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1. 
Introduction
Radio Astronomy is exclusively a passive application of radio frequency usage and studies natural emissions of cosmic radio sources. Because of their physics, these cosmic sources provide their information throughout the whole electromagnetic spectrum, but not in a way that one part of the spectrum can easily be the substitute for another part. At least occasional access to the whole radio frequency spectrum is highly desirable for radio astronomy to do high sensitivity observations of the radio sources to serve fundamental research of the physics of the Universe. The implications that this has on the frequency requirements for radio astronomy are detailed below.

2. 
Protection of radio astronomy
Because of its nature, the protection requirements for radio astronomy are dissimilar from those of active radiocommunication services: 


It is common practice in the design of active services that the power of emitted signals is raised to the point that the level of natural, additive noise onto the received signal is made negligible. In such a context where active spectrum users may raise their transmit powers beyond that, spectrum management reduces to ensuring each user some required signal-to-interference ratio, i.e. handling relative signal power levels. Passive services such as radio astronomy are based on measurements of natural radiation, normally of very low levels. They need protection in absolute terms.

3. 
Categories and aspects of radio astronomy research
3.1. 
Emission mechanism
3.1.1. 
Continuum or broadband emission

Continuum or broadband emission is generated by either a thermal or a non-thermal mechanism. Continuum emission provides information about e.g. galactic magnetic field and thermal radio sources. A general consideration for the study of the continuum emission of radio sources is the requirement of sampled observations of these sources throughout a very wide frequency range. Observations in the four Stokes parameters at many different frequencies help to define the shape of the spectra and polarization characteristics of the emission from these sources, which in turn can give information on the physical parameters of the radiating sources including their lifetimes. The knowledge of these physical parameters is essential for our understanding of the physical processes that produce radio radiation.

Since for the study of the continuum emission of radio sources, observations of these sources have to be done throughout a very wide frequency range, the ITU-R Radio Regulations earmarked frequencies roughly every octave throughout the radio frequency spectrum. Such a distribution is sufficient, but reduction of this sampling may lead to difficulties in the interpretation, especially of measurements of polarization characteristics of the emission.

3.1.2. Spectral line or narrow band emission
Spectral lines are generated by transitions between the energy states in atoms and molecules. The relative strengths, frequencies, and widths of these lines are set by nature, depending on the atom and molecule in question, their density, temperature, and line-of-sight velocity. In some circumstances, the line strength can be greatly increased by maser action. Spectral lines are observed in emission and absorption depending on the physical circumstances in the direction of the radio source. Although the intrinsic (= ‘rest’) frequency of a spectral line is defined by both the specific atom or molecule and the specific transition, it is Doppler shifted according to the radial velocity of the gas relative to the observer. For large velocities, the observed frequency may be significantly displaced from the intrinsic value, often well beyond the limits of spectral bands allocated to protect spectral line observations.

3.2. Frequency band situation
3.2.1. Interference free frequency bands
Interference free frequency bands must be available to the Radio Astronomy Service to enable this service observations at the highest possible sensitivity and for the purpose of instrumental calibration to enable measurements in other frequencies with adequate data quality.

3.2.2. Frequency bands shared with other services
In frequency bands shared between the Radio Astronomy Service and other radiocommunication services, adequate co-ordination techniques and procedures must be applied to protect radio astronomy to enable research progress for which always observations at the highest possible sensitivity are required. In this process the different protection perspective as indicated in section 2 should be taken into account. In case the Radio Astronomy Service has a secondary allocation or a footnote S5.149 flag, CRAF requests CEPT to recommend adequate consideration of the protection requirements to the European administrations. An example where this is urgently needed is given in the notes to the frequency band 1330-1400 MHz below.

3.2.3. Observations outside allocated bands

Scientific research demands at many occasions that observations are done outside frequency bands allocated to radio astronomy. CRAF recognises that this can only be done at the cost of degradation due to interference, sophisticated interference excision techniques (which are continuously under development since they depends to a large extent on the instrument used) and related aspects. The CEPT could give guidance to administrations to co-ordinate frequency planning with radio astronomy stations in frequency bands not allocated to radio astronomy but necessary for its research – see section 5.

3.2.4. Allocation principles
CRAF considers that the following allocation principles must be taken into account to ensure adequate access and use of radio frequencies by scientific applications:

· The allocations to the passive services should be in  response to physical processes in space or the atmosphere.

· Passive sensors of the Earth Exploration-Satellite Service are operated on a global basis, and co-ordination with other services is not practical. The only sharing possibility resides in a strict compliance with the interference threshold of the passive sensors.

· The Radio Astronomy Service is particularly vulnerable to space-to-Earth transmissions from satellites and downlink transmissions from aeronautical stations.  Allocation to services operating such facilities must not be made within  important Radio Astronomy Service-bands or within bands adjacent to those with allocation to radioastronomy .

· Co-allocation of the Radio Astronomy Service and terrestrial services (except high altitude platforms) is possible, provided there is the necessary co-ordination around the radio astronomy station.
· A frequency band earmarked for spectral line research can also for continuum observations when it is sufficiently wide to achieve the required sensitivity. In that case no ‘continuum’-allocation is needed near the spectral line frequency band. 

3.3. Radio Astronomy is international
In Very Long Baseline Interferometry, VLBI, groups of radio telescopes form an interferometer network in which the different interferometer elements can have mutual distances up to several thousand kilometer (the European VLBI network extends from Jodrell Bank in the United Kingdom to Shanghai in China and occasionally from Ny Alesund on Spitzbergen to Hartebeesthoek in South Africa). The final instrument which is formed by such a network has an angular resolution as a single instrument of this dimension. The different radio telescopes participating in such a network are usually located in a large variety of countries - even in different continents and since 12 February 1997 also in space. For each VLBI observation it is essential that each radio telescope involved can produce measurement data with the same high quality. Therefore, the status of protection of the frequency of the observation must be the same in the participating countries. 

Another international aspect of radio astronomy is that it is general practice that radio astronomers do their observations with the instrument suited best to answer the scientific questions. As a consequence, each observatory receives astronomers from other countries as well to use its facilities. 

Therefore the policy of radio frequency regulation with respect  to the Radio Astronomy Service in one country always has impact on radio astronomical progress in other countries. 

4.
Comments on specific frequency bands
This section gives comments to the different frequency bands allocated to and used by the Radio Astronomy Service as given in the ITU-R Radio Regulations (status 1999). The bands are grouped in 4 groups because of their mutual relationship. The radio astronomy interest is briefly explained and notes have been added concerning the spectrum development in or near the particular band. The notes reflect not only the current relevance and concerns about the frequency band in question but are also given since these bands remain important beyond e.g. 2010 and especially the bands used for spectral line research cannot be substituted by frequency bands elsewhere in the radio frequency spectrum.
a. 1330-1400 MHz

allocation status:
primary allocation to Aeronautical Radionavigation Service in the band 1300-1350 MHz and primary allocation to the Fixed, Mobile and Radiolocation Services in the band 1350-1400 MHz. However, footnote S5.149 applies for the band 1330-1400 MHz.

radio astronomy interest:

spectral line emission: The band 1330 - 1400 MHz is needed for important observations of Doppler-shifted radiation from hydrogen (the rest frequency of neutral hydrogen is 1420.406 MHz). This frequency band enables radio astronomy to observe nearby galaxies outside our own Galactic system to analyze their cold matter, kinematics, dynamics and structure.

continuum emission: this frequency band is also used for studies of thermal and non-thermal continuum emission from the Galaxy and extra-galactic objects. 

notes:
Since the Universe consists for more than 90% of hydrogen, adequate access to this frequency band is essential to enable studies of relatively nearby extra-galactic objects. Developments in active applications, e.g. in the Radio Location Service, in this frequency interval endanger this research in such a manner that is already experienced that some research on these is wiped out completely at some radio astronomy stations and no substitute elsewhere in the radio spectrum exists.

b. 1400-1427 MHz

allocation status:
exclusive allocation to passive science services. Footnote S5.340 applies.

radio astronomy interest: 

spectral line emission: The 21-cm line (1420.406 MHz) of neutral atomic hydrogen is the most important radio spectral line, since the Universe consists for more than 90% of hydrogen. This frequency band enables radio astronomical studies of the cold matter, kinematics, dynamics and structure of our own Galaxy. 

The 21-cm neutral hydrogen emission is relatively strong and with modern instrumentation it is detectable in all directions in our Galaxy and from a very large percentage of the nearby galaxies. 

continuum emission: this frequency band is also used for studies thermal and non-thermal continuum emission from the Galaxy and extra-galactic objects. 

notes: 
The band 1400.0 - 1427.0 MHz is the most important band for studies of the hydrogen line and for continuum observations and should be maintained at the level of FN S5.340.



CRAF monitors with great concern the increasing interest of space services for feeder link applications adjacent to this frequency band.

c. 1610.6-1613.8 MHz
allocation status:
this band is shared with the Mobile-Satellite Service (Earth-to-space) and to the Aeronautical Radionavigation Service. Footnotes S5.149 and S5.372 apply.

radio astronomy interest:

spectral line emission: The band 1610.6 - 1613.8 MHz  is an important band for spectral line observations of the OH radical (having rest frequencies of 1612.2 MHz, 1665.4 MHz, 1667.4 MHz and 1720.5 MHz) and is used in conjunction with the main OH lines in the higher OH-bands (1660-1670 MHz and 1718.8-1722.2 MHz, respectively). Data of the four OH lines are taken simultaneously for study of the emitting radio source.

notes: 
Footnote S5.149 and S5.372 give some protection within band 1610.6 - 1613.8 MHz. This band suffers strong pressure by satellite systems. Better protection is needed, excluding all but transmissions from the surface of the Earth and with an extension of protection to a somewhat wider band of 1610 - 1614 MHz to take account of the larger Doppler shifts now being detected.
d. 1660.0-1660.5 MHz
allocation status:
primary allocation but shared with the Mobile-Satellite Service (Earth-to-space). Footnote S5.149 applies.

e. 1660.5-1668.4 MHz
allocation status:
passive science services enjoy an exclusive primary allocation in this band. Footnote S5.340 applies.

f. 1668.4-1670.0 MHz
allocation status:
primary allocation shared with the Meteorological Aids, Fixed and Mobile (except aeronautical mobile) Services. Footnote S5.149 applies.

radio astronomy interest:

spectral line emission: The band 1660-1670 MHz is an important band for spectral line observations of the OH radical (having rest frequencies of 1612.2 MHz, 1665.4 MHz, 1667.4 MHz and 1720.5 MHz) and is used in conjunction with the main OH bands in the lower and higher OH-bands (1610.6-1613.8 MHz and 1718.8-1722.2 MHz, respectively). 

continuum emission: In addition this band is used for continuum observations.

VLBI:
this band is heavily used by Very Long Baseline Interferometry, VLBI.

notes: 
The present allocation of the band 1660 - 1660.5 MHz to the Mobile Service may lead to its serious degradation. Successful use of this band will depend also on the avoidance of interference from meteorological satellites having assignments in the adjacent band (see FN S5.149 and S5.379A). Desired is an allocation for radio astronomy with improved sharing for the total band (See also ITU-R Recommendation RA.314-8, table 1).
g. 1718.8-1722.2 MHz
allocation status:
primary status to Fixed and Mobile Services, but footnote S5.149 applies.

radio astronomy interest:

spectral line emission: The band 1718.8 - 1722.2 MHz is used for observations of the OH lines associated with those in the bands 1610.6-1613.8 MHz and 1660 - 1670 MHz.

notes: 
Protection needs to be improved beyond FN S5.149 by excluding airborne and space transmissions (See also ITU-R Recommendation RA.314-8, table 1). 

h. 2655-2690 MHz

allocation status:
in the sub-band 2655-2670 MHz: primary allocation to the Fixed, Mobile (except aeronautical mobile) and Broadcasting-Satellite Services. Secondary allocation to radio astronomy and footnote S5.149 applies.

in the sub-band 2670-2690 MHz: primary allocation to the Fixed, Mobile (except aeronautical mobile) and Mobile-Satellite (Earth-to-space) Services. Secondary allocation to radio astronomy and footnote S5.149 applies.

radio astronomy interest:

continuum emission: this frequency band is used for studies thermal and non-thermal continuum emission from galactic and extra-galactic radio sources. 

notes: 
This band is partly also allocated to Digital Sound Broadcasting from satellites (which may also endanger the next bands upward). Use of this band for radio astronomy (FN S5.149) will be impracticable if it is shared with transmissions in the Broadcasting Satellite Service. Exclusive use for radio astronomy to extend the adjacent higher band to a 2 % bandwidth is highly desirable, but sharing with services transmitting from the ground only seems feasible. 

i. 2690-2700 MHz
allocation status:
exclusive allocation to passive science services. Footnote S5.340 applies.

radio astronomy interest: 

continuum emission: this frequency band is used for studies thermal and non-thermal continuum emission from galactic and extra-galactic radio sources. 

notes:
The band 2690.0 - 2700.0 MHz needs to be widened, to a total bandwidth of at least 50 MHz preferably by an improvement of the sharing conditions in the band 2655.0 - 2690.0 MHz, and to be protected from interference by satellite transmissions with assignments in adjacent bands (FN S5.340). 

j.
3260-3267 MHz
allocation status:
primary allocation to the Radiolocation Service but footnote S5.149 applies.

k.
3332-3339 MHz
allocation status:
primary allocation to the Radiolocation Service but footnote S5.149 applies.

l.
3345.8-3352.5 MHz
allocation status:
primary allocation to the Radiolocation Service but footnote S5.149 applies.
radio astronomy interest:

spectral line emission: Three molecular lines of the CH molecule have been detected at 3263, 3335 and 3349 MHz.

notes: 
These frequencies are unfortunately only allocated to radio astronomy by FN S5.149, however the study of interstellar CH is considered to be extremely important in understanding the chemistry of the interstellar material. The presence of CH suggests the existence of the molecule CH4 (methane) which is considered one of the basic molecules for the initial stages of the formation of life.

5.
Spectrum considerations beyond 2010

5.1. Development of spectrum need

CRAF foresees the following spectrum developments:

· less radio spectrum is allocated to the Mobile-Satellite Service and to the Fixed-Satellite Service because of the rapid development of terrestrial telecommunication services and the larger capacity per Hz of terrestrial services over space systems.

· the spectrum demand of the Fixed-Satellite Service is significantly reduced because of merging of a large amount of its applications with the Broadcasting-Satellite Service.

· terrestrial services remain well-developed but some are blended, such as the Fixed and the Mobile Services, which implies reduction of spectrum allocated to this service with respect to the situation in 2000.

· there are more exclusive radio frequency allocations because of high-definition applications cannot share with each  other.

· the fragmentation of the frequency allocations is reduced, leading to a more efficient use of the radio spectrum because of the developments just mentioned. 
5.2. Development of spectrum need for radio astronomy

On scientific grounds, CRAF foresees no reduction in the need for the radio frequencies in the frequency domain 862-3400 MHz as already indicated in the DSI-III market scenario document. 

Recent dramatic developments in astronomy will put pressure on RAS frequency bands in the range 862-3400 MHz. The results from the Hubble Space Telescope (HST) and large ground based observing facilities have widely opened the to study of the “early phase of the Universe”. Radio studies of newly discovered objects will require access to frequencies, at which especially the redshifted spectral lines of neutral hydrogen and the hydroxyl radical are observed (even at frequencies as low as about 0.2 GHz!). 

On a time scale of 10-20 years, new projects to build “new generation” radio telescopes (e.g. the “Square Kilometer Array”, SKA) already involve countries inside and outside of Europe. Europe plays the leading role in these projects. Such new telescopes are designed to operate in a densely used spectral environment, but will continue to require the use of dedicated and shared bands in this spectrum region.

In general, CRAF requests the CEPT and European administrations to reconsider satellite downlink and aeronautical allocations adjacent to or co-located in frequency bands allocated to passive services conform the principles outlined in section 3.2.4 to the maximum practicable extent possible.

For the frequency bands mentioned in section 4 this implies that the allocation status should not be downgraded. 

Special attention is needed to the frequency band 1330-1400 MHz which is under increasing pressure. Access to frequencies below this band can be provided with adequate coordination between European administrations and radio astronomy stations.

The protection status of the band 1610.6-1613.8 MHz, although regulated by the allocation status of the Radio Astronomy Service in this band and footnote S5.372, must be improved. This can be done to remove the allocation to the Mobile-Satellite Service (space-to-Earth) (secondary) from the European Common Allocation table adjacent to this band because of the expected development of MSS systems.


Guard-band frequency space should be provide to deal with the non-rectangular character of band-edge filters as indicated in section 4c.


The protection requirements for the band 1718.8-1722.2 MHz are indicated in section 4g.

For the perspective on the frequencies near 2.7 GHz, see section 4.h-i.

The scientific importance of the CH spectral lines around 3.3 GHz requires an improvement of the protection status of the frequency bands given in section 4.j-k. Coordination of radio astronomy stations with active application must be improved for these frequencies (see also footnote S5.149).

6. Feasibility to observe outside the allocated bands
Observations outside frequency bands allocated to radio astronomy turn out to be often possible. The reasons for this are the following:

· Several frequency bands allocated to active services are not used.

· Radio astronomy stations invest significant effort to observe in frequency domains in which active users operate by the development of sophisticated interference excision and suppression techniques. This fact must not be interpreted as if radio astronomy does no longer need passive exclusive frequency bands (see section 3.2.1). The nature of the Universe requires observations at the limit of attainable sensitivity and radio astronomers are aware of the price they pay for this. In the frequency areas in which active users operate, radio observations are usually of an experimental nature – these are not done as regular ‘standard’ observations.
· In the regulatory sense, access to radio frequencies outside the frequency bands allocated to radio astronomy could be achieved by adequate co-ordination between the national administrations and the radio astronomy stations (ITU-R Radio Regulations Article S29.9). Such co-ordination should be done at a regional scale only by e.g. installing adequate co-ordination zones. Also time-sharing is a possible option for co-ordination: an example is that the active radio station uses day-time, while the radio astronomy station uses night-time for its observations. 

· CRAF requests CEPT to bring this co-ordination need to the attention of the national administrations and to give guidance to support necessary radio astronomy observations outside frequency bands allocated to radio astronomy.
· The radio frequency domain for which CRAF feels that CEPT attention and guidance is especially important in the context of DSI-III concerns Doppler-shifted neutral hydrogen emission, i.e. the frequency interval below 1400 MHz. Studies of galaxy formation and development in the very early phase of the Universe require access to radio frequencies useful for spectral line observations in this frequency domain. This research cannot be done in other spectral areas.
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