so more journeys are made.
The iterative approach therefore incorporates a demand side assumption (consumers buy mobile data up to their willingness to pay) and a supply side investment decision rule, (only invest in capacity if willingness to pay for data exceeds the cost). The model is solved iteratively to find an equilibrium between data supply (capacity) and data demand as illustrated below.
[bookmark: _Ref418204766]Figure 6.4: Illustration of the iterative approach
[image: ]
The core of the iterative cost model is similar to the avoided cost model, with a network dimensioning module calculating a network cost based on volumes and spectrum holdings.  However, the iterative cost model takes the output of this central module to work out how unit costs would change following a change in spectrum holdings, uses this to define how demand would be affected, and feeds this into the central module a second time.  This iteration is repeated a number of times (either a set number, or until an equilibrium is reached), and once an equilibrium is found, the impact of additional spectrum can be assessed by an avoided cost methodology (the additional spectrum reduces the cost of meeting the equilibrium level of demand).
There are several advantages to using an iterative approach. Firstly, it removes the need for a data forecast as an input (although an assumption on per-user expenditure is required). Secondly, the iterative approach significantly reduces the sensitivity of the results to changes in the input parameters. Finally, the economic framework of the iterative approach means some of the insights produced are qualitatively different to those produced under conventional approaches.
[bookmark: _Toc418695672][bookmark: _Ref137335054][bookmark: _Toc138771606]Business modelling
A business-based valuation model, also known as full enterprise valuation, assesses the value of spectrum from a commercial perspective. The objective is to understand how much profit the spectrum in question will generate for a spectrum user over the licence duration. Estimating the value of spectrum involves the analysis of the impact on profits as a result of changes in spectrum fees over the modelling period. To derive the full enterprise value of spectrum, it is assumed that spectrum is a free input into the business.
A discounted cash flow (DCF) model is typically used, and it involves two components:
Revenue – total revenue estimated based on current and future demand (subscribers, ARPU), market circumstances (competition)
Costs – network costs (radio access network, core network), non-network expenses (selling, general, administrative expenses, tax)
The figure below provides a simple illustration of the DCF modelling approach as applied to a standard wireless network – this can apply equally to mobile networks, broadcasting, or wireless backhaul solutions. 
[bookmark: _Ref413317759]Figure 7.1: Illustration of DCF model
 [image: ]
The net present value (NPV) of the profit stream for the spectrum user is then calculated and this is attributed to the operator’s spectrum portfolio.  The assumption is that all profits are derived from the use of spectrum, although in practice part of this value will be derived from other intangible factors (such as brand and the company’s reputation to customers) which cannot be readily quantified.  This NPV can be considered the full enterprise value of the spectrum and an upper bound on what the operator would be prepared to pay for the spectrum. A price higher than this level would mean the operator modelled would go out of business.
There are two key disadvantages with this approach:
Information requirements: In many cases, regulators would not have access to commercially sensitive information such as operators’ business costs, market revenues and future business plans and strategies which will involve technology and market projections over the next 15-20 years.  Assumptions will have to be made either using information from other markets or estimated based on existing sources, and views on competition, investment decisions and market and regulatory environments will need to be agreed on.  The many assumptions that need to be made based on limited data mean the results are unlikely to be reliable.
[bookmark: _Toc417567813][bookmark: _Toc417567846][bookmark: _Toc417567814][bookmark: _Toc417567847][bookmark: _Toc417567815][bookmark: _Toc417567848]It takes no account of the value of other intangible assets held by the operator – for example brand and customer value.  These values could be significant and so mean the values obtained are far too high.

[bookmark: _Ref137335055][bookmark: _Toc138771607]Opportunity cost modelling
The approaches used to estimate opportunity cost fees are analogous to the avoided cost and full enterprise value methods described in previous sections, suitably adapted to the situation of the services being examined.  For most non-mobile services there is typically little or no relevant auction data from which to derive value estimates. In this respect benchmarking is less commonly used in valuing other services.
The main reason such estimates are produced is to inform the level of annual fees charged to these services in circumstances where spectrum is congested and the objective is to promote efficient spectrum. This approach to setting fees is known as Administered Incentive Pricing (AIP) and was first developed by Smith-NERA[footnoteRef:12].  In the UK, AIP has been used to set spectrum fees for private mobile radio, fixed links and satellite earth stations[footnoteRef:13].  AIP was proposed for setting broadcast spectrum fees in both the UK and Australia, but the high value of fees was considered to be unsustainable and implementation has been deferred a number of times. [12:  NERA and Smith System Engineering. Study into the Use of Spectrum Pricing, Radiocommunications Agency, April 1996.]  [13:  AIP was also used to set 2G mobile spectrum fees in 1998 but the , the AIP approach would be similar to the avoided cost method described in Section 3. ] 

The figure below provides an overview of the key steps in calculating AIP fees. The AIP principles and methodologies are outlined in detail in Ofcom’s Strategic Review of Spectrum Pricing.[footnoteRef:14]   [14:  Ofcom.  SRSP: The revised Framework for Spectrum Pricing. December 2010.    http://stakeholders.ofcom.org.uk/consultations/srsp/statement ] 

[bookmark: _Ref417567635]Figure 8.1: Stages and steps in the calculation of spectrum fees[footnoteRef:15] [15:  Source: Ofcom] 

[image: ]
In calculating the reference rate for AIP fees, the avoided cost approach, sometimes referred to as the least cost alternative (LCA) method, is commonly used. Under the LCA method, values of spectrum are calculated based on the additional cost (or cost saving) to an average or reasonably efficient user as a result of being denied access to a small amount of spectrum (or being given access to an additional small amount of spectrum). It is assumed that the quantity and quality of output produced by the use remains constant[footnoteRef:16].   [16:  In practice it is often not possible to take into account the impact of quantity or quality changes because these depend on the specific (and unknown) circumstances of each user.] 

The additional cost (or cost saving) depends on the application and is calculated as the estimated minimum cost of the alternative actions facing the user.  These alternatives may include:
investing in more or less network infrastructure to achieve the same quantity and quality of output with less or more spectrum (for example, additional hops for fixed links, or more base stations or sectors for land mobile services);
adopting a more efficient technology (narrower bandwidth equipment or a more efficient modulation scheme);
switching to an alternative frequency band that is not congested; or
switching to an alternative service or technology (wired rather than wireless technology, or digital versus analogue technology).
Besides the UK, the AIP approach has previously been applied to set fees for non-mobile services in Australia (land mobile)[footnoteRef:17] and Hong Kong (various services)[footnoteRef:18]. [17:  ACMA. New measures proposed for 400 MHz band, April 2009  http://www.acma.gov.au/theACMA/new-measures-proposed-for-400-mhz-band   ]  [18:  Joint statement of the Secretary for Commerce and Economic Development and the Telecommunications Authority. Spectrum utilization fee for spectrum assigned administratively, 23 September 2011 http://tel_archives.ofca.gov.hk/en/tas/spectrum/ta20110923.pdf ] 

[bookmark: _Ref137333388][bookmark: _Toc138771608]Summary of methods
As discussed above, each methodology has its strengths and weaknesses and regulators in other countries have typically adopted a combination of methodologies to estimate the value of spectrum. The table below outlines the key advantages and disadvantages of each methodology.
[bookmark: _Ref413423953]Figure 9.1: Advantages and disadvantages of various valuation methodologies
	Valuation methodology
	Advantages
	Disadvantages

	Direct benchmarking
	Reflects actual prices paid by operators for similar spectrum bands
Transparent as it is based on published auction results and not assumptions and detailed modelling
	Large dataset needed
There may be a lack of data points for certain bands
May be difficult to make ‘like for like’ comparisons as international benchmarks may reflect specific circumstances

	Adjusted benchmarking
	Transparent as it is based on published auction results
Can be used when have relatively few data points
	Ratios for other countries may reflect auction- or business-specific factors which may not appropriate comparators
There may be a lack of data points for certain bands

	Econometrics
	Robust statistical method if suitable data exists
Relies on actual prices paid
	Large dataset needed
Quantitative information on certain drivers of value may not be available and thus cannot be captured in the analysis
Regression models may not provide stable forecast of spectrum value, especially where sample size is limited 

	Avoided cost modelling
	Country-specific contexts can be directly captured in the model
Provides outputs on infrastructure requirements (such as base stations) which is not possible with benchmarking methods
	Complex modelling 
Requires access to information which may not be available to the regulator – this results in uncertainty in results
Results may be highly sensitive to input and network assumptions

	Iterated cost model
	Less data required – in particular traffic forecasts not required
Endogenous approach – takes account of consumers’ willingness to pay for data and network costs to derive a mobile traffic forecast rather than using a mobile data traffic forecast 
	Complex modelling 
Requires access to information which may not be available to the regulator – this results in uncertainty in results 
Assumptions needed over price elasticity of demand and cost-volume relationships

	Full enterprise value or Business modelling (DCF)
	Theoretically this provides an upper bound on spectrum value to an operator as it estimates profits from running a mobile network; this gives an indication of an upper limit on what regulators and governments can charge for spectrum
	Likely to overestimate spectrum value
Complex modelling requiring accurate forecasts of future costs and revenues which may not be available
Considerable uncertainty in results given information asymmetry between regulator and operators, and substantial differences in business cases among operators and potential new entrants


It is clear from this summary, and the descriptions of each methodology above, that there is no optimum methodology for all cases. As described in Section 4, regulators often use more than one valuation methodology so as to cross-reference the results they are obtaining, particularly since regulators typically do not have full information on the potential value of spectrum to users in the market.
The next section examines a number of case studies of how regulators have used spectrum valuation in the past.
[bookmark: _Ref137333346][bookmark: _Toc138771609]Case studies of use
The methodologies described throughout this paper have all been used, to some extent, by regulators when looking to understand the value of spectrum.  The majority of work in this area that has been made public relates to spectrum used for mobile networks, as this is typically one of the most valuable uses.  As a result, when looking at specific case studies, these tend to focus on mobile spectrum.  However, regulators have carried out valuations for all types of spectrum use, and these have been considered when setting spectrum prices.
In this section:
First, we illustrate how regulators have used a variety of methods when estimating the value of spectrum, using a number of public consultations and examples; and
Second, we discuss a few case studies in more detail to explain why methodologies were chosen.
[bookmark: _Toc138771610]Use of multiple methodologies
Figure 10.1 provides examples of valuation approaches taken in a number of countries where details have been published.  The examples relate to spectrum for mobile services as this is where most valuation work has been done.
[bookmark: _Ref137250270][bookmark: _Ref416193732]Figure 10.1: Approaches used by regulators to estimate spectrum value for mobile
	Country
(purpose of valuation)
	Bands (MHz)
	Benchmarking
	Modelling

	
	
	Direct or adjusted
	Econometrics
	Avoided cost
	Full enterprise value

	Australia 2012
(licence renewal)
	850, 1800, 2100
	ü
	û
	ü
	ü

	UK 2022[footnoteRef:19]
(spectrum fees) [19:  These valuations were carried out by consultation respondents rather than the regulator.] 

	10 GHz
	ü
	û
	û
	ü

	France 2021
(spectrum fees)
	26 GHz
	û
	û
	ü
	ü

	UK 2019
(reserve prices)
	700, 3500
	ü
	û
	ü
	û

	Bahrain 2020
(reserve prices)
	3500
	ü
	ü
	û
	û

	New Zealand 2018 (licence renewal)
	1800, 2100
	ü
	ü
	ü
	û

	Kosovo 2019
(spectrum fees)
	800, 900, 1800, 2100
	ü
	ü
	û
	û

	Mexico 2015
(reserve prices)
	AWS, PCS, 2600
	ü
	ü
	ü
	û

	UK 2015
(licence fee revision)
	900, 1800
	ü
	û
	û
	û

	Hong Kong 2013
(licence renewal)
	2100
	ü
(Hong Kong data)
	û
	û
	û

	India 2014
(reserve price)
	2100
	ü
(India data)
	û
	ü
	ü

	India 2013
(reserve price)
	850, 900, 1800
	û
	ü
(India region data)
	ü
	û

	Ireland 2012
(reserve price)
	800, 900, 1800
	ü
	ü
	û
	û

	New Zealand 2007
(licence renewal)
	850, 900
	ü
	ü
	ü
	û

	UK 2013
(reserve price)
	800, 2500 
	ü
	û
	ü
	ü


Benchmarking methodologies are most commonly used, and often regulators use a mix of methods to provide cross checks on the values obtained.  For some bands, particularly when they are new to the market or are relatively rarely used, there may not be sufficient comparator data to allow a benchmark to be used, meaning that modelling methods are preferred.
There is inevitably a degree of uncertainty regardless of the methods used – for benchmarking this arises due to the selection of the dataset and the interpretation of the benchmark values, while for modelling this arises due to the modelling assumptions and input parameters. Therefore for a specific frequency band a range of values, rather than a single “correct” value, is often obtained.
The following sections provide selected case studies to illustrate how the various methodologies described above are used in practice by regulators. 
[bookmark: _Toc138771611]UK: auction reserve prices
	Bands valued: 800 MHz, 1800 MHz, 2.5 GHz
Objective: To set reserve prices for auction (auction held in 2013)
Methods used: International benchmarking, avoided cost modelling, full enterprise valuation


For the UK auction of the 800 MHz and 2.5 GHz bands, Ofcom commissioned a study by consultants Dotecon and Aetha to estimate the values of the spectrum to be auctioned using a combination of benchmarking and bottom-up business modelling methods[footnoteRef:20]. The objective of the study was to advise Ofcom on the appropriate reserve prices for the auction of the 800 MHz, 1800 MHz and 2.5 GHz bands[footnoteRef:21]. [20:  Dotecon & Aetha. Spectrum value of 800 MHz, 1800 MHz and 2.6 GHz. Report for Ofcom, July 2012.]  [21:  Note that the 1800 MHz band was also initially considered in the study as Everything Everywhere was required by the European Commission to divest 2×15 MHz of its 1800 MHz holdings (either via private sale or auction) as part of the conditions for the creation of EE through the merger of T-Mobile and Orange in the UK. EE subsequently sold the 1800 MHz spectrum to H3G for an undisclosed amount which meant the 1800 MHz spectrum was not sold in the UK auction in 2013. ] 

Using a selection of European awards for the 800 MHz, 1800 MHz and 2.5 GHz bands, with appropriate adjustments to ensure comparability to the UK, the benchmarking results estimated the following value ranges for:
800 MHz general lots: £159m – £273m per 2×5 MHz (based on a small bidder’s valuation)
800 MHz coverage lot: £180m – £500m per 2×10 MHz (using industry estimates of costs of achieving 98% indoor coverage)
1800 MHz lots: £276m – £414m per 2×15 MHz
2.5 GHz paired lots: £50.4m – £76.2m per 2×5 MHz 
2.5 GHz unpaired lots: £3.5m – £18.6m per 1×5 MHz
For the unpaired 2.5 GHz, the consultants noted that a significant degree of uncertainty in the benchmark values due to the limited amount of reliable information in the dataset. 
In the business case modelling valuation, different combinations of spectrum from the perspective of potential bidders in the auction (existing national wholesalers and potential new entrants) were modelled. It was noted by the consultants that estimated there were substantial uncertainties due to the need to make assumptions about each bidder’s future commercial and technology deployment strategy which meant that the results should not be interpreted as precise valuations. For the technical value (avoided cost) modelling, three scenarios on future network traffic levels were considered and the average incremental value of 2×5 MHz for 800 MHz, 1800 MHz and 2.5 GHz were estimated as shown below.
[bookmark: _Ref413689885]Figure 10.2: Avoided cost valuation – average incremental values for 2×5 MHz
	Band
	Traffic scenarios
	Overall average

	
	Low
	Medium
	High
	

	800 MHz
	£490m
	£522m
	£607m
	£540m

	1800 MHz
	£277m
	£342m
	£492m
	£370m

	2.5 GHz
	£156m
	£208m
	£343m
	£236m


[bookmark: _Toc138771612]France: industrial use spectrum fees
	Bands valued: 26 GHz, 40 GHz
Objective: To determine appropriate spectrum fees for industrial private networks
Methods used: Avoided cost modelling, full enterprise value, opportunity cost modelling


ARCEP in France commissioned a study by Plum to examine how spectrum in the mmWave bands should be priced if it were to be awarded directly to industrial and other users for use in private 5G or other networks.  At the time of the study there had been very few awards of 26 GHz spectrum, and most existing allocations had been done alongside other spectrum (for example in the 3500 MHz or 700 MHz bands) making it impossible to disaggregate the value for use in benchmarking.
Plum therefore carried out a number of methods to estimate the value of the spectrum to users.  This was done for a number of specified use cases, such as a transport hub, port facility, entertainment arena, and manufacturing factory.
First, an avoided cost model was constructed for number of typical use cases, considering the alternative technologies that could be used to provide connectivity if mmWave spectrum were not available.  In some cases, the costs of using alternative technologies was actually lower, but there were disadvantages to these technologies in terms of a lack of bandwidth, less reliable or secure connection, or lack of mobility.  As such, the avoided cost model also needed to consider avoided benefits through a counterfactual analysis.
Second, a full enterprise value model was used for some use cases where there was no alternative technology possible.  This provided an upper bound to the value that a spectrum user would be willing to pay, ascribing the entire value of the business (or the project within a business) to the spectrum.
Third, opportunity cost modelling was used to consider if an alternative use of the spectrum would lead to higher values – specifically, use by a public mobile network.  Technical details of spectrum characteristics were examined and the possibility of spectrum sharing investigated, alongside an interference analysis to determine if use by each use case would actually prevent use by another service.
In each case, the value of mmWave spectrum was found to be small, due to the potential for alternative technologies and the lack of interference with other users (due to low power requirements and limited propagation).  A simultaneous study looking at the potential for spectrum sharing in the band, and the ways that spectrum leasing and trading on hyperlocal licences could be encouraged, further added to this valuation, where users would be unwilling to pay significant sums for the spectrum bands.
[bookmark: _Toc138771613]New Zealand: licence renewal
	Bands valued: 1800 MHz, 2100 MHz
Objective: To determine fair prices for licence renewal in 2019
Methods used: Benchmarking (direct,), econometrics, avoided cost modelling


Ahead of the renewal of spectrum in the 1800 and 2100 MHz bands, MBIE commissioned a study into the value of the spectrum to ensure that prices were set at an economically efficient level.  Recognising that the licence renewals would need to define a fixed price, rather than a lower bound for a reserve price, the paper concentrated on the avoided cost modelling approach (which, in the case of this paper, was termed “optimised deprival value” (ODV) as it considered what would happen if spectrum were removed from an existing network rather than not awarded in the first place).  However, benchmarking methods were used to ensure that the values obtained from the ODV model were realistic.
In order to produce a robust estimate of value, the modelling process considered a number of spectrum scenarios, where an operator lost certain amounts of its spectrum in each band, or in both.  As this spectrum was used by LTE networks, it was necessary to examine how differences in holdings would lead to differences in service quality and the investment needed to maintain the same capacity.
[bookmark: _Toc138771614]Ireland: spectrum usage fees
	Bands valued: 800 MHz, 900 MHz, 1800 MHz
Objective: To set reserve prices and spectrum usage fees (auction held in 2012)
Methods used: Benchmarking (direct, adjusted), econometrics


For the auction of the 800 MHz, 900 MHz and 1800 MHz band in Ireland, the regulator ComReg commissioned Dotecon to estimate the value of these bands using a combination of benchmarking and econometric analysis. ComReg decided against using the avoided cost and the full enterprise value modelling approaches due to information asymmetry between ComReg and the potential bidders and differences in business plans, which meant the modelling analysis would not be dependable in all circumstances[footnoteRef:22]. [22:  ComReg. Liberalising the future use of the 900 MHz and 1800 MHz spectrum bands. Document No. 09/99, 21 December 2009. See pp.162-163] 

For the benchmarking the focus was on European auctions and countries where both the 1800 MHz and sub-1 GHz bands had been auctioned. Data points where country-specific factors may have skewed the relative value of the bands were remove[footnoteRef:23].  For the econometric analysis, regressions were run using three different datasets of mobile spectrum auction results from 2000-2011 – global, Europe, and sub-1 GHz and 1800 MHz licences[footnoteRef:24]. [23:  Dotecon. Award of 800 MHz, 900 MHz and 1800 MHz – fifth benchmarking report. March 2012]  [24:  The dependable variables tested include GDP per capita, area per capita, ratio of winners to bidders in the auction, number of MNOs, national licence dummy, 2.5 GHz dummy, Africa and Middle East dummy. ] 

The value ranges for each 2×5 MHz lot were:
800 MHz and 900 MHz: €15m-26m; and
1800 MHz: €6.75m-15.6m.
It was noted that the relative values of the sub-1 GHz and 1800 MHz ranged between 45% and 60%.
[bookmark: _Toc138771615]Latin American operator: auction participation
	Bands valued: AWS 
Objective: To define bidding behaviour in an auction and understand maximum value
Methods used: Avoided cost modelling, benchmarking (for competitor valuation)


Spectrum valuation estimates are not only required by regulators.  In 2015, Plum was commissioned by an operator in Latin America to assist them in developing their strategy for bidding in a forthcoming spectrum award for the AWS band.  The spectrum in this band[footnoteRef:25] was being released to enable operators to launch LTE services. [25:  A significant amount of AWS spectrum had previously been awarded and was being used for 2G and 3G services; this auction was for the rest of the band.] 

To understand how to bid in the auction, Plum carried out two pieces of analysis:
First, benchmarking studies to understand the likely value of spectrum to competitors in the auction. This used direct benchmarks with cohort analyses to provide a robust estimate of valuation for a generic operator in the market.
Second, an avoided cost model to consider how LTE services could be rolled out in a number of different scenarios: refarming existing spectrum, acquiring new AWS spectrum, or acquiring new spectrum in another band in a few years’ time.  This model was also used to estimate values for competitors in the market (but in a less robust manner due to a lack of data availability).
The avoided cost model produced interesting results – it indicated that there was no cost difference between acquiring new AWS spectrum, and acquiring spectrum a few years later in an alternative band, since demand was not expected to exceed the current network capabilities in the meantime.  Further, the value of spectrum was significantly below the reserve price that the regulator had placed on the auction.
As a result of this analysis, the operator chose not to bid in the auction.  In fact, of the four operators in the market, only two bid in the auction, which resulted in unsold spectrum and licences being sold at reserve price.
[bookmark: _Ref137335056][bookmark: _Toc138771616]Choice of methodology
The case studies in Section 10 do not demonstrate a single best practice for spectrum valuation methodologies.  Indeed, the analysis of advantages and disadvantages in Section 9 shows that there is no method which is suitable to every situation, and each has drawbacks in every use.
It is therefore not possible for this paper to draw a clear conclusion over the choice of methodology.  Instead, this section outlines factors that should be considered when choosing methodologies.  As mentioned previously, many regulators use multiple methods in order to reach a robust estimate of value.
[bookmark: _Toc138771617]Data requirements
All valuation methodologies require significant amounts of data in order to produce good estimates of value.  However, the main differences are:
Benchmarking methods rely on international, publicly available data, which requires time to collect (or the use of an existing dataset) but is otherwise accessible and reliable; and
Modelling methods require detailed operational and planning data from spectrum users, to understand the financial implications of spectrum acquisition.
This means that regulators are at a disadvantage when using modelling methods; they can request information from prospective bidders and users, but this may not give the full picture.  In many cases, avoided cost model must use estimated technical parameters (like cell radius, data throughput, and so on) rather than country-specific (or operator-specific) values.  If regulators do not wish to seek data from spectrum users, this means that a modelling approach may not be possible.
[bookmark: _Toc138771618]Availability of benchmarks
Some spectrum bands have not been awarded in many countries around the world; others have been awarded but always in a private manner (for example, via a direct award on a limited geographical or time basis) so values are not published.  Section 5.2 set out a method that can be used to adapt benchmarking where there are limited comparable observations, but this still requires some relevant data.
Where this is the case, a modelling approach is usually required – often requiring a full enterprise valuation since there are no alternative spectrum bands that can be used.
[bookmark: _Toc138771619]Technology changes
Avoided cost modelling requires the availability of a counterfactual – that is, a way of a potential spectrum user offering the same service if it did not acquire the spectrum.  In the case of a mobile network, this is generally modelled by increasing the number of base stations in the network to meet capacity demands.
However, where new spectrum is to be used to launch a new technology, and refarming of older spectrum is not possible (due to older technologies still requiring it, or regulations forbidding it), such a counterfactual would not be possible.  This means that other modelling methods must be used instead.
Further, new technologies can have a significant impact on the value of certain spectrum bands.  For example, the 3500 MHz band was typically used by fixed wireless access networks during the early 2010s.  Towards the end of the decade, when it was determined that this band would be one of the core 5G spectrum blocks, and also the capabilities of fixed wireless connections improved, the value increased significantly.  Any benchmarking which did not take this into account would have underestimated the value.
[bookmark: _Toc138771620]Proportionality of effort
Different methodologies require different levels of effort.  Outside of data collection, direct benchmarking is a relatively simple process (although deciding on appropriate cohorts and removing outliers can complicate that analysis); meanwhile a detailed avoided cost model can take several months to complete.
For some regulators, who cover a small population or are not expecting to raise significant sums at an auction, the cost of a model would outweigh its advantages.  In general, spectrum values for small countries are set using benchmarks for this reason.
Similarly, some use cases for spectrum have a low value, and it is not reasonable to spend a large budget on valuation exercises where this may not be covered by the fees paid.
[bookmark: _Toc138771621]Use of valuation
Where the estimate of valuation is to be used to set fees for a licence renewal, it is important that a true value is reached from the analysis.  However, if the estimate is to be used when setting the reserve price of an auction, it is more important that the value is not overestimated – as this could lead to spectrum being unsold, with potential bidders not entering the auction.  Use of full enterprise valuation would likely lead to prices being set unreasonably high; prices being set too low would not be an issue as long as the auction is properly designed and attracts competitive bids.  It is again important to distinguish between spectrum value and spectrum pricing here – further discussion can be seen in Section 2.
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Benchmarking


Direct benchmarking


Adjusted benchmarking


Econometrics


Modelling


Avoided cost modelling


Business modelling


Opportunity cost modelling



Advantages


Simple and easy to understand


Reflect actual prices paid by operators


Publicly available data from past auctions


Disadvantages


Data points from other countries may not reflect local context and market circumstances


Choice of benchmark data can influence results significantly


Requires large datasets to give robust estimates

Advantages


Value can be calculated for individual operators


Disadvantages


Useful as a lower bound for spectrum value to an operator


Country-specific contexts can be directly captured in the model


The avoided cost model can provide outputs on aspects such as infrastructure requirements which is not possible with benchmarking methods


A complex model is required


Less practical as a way of deriving value for a new entrant, given that there is historical information to guide future projections


Operator specific cost data is required, though some international benchmarks may be used to supplement local data 


OFFICIAL

OFFICIAL

© 2023  Plum Consulting	4OFFICIAL

image1.png




image2.jpeg




image7.emf
a

Value

Band X Band Y Band Z

b


image8.emf
Avoided 

cost

Network cost

Network cost

without X MHz

Network cost 

with all spectrum


image9.emf
© Plum 2015

Market 

shares

Operator’s mobile 

data traffic

Urban Suburban Rural

Total mobile data 

traffic

Geotype traffic 

proportion

5G traffic LTE traffic

5G technical 

network inputs

5G RA network to 

be deployed

Coverage 

obligation and 

roll-out plans

Total available 

spectrum

LTE RA network 

to be deployed

LTE technical 

network inputs

Coverage 

obligation and 

roll-out plans

5G site and 

backhaul cost 

inputs

LTE site and 

backhaul cost 

inputs

5G RA network 

cost

LTE RA network 

cost

NPV of RA 

network costs

Demand determination

Network dimensioning

Network costing


image10.emf
Current demand

Current network

Network 

dimensioning and 

cost model

Unit costs

Outputs

Revised prices Revised demand


image11.emf
Revenue

Demand forecasts

Price forecasts

Network 

dimensioning

Network costs

Cash flow

Costs

Discounted cash 

flow

Cost 

models


image12.emf

image3.jpg




image4.jpg
_______________________________________________________________________________

R - O SN

——————————————————————————————————————————————————————————————————————————————————

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''




image5.jpg
.

,"ulll e

| |
| A 1 |
; IM'" 1

v

—o




image6.jpeg




