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Executive Summary:

The RF Spectrum is a limited natural resource, available to the whole mankind. A large number of communication services depend on its use for their functioning as well as improvement of the efficiency of their respective functions. Many critical services, like national defence, etc. as well as large number of socially beneficial services use the spectrum for their needs. During last two decades, there has been exponential increase in the mobile telephony services throughout the world, especially in developing countries, which in turn has led to large socio-economic development and benefits. This has increased, to a very large extent, the demands from public services on the limited natural resource of RF spectrum. At the same time, demands for spectrum from other radio-communication services are also increasing. Hence, this resource has assumed a large economic value on this resource, especially for public mobile telecom services.
All these developments have constrained the availability of spectrum for various services. Hence, it is essential that this limited natural resource is utilized in an optimal and rational manner by all services and users, in an overall national interest.  As the Radio frequencies are a natural resource, these should be regulated and used for the overall benefit of the nation. There are various technological and regulatory methods and techniques to enhance its optimum use.
The socio-economic benefits from public telecom services are important criteria to determine the optimum utilization of RF spectrum. The economic value/ equivalent of some of the social benefits can be quantified relatively easily, whereas quantification of economic value/ equivalent from some other factors is quite complex and involved issue. 
1.  Introduction:
The RF spectrum has been in the news during last few years for various reasons, mainly due to tremendous growth of mobile phones. The mobile telephony has brought about a revolution in the telecom facilities in the developing countries, which were earlier suffering from very low tele-densities. Through mobile telephony, countries have been able to augment telecom facilities for their citizens very rapidly. The number of mobile connections globally overtook the number of fixed lines in 2002 and has crossed 5.5 billion mobile phones at the end of 2010 for a global population of about 6 Billion, from less than 750 Million in end 2000 – the growth being mostly in developed world. This has brought about tremendous socio-economic benefits for all countries. The next telecom revolution being talked about globally is the broadband for knowledge society and wireless based systems would have to play a crucial role for this also. LTE, WiMax and HSPA+ are some of the technologies in the forefront for wireless broadband. 

2. RF Spectrum – General 
Radio Frequency (RF) Spectrum refers to a band of frequencies and the propagation of radio frequencies is governed by laws of physics. The RF spectrum is a limited natural resource, available to whole mankind. Different band of frequencies have varying propagation characteristics. While some frequencies can propagate across continents, some others can travel few hundred meters only. Their propagation range also depends on the RF power and antennae used for transmission and reception. 
A brief history about the radio waves: The work on the mathematical theory of the electromagnetic waves was carried out by Maxwell during 1865 – 1873. Based on this, radio wave propagation or wireless communication was discovered in 1887 by Heinrich Hertz. Some other scientists like Tesla had also been working on radio wave propagation. During initial period, it was known as wireless telegraph, as compared to the electrical telegraph (& the Morse code to designate different alphabets and numbers), which had been evolved by Samuel Morse around 1836. Different applications of wireless communications have been developed over the years.

3. RF Spectrum – Why it is a limited resource ?

There have been numerous articles on spectrum by different authors. A common question often raised relates to its limits, in the context of its being called a limited resource. The ITU defines the radio waves as electromagnetic waves of frequencies, propagated in space without artificial guide. The upper limit for radio waves presently is 3000 GHz (Giga Hertz). On the lower end, the international Radio Regulations of ITU start allocation of different frequency bands from about 9 KHz (Kilo hertz) onwards. Below this are audio or sound waves/ frequencies, etc. 

Some authors have talked about spectrum as a real estate in the air. In this regard, the air (or the atmosphere) only allows propagation of radio frequencies as per the propagation characteristics of different frequency bands. To use any frequency or band of frequencies, suitable equipment to generate and transmit those frequencies, coupled with appropriate receivers, is essential.

Another commonly heard question is – how much spectrum is allocated/ made available by ITU to different countries? The international Radio Regulations allow usage of all parts of the RF spectrum to all countries, without causing any harmful interference. Only exceptions are some frequency bands where global ‘Plans’ have been evolved, for example in some parts of the broadcast bands, where particular frequencies/ channels have been allotted for use at particular locations. The world is divided among 3 regions for international allocations, taking into account difference in requirements of these regions. Still, a large part of the allocations are completely global in nature. 

Hence, one can say in general that the RF spectrum extends from about 9 KHz to 3000 GHz. Thus, theoretically the RF spectrum is very large. But then, how come one often hears about spectrum being a limited resource. The ‘limitation’ of this resource comes from two main aspects – first that all frequency bands are not suitable for a desired communication and secondly that the suitable and cost-effective equipment for the intended communications is available in limited sub-bands only. 

An example of the first limitation is that if one wants to have very long distance communication in a single hop (without any repeaters in between), it is possible through short wave (or High Frequency) only, which are reflected by ionosphere (extending from approx. 60 kms to 500 kms above earth surface) for their propagation. The troposcatter systems were also developed for long distance, single hop communication, but did not prove very practical or reliable as compared with other available contemporary modes of telecom. Even if one uses satellite communication, it needs a spacecraft as repeater. Another example of this limitation is that mobile communications are practically feasible, with the present day technological developments/ equipment, only in bands below 6 GHz approximately.

An example of second limitation is that mobile communication handsets (as well as infrastructure equipment for the operators) are available in few sub-bands only. Even if spectrum is available in other sub-bands, the equipment in such frequency bands may either not be available or its cost may be exorbitant, thus negating its feasibility. Affordability by general public, both at entry level as well as tariffs for usage, is a critical element in developing countries. 

Further, there are a large number of different radio-communication services (more than 40), which need to use radio waves. Some commonly known radio-communication services are broadcasting, satellite communications, radars (radiolocation), aero-mobile (for aircrafts), etc. besides terrestrial fixed and mobile services. Different frequency bands are allocated, at international level, to various radio-communication services. The requirements of various services together are much larger than the practically available spectrum. Hence, most of the frequency bands are shared among different services. At the national level, the national agency managing/ regulating the RF spectrum can decide which particular service should have priority for the use of any frequency band.

The spectrum requirements of different services have been continuously growing, placing increasingly greater demands on this already limited natural resource. 

4. RF Spectrum – its management and regulation

Availability of adequate Radio Frequency (RF) spectrum is an essential and critical ingredient for the existence and growth of all mobile services. This natural resource of the Radio Frequency (RF) spectrum is not a physical material, but it has helped the mankind in many ways since the time of its discovery. The group of radio frequencies is generally called the RF spectrum or simply the spectrum in short. It is governed by the laws of Physics and the radio frequencies travel at the speed of light. 

Also, radio frequencies do not respect the geographical boundaries of countries and can’t be stopped at the national borders. Hence, the use of radio waves is regulated at international level and countries agree to various rules and regulations under the aegis of the International Telecommunication Union (ITU) Geneva, which is the oldest inter-governmental organization (established in 1865) and is now the specialized agency of the UN system for global telecommunication matters. 

The cardinal principle of radio regulations is that various radio-communication services, applications and usages should be able to operate without any harmful interference to each other.

Technological developments in wireless communications have opened use of higher frequency bands as well as increased its usage efficiency. Till about 50 year ago, mobile usages were considered feasible below 300 MHz (VHF) only, whereas now mobile communications are common upto 3.5 GHz and being developed in bands upto 6 GHz. On the other front, a single channel wireless system required 100 KHz bandwidth in VHF about 40 – 50 years ago whereas now the same channel can be squeezed in less than 5 KHz. Digital modulation has been another significant development, which has continuously enhanced the spectrum usage efficiency. 

Still, the exponential growth in the wireless communications and consequential increase in demand on the RF spectrum has outpaced practical availability of spectrum. The spectrum requirements of different services have been continuously growing, placing increasingly greater demands on this already limited natural resource. 

5. Optimum Utilization of Spectrum:
The optimum utilization of the limited & scarce natural resource of RF spectrum is essential by all and in all situations. The optimal utilization of RF spectrum goes beyond its efficient use. The optimum utilization includes, among others, its usage only when absolutely essential or when other alternatives are not available. 

The telecom networks are planned and implemented as techno-economic & cost effective solutions and not merely based on technological efficiency of the system or its technology. Also, the telecom networks are known to need relatively long time before becoming profitable. In India and many other developing countries, the tariffs and the ARPU (Average Revenue Per Unit) are relatively low. The technological efficiency and the cost of the system (both capital cost and recurring costs) should work out in such a manner so as to maximize the return on capital.  

Different people and groups have tried to define and determine the spectrum efficiency in different manners. Some of these spectrum efficiencies are related more to technological aspects, while some others are indirectly related to economic aspects.
Also, in general, the concept of spectrum efficiency for commercial users and for the government agencies, especially security agencies, are quite different. This is because the basic philosophy/ nature of their network planning are quite different. Hence, it may be appropriate to determine the most appropriate manner of defining the spectrum efficiency as well as the criteria to determine the optimal spectrum utilization.
While it is relatively simpler to quantify the technical & economic outputs and assessment of their efficiency, the quantification & assessment of socio-economic benefits is relatively involved process. 
6. Spectrum - a life line for mobile services

During recent years, the mobile telephone services have brought about a telecom revolution globally, especially in developing countries, which had extremely low penetration of telephone services earlier. The mobile telephone services have brought about immense socio-economic benefits to all those societies. This, in turn, has put an extremely large economic value on the spectrum, which is the life line for mobile telephone services.

For the Government/ Regulator, the economic/ monetary receipts/ benefits come in two ways – first as the initial auction/ one time charge/ fee at the beginning of the licence period; and second as the recurring annual charge during the licence period – whether revenue share or an annual charge based on other parameters. From a practical point of view, the returns/ economic receipts for the Government during a period of 10 years can be considered.
While it has been generally accepted that economic level and growth in a country decides the spread of the mobile telephony services in any country, it has also been proven that growth of telephone services, including mobile telephony, accelerates the economic growth. 

Considering the immense socio economic benefit of this natural resource as well as its practical limitations, its optimum and efficient usage by all wireless users (private or Government, commercial or public service) is essential to derive the maximum social benefit/ good from this resource, by providing mobile services in an affordable manner. Simultaneously, the usage of higher, virgin frequency bands should be encouraged.

7. Optimum Utilization – maximizing the benefits to nation

One of the criteria to determine optimum utilization of this natural resource can be when the regulatory benefits – economic accruals to the Government/ regulator and the socio-economic benefits to the society maximize. The Supreme Court of India in 1995 had decided that the radio frequencies being a natural resource should be regulated and used for the overall benefit of the nation. 
8. Optimum Spectrum Utilization – an analysis:

To start with, the spectrum efficiency for the commercial users can be attempted. There could be various methods and techniques to enhance spectrum efficiency, including spectrum sharing, more efficient modulations, digital modulation, MIMO & other diversity techniques, etc. as well as different tools for more efficient network planning There are regulatory as well as technology aspects of this issue. An appropriate pricing of this scarce resource, taking into account national economy, can also be an effective mechanism to ensure its optimum use. Some of the different manners of defining the spectrum efficiency are given below:
· Bits per Hertz: The technology developers normally try to define the spectrum efficiency in Bits per Hertz. Higher the bits per Hertz which can be delivered by a particular technology, better is such technology. At present, the highest bits per Hertz delivered by any technology is about 4. Another version of this is the throughput of data in MBPS per cell, which can be supported by the technology. Also, generally the bits per Hertz in the backhaul systems can be higher than in the access systems, as the latter have to serve varying situations within the same cell/ sector, while parameters for every backhaul link are worked out individually;
· No. of Subscribers which can be supported per MHz: There is an alternative method to describe this as capacity per MHz, per Sq. Km. This method of defining spectrum efficiency is normally for a particular area or even the whole country. However, in the case of large area, this is an average of the spectrum utilization efficiency from dense urban to the remotest rural areas as well as all other categories of population densities in between the two extremes. Also, all the available spectrum may be fully utilized only in the densest urban areas. In all other areas, only the essential portion of the available spectrum may be used and enhanced gradually as per traffic requirements. Further, because of the trunking efficiency aspect, larger amount of spectrum with a single operator would allow greater spectrum efficiency as compared to another operator having smaller amount of spectrum. This is also defined by some experts in slightly different manner as given below:

· Traffic capacity/ MBPS/ MHz/ Sq. km: This is important in commercial/ public telecom services. However, the utilization of spectrum and hence the traffic capacity/ MBPS/ MHz/ Sq. km is not uniform throughout the service area. It is similar to the No. of Subscribers which can be supported per MHz referred above. Therefore, for practical purposes, a mixture of maximum to minimum spectrum utilization as well as different densities of BTSs in different categories of sub-areas, has to be taken into account. 

· Spectrum allocative or regulatory efficiency: one Indian academician (from economics/ business management field) has defined spectrum allocative efficiency and compare it with technical efficiency of spectrum utilization. As per him, the technical efficiency of spectrum is based on the use of minimal inputs (e.g. amount of spectrum and BTSs deployed) to achieve a given level of output (e.g. supported subscriber base or traffic) or the production of maximum output with a set of inputs. On the other hand, the spectrum allocative efficiency has been defined by him as use of the right mix of inputs taking in to consideration their relative prices. He has further added that economic efficiency requires that an industry exhibit both technical and allocative efficiency.

· Spectrum allocation efficiency: Still another international economist has tried to define the spectrum allocation efficiency slightly differently, in a manner as to maximize the value of spectrum for the country, taking into account the expected revenues and the real costs. This is similar to regulatory efficiency, which is determined by the revenues accruing the government.
· There are many other different manners in which spectrum efficiency has been defined by different groups. 
· Some of the techniques to improve the spectrum efficiency are AMR (Adaptive Multi Rate), Use of Micro and pico cells, Power control, Underlay & Overlay Mechanism, Multi layer network design, DTx (discontinuous transmission), Antenna hopping, Software upgrades, Interference combing. Optimization techniques to improve the QoS, etc.

· Any technology or its further development/ versions, which give the maximum technological efficiency, are generally costly and thus require higher level of capital investment. If this gets coupled with higher level of spectrum and other regulatory charges, the service tariffs would be correspondingly higher and hence, less affordable to the citizens. This is all the more significant in developing countries, where everything is highly price sensitive and the growth of services is crucially dependent upon the tariffs, besides the entry level costs.

· In the process of spectrum usage, the socio-economic benefits of the services to the citizens are also an extremely important factor and should be duly taken into account, while determining the optimum utilization. 
· The version of technology and level of spectrum charges, which result in maximizing the sum total of the benefits to the nation – including government revenues as well as the equivalent of social benefits, would lead to the ‘Optimum Spectrum Utilization’. 

9. Some of the relevant parameters/ factors to determine the socio-economic benefits are:

Direct creation of jobs; 

Increase in productivity of self-employed persons;

Reducing travel, wherever possible, through communication, tele-conferencing etc., leading to ecological improvement/ benefits; 

Taking banking services to rural and remote areas through mobile services;

Improvement in marketing of agriculture produce by farmers;

Taking Government services to citizens

Warning of natural calamities, if they can be forecast, e.g. cyclones, etc. and better coordination of rescue operations;

Marketing reach to rural and remote areas 

Inclusive and sustainable growth of the society, leading to reduced social divide/ tension

Improvement in e-governance, including better and faster law and order services

Social empowerment, specially for the have-nots; Etc.

While economic benefits in respect of some of the above factors can be quantified relatively more easily, the economic quantification of benefits for some other factors is quite complex and involved issue. 

Some of the economic experts hold the view that social benefits from the use of spectrum can be 10 – 20 times the spectrum charges. It also follows from this that if the spectrum charges paid by the telecom service providers are lower, they would be able to roll out their networks faster and across their service area as well as offer their services at lower/ affordable tariffs, thus enhancing the benefits of the service to the citizens. Hence, if the spectrum charges are lower - within a reasonable range, the socio-economic benefits would be higher
10. Conclusion:
It has been accepted by most of the governments and experts that the RF spectrum should be utilized optimally in the overall national interest. However, determination of the optimum utilization of the spectrum, which includes the technological efficiency, network planning efficiency, regulatory efficiency and brings out the socio-economic benefits appropriately, is a complex and somewhat involved exercise, especially because of complexity involved in quantification of economic value/ equivalent of some of the social benefits. However, collaborative effort(s) of technical & economic experts and social scientists can try to quantify the economic value/ equivalent for most of the social benefits to a fair degree of accuracy. 
