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This paper has been produced as a input paper to the ITU Radar JRG and is intended to contribute to the current discussion on the revision of the ITU-R 1541 recommendation of Out of Band Emissions.

Summary

This paper compares the results obtained for the spectral emission bandwidths of a series of Linear FM trapezoidal radar pulses using three calculation methods. 

· Those given in “ RECOMMENDATION  ITU-R  SM.1541 Unwanted emissions in the out-of-band domain” 

· Those developed by “Newhouse” in the 1970’s
 

· Those obtained from a numerical Fourier transform of the chirped pulse.

The results conclude that the "Newhouse" and Fourier transform methods agree well the ITU method has some significant differences from the other two methods it currently does have factors to account for practical implementations. The Fourier transform and Newhouse methods are for theoretical pulses and the results should not be taken as an example of what a practical radar might produce. 

Any ITU method that is accepted must however take to account for practical implementations that can lead to distortions in particular broadening of the spectrum.  Practical implementations thus must be considered before any changes to the ITU masks are agreed.

Indications from this work also show that the proposed ITU design object for roll-off in the OOB region is very close to the theoretical limit of what can be achieved for the types of pulses that provide more spectrally efficient transmissions. Any change to the ITU limits on –40 dB bandwidth need to take into account the OOB roll-off required as for practical pulses the two are linked.

Introduction
This paper compares three methods used to calculate the spectrum envelope of Pulsed FM waveforms. The waveforms discussed in this paper are Trapezoidal Pulses modulated with Linear FM.

Three methods are used:

· ITU radar emission masks used to calculate the –40 and –60 dB bandwidth and described in Recommendation 1541

· Report 939 Methods for Calculating Pulsed Radar Emission Spectrum Bandwidth (JRG 10)

· Fourier Transform of Pulse
. 

The following pulse parameters where chosen to represent a spread of radar types these are presented in table 1 below.

Table 1 Pulse Parameters/Figure References

	Rise Time
	100
	nS
	 

	 
	 
	Chirp MHz
	 

	Pulse Length
	1
	5
	10

	1
	 
	5
	10

	5
	1
	6
	11

	10
	2
	7
	12

	50
	3
	8
	13

	100
	4
	9
	14


	Rise Time
	50
	nS
	 

	 
	 
	Chirp MHz
	 

	Pulse Length
	1
	5
	10

	1
	 
	19
	24

	5
	15
	20
	25

	10
	16
	21
	26

	50
	17
	22
	27

	100
	18
	23
	28


	Rise Time
	10
	nS
	 

	 
	 
	Chirp MHz
	 

	Pulse Length
	1
	5
	10

	1
	 
	33
	38

	5
	29
	34
	39

	10
	30
	35
	40

	50
	31
	36
	41

	100
	32
	37
	42


Reference Calculation

A reference calculation is presented for a 10 (s rectangular pulse non-modulated, as can be seen all the methods converge to the same result.

Reference Figure
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Analysis of Results

The results show a good correlation between the results of the Fourier transform and the envelopes developed by “Newhouse”. The area of minor disagreement is for short low, time bandwidth pulses with slow rise time (figures 1,2 & 5). In these areas the “Newhouse” method is closer to the ITU prediction for the –40 dB bandwidth.

In all other areas the agreement between the “Newhouse” method and the Fourier transform is very good at all bandwidths.

As is already known that in some cases the ITU method fails to predict accurately the theoretical –60 dB bandwidth this is because Trapezoidal pulses has a natural roll-off closer to – 40 dB/dec. in this area. 

In very general terms the ITU method also fails to predict the –40 dB bandwidth. This effect is already under consideration and has been reported on previously. Very roughly the effect is worse for Pulses with higher time bandwidth products particularly when the pulse is long and the rise time is short as compared to the pulse length
 the larger chirp however tends mitigates this effect. The effect is however more complicated than this, the variation is illustrated in Table 2 below.

In this table for three representative pulse lengths the ratio of the calculated –40 dB bandwidths compared to the ITU bandwidths (K = 6.2) are shown as a function of the time bandwidth product (t x Bw) and the ratio of pulse length to rise-time (t/tr). This table shows a large variation in the ratio going from ( 30 to 105%

Table 2 ratios of –40 dB Bandwidths Fourier/ITU

	t/tr
	 
	t x Bw
	 

	 100(s
	100.00
	500.00
	1000.00

	10000.00
	0.29
	0.53
	0.61

	2000.00
	0.81
	0.85
	0.76

	1000.00
	0.99
	0.80
	0.75

	666.67
	1.03
	0.80
	0.71

	 20(s
	20.00
	100.00
	200.00

	2000.00
	0.44
	0.80
	0.93

	400.00
	0.98
	0.99
	0.90

	200.00
	1.07
	0.91
	0.79

	133.33
	0.99
	0.84
	0.73

	2(s
	2.00
	10.00
	20.00

	200.00
	0.54
	0.96
	1.05

	40.00
	0.78
	0.75
	0.81

	20.00
	0.69
	0.72
	0.64

	13.33
	0.61
	0.63
	0.77


It would appear from this limited sample that waveforms with the same t x Bw and t/tr have equivalent ratios.

The largest differences between the theoretical calculations and the ITU mask are for those waveforms with fastest rise-times as a function of the pulse length, these also give rise to the widest natural spectra. In order to prevent unnecessary use of the spectrum designers endeavour to use slower rise-times
 these show a much better correlation between the ITU limits and the theoretical waveforms. Thus the more spectrally efficient waveforms are those with the lowest specification margin (typically these result in ratios of 0.7 to 0.9). Any further tightening of the ITU limits could lead to the potential for designers building in some margin by using faster rise-time than is absolutely necessary.

As well as the slower rise-time effects it also should however be remembered that the Fourier and “Newhouse” methods are for theoretical pulses. In practice due allowance must be made when considering the ITU OOB limits for the distortions that occur in the practical case.

A further point to note is that the proposed design objective of –40 dB/dec roll-off is equal to the theoretical roll-off of trapezoidal pulse if this is adopted then there will be no allowance for any of the unavoidable distortions within the radar transmitter chain. That can lead to a widening of the OOB roll-off region.

Figures 43 to 45 have been plotted with the design objective roll-off it can bee seen that even with the tendency for the ITU method to over estimate the –40 dB bandwidth the –40 dB roll-off mask is close to the theoretical limits for the longer rise-time-time pulses. 

This lack of margin would be compounded if attempts were made to reduce the current ITU limits for the –40 dB bandwidth. This again would tempt designers to opt for much faster rise-time
 than may be possible, just to give a larger compliance margin. This could lead to unnecessary use of spectrum.

Further work is needed to confirm the practical results that can be achieved, the indications currently however are that the –40 dB/dec mask may be too stringent giving little allowance for practical effects. This is particularly true for systems that cannot rely on filtering to “improve” the transmitted spectrum that rely on waveform shape control only.
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Annex 1 Results

Figure 1 TB = 5
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Figure 2 TB =10 
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Figure 3 TB = 50
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Figure 4 TB = 100
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Figure 5 TB = 5
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Figure 6 TB = 25
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Figure 7 TB = 50
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Figure 8 TB = 250
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Figure 9 TB = 500
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Figure 10 TB = 10
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Figure 11 TB = 50
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Figure 12 TB = 100
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Figure 13 TB = 500
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Figure 14 TB = 1000
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Figure 15 TB = 5
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Figure 16 TB = 10
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Figure 17 TB = 50
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Figure 18 TB = 100
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Figure 19  TB = 5
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Figure  20 TB = 25
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Figure 21 TB = 50 
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Figure 22 TB = 250
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Figure 22 TB = 500
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Figure 23 TB = 10
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Figure 24 TB = 50
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Figure 25 TB = 100
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Figure 26 TB = 500
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Figure 27 TB = 1000
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Figure 29  TB = 5
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Figure 30  TB = 10
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Figure 31  TB = 50
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Figure 32  TB = 100
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Figure 33  TB = 5
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Figure 34  TB = 25
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Figure 35  TB = 50
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Figure 36  TB = 250
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Figure 37  TB = 250
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Figure 38  TB = 10
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Figure 39  TB = 50
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Figure 39  TB = 100
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Figure 40  TB = 500
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Figure 41  TB = 1000
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Figure 42  TB = 100 Design Objective 
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Figure 43  TB = 100 Design Objective
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Figure 44  TB = 100 Design Objective 
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Figure 45  TB = 1000 Design Objective
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� See references


� This was carried out using an AMS propitiatory software programme “Pulse Spectrum”


� This convention is the same for the results in the annexs.


� The more the trapezoid approaches a rectangle the wider the spectrum becomes.


� More trapezoidal pulse


� More rectangular pulse
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