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Executive Summary

A number of administrations have made significant investments in radars operating at long wavelengths (frequencies less than 50 MHz). To date, submissions to the JRG 1A-1C-8B have focused on pulse radars operating in the microwave bands. There has been little consideration of the issues surrounding unwanted emissions from radars operating at long wavelengths using frequency modulated continuous wave (FMCW) waveforms and phased transmit arrays. This paper examines the effects of current and proposed ITU limits for out-of-band emissions on long wavelength radars utilising FMCW waveforms.

Examination of the proposed change in out-of-band roll-off rate shows that the boundary between the out-of-band domain and the spurious domain would move from 10B-40 to 3.16B-40. Radar transmitters installed after 1 January 2003 would need to comply with this new spurious domain boundary despite the fact that the Radio Regulations do not mandate compliance with Recommendation ITU-R SM.1541 for primary radars.

Modelling of the spectral occupancy of a conventional linear FMCW waveform shows that for some frequencies and waveform parameter combinations, theoretical compliance in impossible without some form of amplitude tapering on a sweep-by-sweep basis. The draw backs of amplitude tapering are that the peak to mean ratio of the waveform is significantly decreased and in-band distortion is produced that affects the fidelity of the wanted signal.

It is a common opinion within the radar community that the current definition of necessary bandwidth for FMCW waveforms within ITU-R SM.1541 results in an unrealistic and narrow value. It is proposed that this should be modified to become a more complex function of waveform parameters so that it better represents the theoretical constraints of the waveform.
It is generally the case that, in the interests of prime power efficiency, all modern day high power amplifiers in long wavelengths radars operate with a small amount of magnitude compression in their transfer characteristic. This results in an output signal containing ‘out-of-band emission’ and ‘in-band distortion’. The current state of technology in high power amplifiers used in radars operating at long wavelengths is such that compliance with the current ITU limits is therefore difficult. A change of out-of-band domain roll-off rate would exacerbate this.

Given the above findings JRG 1A-1C-8B is invited to consider the following proposals:

a. Either the roll-of in the out-of-band domain in the main body of Recommendation ITU-R SM.1541 remains at ‑20 dB/decade or if this is to be changed to -40 dB/decade that radars operating at long wavelengths and utilising FMCW waveforms be exempt.

b. A working party of JRG 1A-1C-8B is formed with particular expertise in radars operating at long wavelengths and utilising FMCW waveforms to devise a more realistic formula for the necessary bandwidth (BN ) for FMCW waveforms. This working party should confer exclusively by correspondence and report back to the next meeting of the JRG 1A-1C-8B with proposed changes to Recommendation ITU-R SM.1541.

Introduction 

The ITU have formed Joint Rapporteur Group 1A-1C-8B (JRG 1A-1C-8B) to study radar out-of-band emissions. The purpose of this group is to review the current ITU-R limits for unwanted emissions in the out-of-band domain contained in Annex 8 of Recommendation ITU-R SM.1541, and assess the feasibility of establishing guidance to promote more effective and efficient use of the spectrum.

A number of administrations have made significant investments in radars operating at long wavelengths (frequencies less than 50 MHz). These generally make use of the propagation characteristics at these wavelengths to provide wide-area surveillance over long ranges. In recent years there has been a rise in interest in using radars operating at long wavelengths for border protection and surveillance. A growing area of application of these radars is to measure sea state (wave height and direction from which wind velocity can be inferred).

To date, submissions to the JRG 1A-1C-8B have focused on pulse radars operating in the microwave bands. There has been little consideration of the issues surrounding unwanted emissions from radars operating at long wavelengths (less than 50 MHz) using frequency modulated continuous wave (FMCW) waveforms and phased transmit arrays. This paper examines the effects of current and proposed ITU limits for out-of-band emissions on radars utilising long wavelengths and FMCW waveforms.

Radar Technology Used At Long Wavelengths

Radars operating at long wavelengths use either mono-static or bi-static transmit-receive configurations and pulsed or FMCW waveforms. Due to the size of antennas required for efficient radiation at long wavelengths (of the order of tens of metres) these radars normally use phased arrays for both transmission and reception. Transmit powers for these radars are usually of the order of megawatts to enable surveillance over long ranges. FMCW waveforms are often utilised to maximise the peak to mean power ratio and minimize the required transmitter peak power capacity. These radars generally need to be frequency agile over their operational band to allow for the vagaries of ionospheric propagation.

Long wavelength radars radiating at powers of the order of megawatts using phased arrays will generally have a separate High Power Amplifier (HPA) per radiating element. Each HPA will have an internal control system, which strives to achieve a balance between prime power consumption (efficiency) and linearity. Consequently, it is an unavoidable fact that each transmit HPA will operate with a small amount of magnitude compression. HPA compression is the transmit sub-systems’ primary source of ‘non-linearity’. Non-linearity in the transmit sub-system is the principal cause of unwanted emissions.

Regulations

Prior to the articulation of technical standards for unwanted emissions from radars by the ITU many organisations attempted to design radars operating at long wavelengths to comply with the NTIA radar spectrum engineering criteria (RSEC) for unwanted emission levels. With the advent of Recommendation ITU-R SM.1541 the spectral template for the ITU limits is practically equivalent
 to the NTIA template with the exception of the reference bandwidth (Bref). The NTIA RSEC gives a constant Bref of 1 kHz whereas the ITU limits allow Bref to vary with waveform parameters.

Table 1 below summarises the applicability of the Radio Regulations to radars operating at long wavelengths.

Table 1 ITU Unwanted emission regulation for radars operating at long wavelengths

	Domain
	Dates

	
	Present–1 Jan 2012
	Post 1 Jan 2012

	Out-of-band
	Non-mandatory compliance to ITU-R SM.1541-1 to the maximum extent possible.
	Non-mandatory compliance to ITU-R SM.1541-1 to the maximum extent possible.

	Spurious
	Transmitters installed
pre-1 Jan 2003 are exempt. 
	Mandatory compliance to level in Table II, Appendix 3 of the Radio Regulations.

	
	Transmitters installed
post-1 Jan 2003 must comply with level in Table II, Appendix 3 of the Radio Regulations.
	


FMCW Waveforms

Annex 8 of Recommendation ITU-R SM.1541 provides formulae for both the necessary bandwidth (BN) and the 40 dB bandwidth (B-40) of a FMCW waveform:
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Here Bd  is the maximum frequency deviation from the centre frequency F0.

The most common form of FMCW waveform used in radars operating at long wavelengths is linear FMCW as shown in Figure 1 below. This waveform consists of N linear sweeps of bandwidth B (often referred to as the sweep bandwidth) about the centre frequency F0 to make up a single coherent integration time (CIT) or dwell. The waveform repeats at a waveform repetition frequency (WRF) or waveform repetition interval (WRI).
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Figure 1 Linear FMCW waveform

The reference bandwidth for measurements of unwanted emissions is interpreted from Recommendation ITU-R M.1177 for linear FMCW waveforms as:
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In the context of the ITU equations (1) and (2) above the bandwidth B is equal to 2Bd and hence the definition of necessary bandwidth BN becomes:
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Equation (2) can therefore be expressed as:
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Equation (5) gives a spectral transition zone either side of the occupied band of 0.00015F0. Clearly when this specification is translated from the microwave region of GHz to longer wavelengths with frequencies of the order of MHz the spectral transition zone similarly compresses by three orders of magnitude. This can lead to an unrealistically narrow transition zone between the necessary bandwidth edge (BN) and the 40 dB bandwidth (B-40).

Figure 2 below shows the ITU spectral template for unwanted emissions. The relationship between sweep bandwidth B (the filled area) and B-40 is shown.
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Figure 2 ITU unwanted emission spectral template for primary radars

The effect of changing the template roll-off in the out-of-band domain from 20 dB/decade to 40 dB/decade is shown. Annex 1, Appendix 3 to Article 3 of the Radio Regulations defines:

For primary radar, the boundary between the out-of-band and spurious domains [as] the frequency at which the out-of-band domain limits specified in the applicable ITU-R Recommendations [ITU-R SM.1541] are equal to the spurious domain limit defined in Table II of this Appendix [Table II, Appendix 3 of the Radio Regulations].
A practical effect of a change in the out-of-band roll-off rate would be the movement of the boundary between the out-of-band domain and the spurious domain from 10B-40 to 3.16B-40 as shown in Figure 2 above. Radar transmitters installed post-1 Jan 2003 must comply with the spurious domain limits and would therefore find that they face more stringent rules as a side effect of a change in the out-of-band roll-off rate in ITU-R SM.1541. This is despite the fact that they only needing to comply with the limits in the out-of-band domain to the “maximum extent possible”.

Spectrum Occupancy of Linear FMCW Waveform

An important issue is whether the natural spectral occupancy of a linear FMCW waveform fits with the ITU spectral template.

All practical radar waveforms are unavoidably time-limited signals. It is a physical fact that a time-limited signal cannot be simultaneously bandlimited (and visa versa). Therefore, it is important to appreciate from the outset that an FMCW radar waveform of sweep bandwidth B will inevitably contain out-of-band emission due to its finite duration.

Figure 3 below illustrates the spectrum of a conventional linear FMCW waveform comprising 8 sweeps arranged such that the Time-Bandwidth product (WRI.B) equals an integer value, i.e. the waveform is exactly periodic over the WRI and therefore contains no discontinuity at the WRI boundaries (nor its derivatives). The periodic nature of the waveform therefore gives rise to a line spectrum of WRF spacing. The number of lines within the bandwidth B is equal to TB. For this particular example, TB = 5. Whilst such a small TB product waveform is unlikely to be of operational use in radars operating at long wavelengths, it provides an instructive example of the subtle mechanisms at work.
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Figure 3 Linear FMCW Waveform Spectral Occupancy

Examination of the plot reveals that each line is of the form of a sinc function (sin(x)/x) due entirely to the Fourier transformation of the temporal gating function i.e. the ‘on’ time of the waveform. The width of each line is directly proportional to the number of sweeps in a dwell. Clearly, if more sweeps per dwell are included, each spectral line will decrease in width, but importantly, there is no effect on the shape of the chirp envelope (defined by the peaks of the spectral lines).

From the superimposed ITU B-40 template it will be noted that the chirp envelope fails to decay fast enough through the narrow spectral transition zone between the edge of the necessary bandwidth and B-40. As a result, the waveforms out-of-band spectral content is about 10 dB short of compliance.

It is interesting to note that the out-of-band decay rate of the chirp envelope is fixed by ‘nature’ to -20 dB/decade. There appears to be recognition of this in the current ITU out-of-band emission template (inherited from the NTIA RSEC). A change to a template decay rate of -40 dB/decade in the out-of-band domain would give a template that is theoretically impossible to comply with over a significant proportion of the waveform parameter space.

Further examination of the plot reveals that if the necessary bandwidth B were increased, the spectral transition zone between the edge of the necessary bandwidth and B-40 would also increase proportionally. However a bandwidth increase has absolutely no effect on the out-of-band decay rate of the waveform. Nevertheless there will come a point, where, with sufficient bandwidth increase, the roll-off rate will be accommodated – since the spectral transition zone will have increased sufficiently. There will therefore exist a minimum bandwidth below which it will be theoretically impossible to comply with the current ITU template. Increasing the roll-off rate in the out-of-band domain may worsen the situation to such an extent that it may be impossible to comply with the new ITU template for all useful bandwidths.

Techniques for Reducing Out-of-Band Emissions

Various techniques can be employed for reducing out-of-band emissions of FMCW waveforms in long wavelength radars. These in include amplitude tapering on a sweep-by-sweep basis (sometimes referred to as ‘curbing’) and using a smooth and finite flyback at the end of each sweep. Each of these techniques imposes some form of loss of radar performance and most need some degree of amplitude modulation of the signal. The use of amplitude modulation necessitates a high degree of HPA linearity, which (as mentioned above) may be difficult with current technology.

Necessary Bandwidth

The above analysis of the theoretical spectrum of a linear FMCW waveform indicates that even for the current ITU limits for unwanted emissions there are many waveform parameter combinations for which ITU compliance is not achieved. A move to a roll-off in the out-of-band domain of -40 dB/decade would increase the level of non-compliance.

There is a current view within the radar community that the equations for B‑40 for FMCW waveforms currently contained in Recommendation ITU-R SM.1541 result from an unrealistic and narrow value of the formula for necessary bandwidth:
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This is supported by Figure 3 on page 7 which shows significant spectral leakage outside of the necessary bandwidth for finite duration dwells. Further modelling of the spectrum of the linear FMCW waveforms shows that the shape of the chirp envelope is wholly dependent on the Time-Bandwidth product (WRI.B).

In view of the above any examination of the out-of-band emissions of FMCW waveforms in long wavelength radars should consider a more realistic formula for the necessary bandwidth (BN).

Unwanted Emissions Due to Compression

As mentioned before, it is generally the case that, in the interests of prime power efficiency, all modern day HPAs operate with a small amount of magnitude compression in their transfer characteristic. It is an unavoidable fact that a perfectly bandlimited and flat passband signal when passed through such a device will result in an output signal containing ‘out-of-band emission’ and ‘in-band distortion’.

Unwanted emission due to compression possesses a distinctive spectral signature. Specifically, the nature of the out-of-band emission is that of a ‘continuum’, starting at the band edge and increasing in magnitude to a peak at just under ±1.5B from F0. Then, there is a sudden drop in magnitude, and the cycle repeats peaking again at just under ±2.5B and so on. Each repetitive instance of this behaviour decreases in magnitude at a rate of approximately 40 dB/decade.

The decay rate of these unwanted emissions due to compression is favourable to a change of roll-off to -40 dB/decade in the out-of-band domain however the ability of a particular transmit sub-system to comply will depend on the specific 1 dB compression point of the HPA used. The current state of technology in HPAs used in long wavelength radars is such that compliance is somewhat difficult. Technological advances in semi-conductor technology may cause improvements in the medium to long term.

Conclusion

In view of the findings of this paper an adoption of a roll-off of -40 dB/decade in the out-of-band domain would be impractical. Theoretical modelling shows that even for the current ITU limits, a linear FMCW waveform is incapable of complying for many practical combinations of waveform parameters. This is because the equation for necessary bandwidth of FMCW waveforms currently contained in Recommendation ITU-R SM.1541 results in an unrealistically narrow value of 40 dB bandwidth (B-40). Work should be done to formulate a more realistic formula for necessary bandwidth BN.
The current state of technology used in HPAs means that operation with some level of compression in the transfer characteristic is necessary. This results in unwanted emissions which make ITU compliance difficult.

Given the above conclusions JRG 1A-1C-8B is invited to consider the following proposal:

a. Either the roll-of in the out-of-band domain in the main body of Recommendation ITU-R SM.1541 remains at ‑20 dB/decade or if this is to be changed to -40 dB/decade that radars operating at long wavelengths and utilising FMCW waveforms be exempt.

b. A working party of JRG 1A-1C-8B is formed with particular expertise in radars operating at long wavelengths and utilising FMCW waveforms to devise a more realistic formula for the necessary bandwidth (BN ) for FMCW waveforms. This working party should confer exclusively by correspondence and report back to the next meeting of the JRG 1A-1C-8B with proposed changes to Recommendation ITU-R SM.1541.




























� The ITU limit for unwanted emissions in the spurious domain is 43 + 10 log10(PEP) or 60 dB whichever is less stringent, where PEP is the peak envelope power. Practical long wavelength radars have PEPs of greater than 50 W, so the spurious domain limit is always 60 dB. The NTIA RSEC limit is 60 dB regardless of the transmitted power.
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