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�1.	Introduction

The radiocommunication era, one of the most significant achievements of mankind, is still developing and all of its possibilities and limitations have still to be recognised. Since the time of the first message transmission using radio waves, radiocommunications has become an essential ele�ment of our civilisation, used increasingly in the conduct of government, business and social rela�tions.

The future of many new radiocommunica�tion services depends critically on availability  of the frequency bands within radio-frequncy spectrum. However, the spectrum is a resource limited by technology and management capability. The spectrum offers great opportunities if properly organised, developed, and regulated, that is managed.  To obtain the benefits of this natural resource that has economic and social value by each country it is necessary to develop methods to manage the spectrum to ensure efficient and effective coordination between different systems, to meet the immediate and long-term demand by existing and new radiocommunication systems.

The whole regime of frequency allocation and coordination is dependent on cooperation for mutual protection and mutual benefit. As the demand on resources like spectrum/orbit grows, and as the complexity of radio systems increases, there is greater need for international coop�eration. Each country should therefore work together with other countries to maximize its benefit.

At the international level, the ITU has provided a forum for such cooperation. An important element of that cooperation is setting standards for radio systems. That activity continues since 1906 when the limited nature of spectrum was recognised and  the first international radio treaty provisions (the Service Regulations) were adopted. First allocation of radio frequencies to the various ra�dio services was made in 1927. Same Con�ference created the CCIR (now the ITU-R Study Groups) to develop technical bases for efficient utilization of the frequency spectrum and to recommend performance standards for radio systems.

Today, the ITU Constitution and Convention, and Radio Regulations (RR) annexed thereto contain the statutory provisions concerning radiocommunications.

The ITU primarily deals with spectrum utilization is�sues through World Radiocommunication Confer�ences (WRC), which when revising the RR should:

take into ac�count technical progress and the requirements of radiocommunication serv�ices;



provide the basic tools which will enable countries to improve the utilization of the limited spectrum/orbit resources and consequently increase radiocommunication facilities worldwide.

The WRCs regulate spectrum utilization through:

frequency band allocation, the entire set of which are contained in the Table of Frequency Allocations (RR Article S5) - the purpose of each allocation is the use of that bandwidth under specified conditions by one or more terrestrial or space radiocommunication services, or the radio astronomy service (see RR S1.16);

allotment of a radio frequency or radio frequency channel, which appears as an entry in an agreed plan adopted by the conference. These frequency channels are for use by one or more administration, in one or more identified countries or geographical areas, for terrestrial or space radiocommunication services under specified conditions (see RR S1.17); 

assignment of a radio frequency or radio frequency channel - the assignment is carried out by an administration and authorizes a radio station to use a particular radio frequency or radio frequency channel under specified conditions (see RR S1.18).

The Radio Regulations serve as the primary international agreement covering rules and procedures for operating a radio system and for resolving problems of interference.  The Table of Frequency Allocations and the different Allotment and Assignment Plans serve as a basis for international and national spectrum utilization.

The ITU has played a central role in the systematic planning, management and regulation of equitable ac�cess to, and efficient and economical use of the radio fre�quency spectrum and the geostationary-satellite orbit by all countries.

2.	Background

Today, the ITU work on radiocommunications is consolidated in the Radiocommunication Sector with the aim to ensure rational, equitable, efficient and economical use of the spectrum/orbit resource by all radio services. The spectrum management should be considered as a way to achieve this aim. 

One of the tools to achieve this aim is the development of ITU-R Recommendations on the technical characteristics and operational procedures for radiocommuncation services and

systems. ITU-R Recommendations approved by the Member States contain the best currently available information on a topic and may be regarded as “standards”.

Technical studies leading to the production of Recommendations are undertaken in the ITU-R Study Groups, each of which addresses a particular area of radiocommunications. The ITU-R Study Groups (ex-CCIR) terms of reference have periodi�cally been reviewed and modified to follow the current needs of the participants, but studies of the efficient use of the radio frequency spectrum have always been included. 

The 1997 Radiocommunication Assembly  adopted the work programme and the structure of the ITU-R Study Groups including Special Committee on Regulatory/Procedural Matters and Conference Preparatory Meeting (see Table 1):

Table 1

Structure of the ITU-R Study Groups

Radiocommunication Study Groups��SG   1�Spectrum Management��SG   3�Radio Wave Propagation��SG   4�Fixed-Satellite Service��SG   7�Science Services��SG   8�Mobile, Radiodetermination, Amateur and Related Satellite Services��SG   9�Fixed Service��SG 10�Broadcasting Service (Sound)��SG 11   �Broadcasting Service (Television)��SC�Special Committee on Regulatory/Procedural Matters��CPM�Conference Preparatory Meeting��The ITU-R studies are mainly focused on the technical and operational aspects of the Spectrum management. Studies on Spectrum management consists of:

studies of “General principles” which are common for all radiocommunication services defined by the Radio Regulations; 

“Service oriented ” studies which concern requirements of the specific service or services.

“General principles” include:

characteristics of the transmitted signals (necessary bandwidth, frequency tolerances, level of  unwanted emission, etc.);

propagation for the different frequency bands and geographic regions;

general principles of sharing;



avoidance of interference;

noise levels;

spectrum control.

“Service oriented principles” include:

system characteristics;

sharing criteria; 

interference criteria;

protection ratios.

Here, no attempt is made to review in detail the results of all studies dealt to spectrum management due to space and time limitations. 

3. 	ITU-R studies of “General principles” of spectrum management 

Studies of “General principles” are carried out by Study Groups 1 and 3. The results of these studies in the form of ITU-R Recommendations on “SM”, “IS” and “P” Series may be used for all radiocommunication services defined by the Radio Regulations. 

ITU-R Study Group 3 has as its scope the propagation of radiowaves in ionized and non-ionized media and the characteristics of radio noise, for the purpose of planning, coordinating and improving radiocommuni-cation systems. The principal objective is to develop Recommendations “P” Series on propagation appropriate for spectrum planning and system design. There are many complex frequency-specific propagation effects that need to be considered in the allocation of spectrum to particular services.

Recommendation ITU-R P.1144 gives a guide to the application of the propagation methods contained in 20 other Recommendations on “P” Series. 

The principal objective of ITU-R Study Group 1 is the development of spectrum management fundamentals for use as the basis for system design and service planning. Studies on long-term strategies for spectrum utilization are also included in the scope of this Group. 

Since 1995 Study Group 1 also deals with limited and urgent inter-service sharing and compatibility studies. 

Today more than 110 ITU-R Recommendations on “SM”, “IS” and “P” Series cover:

spectrum engineering principles and techniques;

principles and techniques for spectrum planning, inter-service sharing and compatibility;

radiowave propagation;

techniques for spectrum monitoring.



4.	Recent results of ITU-R studies on spectrum utilization 

Results of studies on spectrum management carried out in 1993-1997 are the basis of Recommendations ITU-R SM.1046, SM.1131, SM.1132, SM.1133 and SM.1265 and Report ITU-R SM.2012 which cover the different aspects of spectrum utilization. 

4.1	The current structure of frequency allocation

The current structure or  "status quo" is the Table of Frequency Allocation of the Radio Regulations. The spectrum from 9 kHz to 400 GHz is segmented into smaller frequency bands and allocated to over 40 radiocommunication services. The radiocommunication services are identified as primary or secondary in the Table. 

The current structure of the Frequency Allocations permit administrations to deviate from a particular allocation by use of footnotes. Footnotes are used to alter, limit or change the relevant allocations. Such deviation takes the form of additional or alternative allocations. Although such allocations can be a disruptive influence, they remain an issue of national sovereignty and reflect specific situation of a country.

The Table is also organized into three ITU Regions of the world and is supplemented by assignment and allotment plans for some bands and services. A number of ITU-R Recommendatioins on the current frequency allocation structure have already been approved. The existing radiocom-munication services are shown in Figure 1.

The Radio Regulations define over 40 different radio services some of them as subsets of others. A guide which considers the technical requirements for the spectrum utilization by more broadly defined services are provided in Recommendation ITU-R SM.1133. 

The objective of using broadly defined services is to increase the flexibility of allocations. The concept of using broadly defined services in this context does not necessitate the elimination of narrowly defined or subset services, but involves the use of the most broadly defined service.

The relationship between radio services in terms of broader and narrower definitions is illustrated in Figure 1. A flow�chart guide is also provided to a process that can be used in developing a list of merged services. It should be recognized that subjective judgement must be exercised in determining the "Yes" or "No" answer.

In studying the use of broadly defined services technical and operational criteria are considered in this Recommendation.

�FIGURE 1

Radiocommunication services as defined in the Radio Regulations

� EMBED Visio.Drawing.3  ����� EMBED Visio.Drawing.3  ������Recommendation ITU-R SM.1131 analyses the factors to consider when evaluating the need for a worldwide allocation versus separate regional allocations in a specific frequency range. Now, there are many differences in allocated services and allocated band limits between the three ITU Regions. Worldwide allocations can:

simplify the Table of Frequency Allocations;

ease coordination requirements;





promote equipment availability for international markets and reduce production costs, thus helping to meet the requirements of developing countries in particular;

facilitate activities that depend on internationally operable equipment (i.e. flight traffic control).

The technical, operational, economic and other factors should again be considered when evaluating where worldwide allocations are needed.

These factors should be understood in the context of the time available to achieve a worldwide allocation where differing regional allocations currently exist. In achieving a worldwide allocation, a considerable period of time is required to plan and arrange for the many aspects of changing service allocations. An orderly approach to implementation of a worldwide allocation, will not only allow technical and operational issues to be resolved, but could permit attrition and obsolescence of equipment. It can minimize service disruption and dislocation, while permitting region specific services to continue operation under the proviso that continued operation does not retard the worldwide implementation programme.

The Radio Regulations and the Table of Frequency Allocations therein permit administrations to deviate from a particular allocation by use of footnotes. The elimination of regional differences in allocations will not eliminate automatically the existence of such deviations.

Recommendation ITU-R SM.1132 formulates general principles and methods for spectrum sharing between radio services. Inter-service sharing exists when two or more radio-communication services effectively use the same frequency band. Utilization of the radio spectrum is dependent on frequency, time, spatial location, and orthogonal signal separation (see Figure 2).

Any sharing of the spectrum will take into account one or more of these four dimensions. Sharing can be accomplished when any two of these dimensions are in common and the third and/or fourth dimension differs by a degree sufficient to

FIGURE 2

Sharing methods 
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ensure that all the involved services can operate together satisfactorily. Sharing can also be accomplished when services have all four dimensions in common. In such cases, sharing is accomplished by applying technical conditions which do not compromise the performance requirements of the services involved. Table 2 details the technical methods which grouped in columns based on the four dimensions: frequency, time, spatial location and signal separation.

Some of the methods are new and innovative and may make more efficient use of the spectrum or provide flexibility. Many of them result from the introduction of new technologies, including computerization. Some of the methods are complex, involving real-time computer controlled frequency management systems. All these technical methods used to facilitate sharing require updating in a future to take account of new developments.

�TABLE 2

Technical methods used to facilitate sharing

Frequency separation�Spatial separation�Time separation�Orthogonal signal separation��Channelling plans

Dynamic real-time frequency assignment

Frequency-oriented multiple access schemes (FDMA)

Coding:

error correction

compression

Control of emission spectrum characteristics

Dynamic variable partitioning

Frequency tolerance limitation�Site selection

Antenna pattern discrimination

Physical barriers

Site shielding

Interference power:

dynamic transmitter level control

pfd limitation

power spectral density limitation (energy dispersal)�Duty cycle control

Dynamic real-time frequency assignment

Time-oriented multiple access schemes (TDMA)

Coding:

error correction

compression

�Code-oriented multiple access schemes (CDMA)

Antenna polarization���Recommendation ITU-R SM.1265 examines alternate allocations structures with the aim of using the radio spectrum more efficiently and providing flexible access to the spectrum by new technologies. These alternate allocation  structures should also maintain use of the spectrum by existing systems.

Five alternative frequency allocation approaches, one of which is the current structure are considered. 

The new alternate allocations structures considered are:

allocations based on generic services;

allocations based on spatial service areas;

allocations based on technical rules;

allocations based on market approaches.

The objective of formulating alternate allocation structures is to permit some additional flexibility to administrations in the allocation process and where possible to simplify the regulatory provisions. An additional objective is to reduce the size and complexity of the Radio Regulations while guaranteeing the continued access which is provided currently by the existing block allocation methodology together with its footnotes.

4.2	Allocations based on generic services

All radiocommunication services could be combined to form a number of "generic" radio services. The combination can be based on grouping by similar usage (based on operational zones, systems and propagation characteristics).

There can be different degrees of combination of existing services. At the minimum level, services which have similar application could be combined (e.g. aeronautical-mobile satellite, maritime�mobile satellite, land-mobile satellite combined to form mobile satellite). Further combination could be achieved by, grouping services which could operate under either special technical conditions or, by consideration of their area of operation (i.e. worldwide, regional, etc.). Clearly it will be necessary to establish the technical conditions and include these as part of the allocation in Article S5 or in a reference document of the ITU-R.

Example of a smaller number of generic services is as shown in Table 3.

TABLE 3

Example of a number of generic services

Terrestrial:

mobile;

fixed;

broadcasting;

amateur;  

aeronautical mobile;

maritime mobile;

radiolocation;

radionavigation;�Space:

mobile satellite;

fixed satellite;

broadcasting satellite;

amateur satellite;

space operation;

space research;

passive services (radioastronomy).��A further reduction might be possible in the future as technologies advance and services evolve (e.g. trend towards universal personal communications and more widespread use of digital techniques).

4.3	Allocations based on spatial types

The spatial service area approach classifies the spectrum by using the service area of the radio systems. The radio systems may be grouped according to the spatial nature of their transmissions. Using this approach the seven spatial service areas can be defined as shown in Table 4.

TABLE 4

Example of a number of spatial services areas

Terrestrial spatial service area:

point-to-point;

point-to-area;

area-to-point;

area-to-area.��Space spatial service area:

space-to-Earth;

Earth-to-space;

space-to-space.

��The usage within the service area as well as technical conditions should be also taken into account.

This approach is a major change, and will require careful consideration in mapping the existing services into the new structure, as a current service may qualify for more than one spatial allocation. 

After the existing radio services are classified to the spatial groups, they are replaced by the latter in the Table of Frequency Allocation. As a result, the Table will contain the spatial service areas in place of the radio services.

4.4	Allocations based on technical considerations (EMC techniques)

The EMC techniques approach uses the basic technical parameters of the signals, rather than their specific functions (services). Radio system performance can be defined in terms of the performance level and the tolerance level. For any two (similar or dissimilar) radio systems operating in the same geographical area and at the same time, the technical constraints for these two systems to operate based on this model can be established. The EMC approach is based upon the system characteristics: type of modulation, bandwidth, transmitted power, and antenna parameters as well as propagation characteristics of the radio wave which make up the essential elements of this model.

This approach based on EMC models defines the sharing between systems in terms of the necessary equations that determine the levels of the desired and undesired signals at the location of a proposed and existing receiver. 







�

The desired signal level is:

S  =   ST + GTS + GR  -  L(d, f)                           

where 

S 	- wanted receiver input signal power (dBm);

ST 	- wanted transmitter signal power (dBm);

GTS	- wanted transmitter antenna gain (dB) -  		  typically main beam gain;

GR 	- receiver antenna gain (dB); 

L(d,f)  - transmission loss for wanted signal path (dB);

d  	- distance between transmitter and receiver (m); 

f  	- frequency (Hz).�The undesired signal at the receiver input is:

I = IT + GTI + GR(() - L1(d, f)                            

where:

I	- unwanted receiver input signal power (dBm);

IT	- unwanted transmitter signal power (dBm);

GTI	- unwanted transmitter antenna gain (dB) - 		  main beam or side lobe;

GR(()	- receiver antenna gain in direction of interference;

L1(d, f)	- transmission loss for unwanted signal path (dB);

d  	- distance between transmitter and receiver (m);

f          - frequency (Hz).����Combining two equations the input signal-to-interference ratio is:

(S/I) = S - I (dB)

and the criteria are:

(S/I) > (S/I)TH		acceptable performance

(S/I) < (S/I)TH		unacceptable performance.

where 

(S/I)TH (dB) -  wanted-to-unwanted performance threshold criteria.

The basic EMC calculations can be used to introduce a new system into the existing spectrum environment.

The benefit of using EMC techniques are as follows:

models for sharing are a priori defined;

no restrictions on the type of system;

flexibility of use is defined within the interference equation definitions;

all available spectrum space can be used by some type of system within the definition of the equations.

Within any allocation the impact of a new system/service can be assessed based on the technical parameters of the existing and proposed systems. By providing a regulatory means by which the characteristics of systems that could use the band were established, greater flexibility could be achieved. The establishment of these characteristics might be a function that could be performed by the Radiocommunication Sector.

Propagation modelling techniques, combined with extensive and up-to-date databases, can be processed in high-performance computer systems to accurately predict the impact of new systems.  These capabilities within a suitable regulatory environment could provide the desired flexibility in the use of the Radio Regulations.

As such it cannot be used as a stand alone allocation method, but can be used with any other allocation method to increase flexibility and access to the spectrum.

4.5	Economic methods of spectrum management (Market approach)

In view of increasing worldwide demand for radiocommunication services, economic methods of national spectrum management are becoming essential. These methods promote economic, technical, and administrative efficiency, and can also help fund national spectrum management programs that can ensure that radio services are able to operate on a non-interference basis.  

Some  general features of radiocommunication development, which stimulate the necessity of economic principles to be introduced are as follows:

telecommunication liberalization accompanied by the privatisation of  telecommunication enterprises;

rapid increase in spectrum access demand and as a result of it spectrum scarcity;

no sufficient incentives for increase of spectrum use efficiency;

overestimation of spectrum requirements; the tendency to "spectrum reservation" and ”paper satellite systems” so far as the spectrum use rights are practically free-of-charge;

growing financial burden of a state spectrum management body budget in connection with the increase of number of working radio systems and new applications.

The application of economic methods pursues achievement of the following purposes: 

stimulation of increase of spectrum use efficiency;

satisfaction of the heaviest  amount of the applications; and

new financial source for spectrum management. 

The decision to use economic methods of spectrum management for certain service should be based on the detailed analysis of specific character and public value of a service. Estimation of a congestion of allocated band and forecast of growth of spectrum requirements of the operators are needed. Required capital expenses on designing and maintenance of radio systems and alternatives telecommunication systems of similar purpose, for example cable, should also be taken into account.

The application of economic methods to a spectrum management means  interconnected processes - spectrum pricing and change of spectrum rights.

Under studying of spectrum management economic approaches three main methods of their implementation may be determined: Administrative, mixed and market. Their advantages and disadvantages are listed in Table 5.

�TABLE 5

Comparison of different pricing methods

�ADMINISTRATIVE�MIXED�MARKET��Pricing �State authority �State authority or Users�Users or Market��Advantage�New financial source for SM

Strong State control on SM 

No need for new legislation

No implementation cost

�New financial source for SM

Adequate State control on SM

Promoting of new technologies

Some reasons for increasing SUE�New financial source for SM

Flexibility in the face of changes

Promoting of new technologies

Economic reasons for increasing SUE��Disadvantage�No reasons for increasing SUE

Inflexible for market changes �Need for new legislation and  rules

�Low State control on SM

Need for new legislation and  rules����The most important problem of introduction of economic is an establishment of the price. “Spectrum pricing” is understood as determination the price of the right of spectrum use in connection with specific character of this resource. There are two main methods of an  spectrum price  determination - auction and fees.

While a free market in spectrum does not appear feasible due to technical, economic, and social considerations; auctions, transferable and flexible spectrum rights, and well-designed fees can enable a number of the benefits of a market approach to be realized.  Auctions appear best-designed to promote efficient use of spectrum when there are competing applicants for the same frequency assignment, and transferable and flexible spectrum rights ensure that an assignment will continue to be used efficiently after the auction has taken place.  However, auctions may not be appropriate for services in which there is limited competition for spectrum assignments, for socially desirable services such as safety of life, national defense, radio astronomy, and for international services such as satellite services. For some of these services, fees may be appropriate and can promote efficient use of the spectrum.

Recognizing a distinction between national and international aspects of spectrum management economic methods may be applied only to certain bands or services. Studies conducted in a number of countries show that the most attractive applications of economic methods are fixed, broadcasting and mobile services.

More information on economic aspects of spectrum management may be found in Report ITU-R SM.2012.



4.6	Spectrum utilization efficiency

Since the spectrum is a limited resource and demands for spectrum are increasing rapidly in many frequency bands the efficiency of spectrum usage is an important factor. 

In recent years, there are many improved radio technologies, including frequency re-use, directive antennas, modern digital modulation methods, etc., which afford considerable improvement in the efficient use of the spectrum. These new techniques are available to help accommodate the growing demands for the spectrum. 

However, there is a need for defining the degree and efficiency of spectrum use, as a tool for comparison and analysis for assessing the gains achieved with new or improved technologies, particularly by administrations in the national long-term planning of spectrum utilization and the development of radiocommunications. 

It should be pointed out here that the measure of spectrum utilization efficiency is very different for different types of systems or services. For example, the calculation of spectrum efficiency for point-to-point systems is very different to that of satellite or land mobile systems. Hence the comparison of spectrum efficiency should only be done between similar types of systems and within a specific frequency band. It would be beneficial to conduct the comparison of the spectrum utilization by the same system over time to see if there is any improvement in the specific area under study.

	The spectrum utilization efficiency is not the only one important factor to be considered. Other factors to be included in the selection of a service or a system for the frequency allocations include the cost, the availability of equipment, the compatibility with existing equipment and techniques, the reliability of the system, and operational factors.

Recommendation ITU-R SM.1046 defines a measure of spectrum utilization - “spectrum utilization factor” (U) as the product of the frequency bandwidth (B), the geometrical (geographic) space (S), and the time denied to other potential users (T).

Spectrum utilization efficiency (SUE) is a ratio of the amount of information (M) transferred over a distance to the spec-trum utilization factor (U).

To compare the spectrum efficiencies of two similar types of radio systems providing the same service the concept of relative spectrum efficiency (RSE) can be used. RSE is defined as the ratio of SUEs of two systems, one of which may be a system used as a standard of comparison.

RSE  =  SUEactual system / SUEstandard system

The likely candidates for a standard system are:

the most theoretically efficient system,

a system which can be easily defined and understood,

a system which is widely used – a de facto industry standard.

The RSE will be a positive number with values ranging between zero and infinity. If the standard system is chosen to be the most theoretically efficient system, the RSE will typically range between zero and one.

The major advantage of computing the RSE is that it will often be much easier than computing the SUEs. Since the systems provide the same service, they will usually have many factors (sometimes even physical components) in common. This means that many factors will “cancel out” in the calculation before they need to be actually calculated. In many cases this will greatly reduce the complexity of the calculation.

The comparison of spectrum efficiency should be only done between similar types of systems and which provide identical radiocommunication services. It would be beneficial to conduct the comparison of the spectrum efficiency or utilization of the same system over time to see if there is any improvement in the specific area under study.

It should also be noted that although spectrum efficiency is an important factor, because it allows the maximum amount of service to be derived from the radio spectrum, it is not the only factor to be considered. Other factors to be included in the selection of a technology or a system include the cost, the availability of equipment, the compatibility with existing equipment and techniques, the reliability of the system, and operational and administrative factors.
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