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1)
Introduction

In order to achieve the stability needed to give the level of sub-clutter-visibility required, modern radar systems make use of driven transmitters. These transmitters are also capable of operating over wide agile bandwidths.  

These types of transmitters generally produce a much lower peak power than was used in the early Magnetron/Klystron based systems that had limited agility. In order produce the required energy within the pulse to achieve target detection; a much longer pulse must be used. In order to recover the range resolution from these long pulses, pulse compression coding has to be used. In these systems a long expanded pulse many range cells in length is transmitted, on reception the signal is compressed by the receiver to recover the range resolution. 

One commonly used pulse compression waveform is a FM modulated or chirped pulse. Linear FM modulation when compressed in the receiver leads to a main lobe in the time domain equal to the required range cell but also produces subsidiary lobes in the time domain, the first lobes being at a level  –13 db wrt to the peak of the main lobe. These, so called time/range side lobes, can produce false target detections or multiple detections in range. If a target is large it can also cause small targets in adjacent range cells to be suppressed. A representation of a linear chirp is shown in Figure 1 below.

Figure 1 linear-chirp
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In order to reduce the range side lobes it is possible to apply a weighting function to the waveform, this can be applied to the received signal by the receiver or by weighting the expanded waveform on transmit.  

The use of weighting on receive has a disadvantage in that it gives a non-optimum matched filter which leads to a loss of S/N. Pre-distortion of the expended pulse by phase weighting when combined with a matched filter receiver can minimise the system losses and maximises the S/N. 

The use of non-linear FM has a further benefit in that it produces a more compact spectrum.

The phase weighting is applied by using a non-linear FM modulation. 

Figure 2 -40 dB Taylor Weighting 
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The amount of distortion applied depends on the range side lobes that are required several weightings are possible. A good standard weighting to use is a -40 dB Taylor this is typical for modern radars. An example with a 5 MHz NLFM chirp is shown in Figure 2 above. Further information can be found in Reference 1.

The ITU formula (1) for the –40 dB bandwidth contains a factor Bc which is equal to the total frequency excursion of the chirp (the formula is based on a liner change of frequency with time). The use of a non-linear chirp gives rise to a different spectral shape.The objective of this investigation was to compare the spectrum of linear and non-linear chirped radar pulses with the same Bc factor.  These calculated results are then compared to the specifications limits defined by the ITU.  

Pulse lengths of 6, 25, 50 & 100 (s are considered with rise times of 50,100 & 150 ns.  

The ITU-R 1541 has a design objective for the roll-off in the OOB domain of –40 dB/dec. Currently they have been required too roll-off at -20dB/dec from the specified bandwidth at the -40dB point to the -60dB level. 

This report deals only with the proposed design objective for -40dB/dec roll-off it has been established that if the calculated bandwidth at the -40 dB point is met then the current requirement for a -20 dB/dec roll-off is not problematic for these classes of waveforms. 

This report studies how a trapezoidal pulse with a chirp of 3.25MHz conforms to the current ITU calculated 40 dB bandwidth and the OOB design objective, for combinations of various pulse lengths and rise times.  

The equation (1) for the –40 dB bandwidth of a chirped trapezoidal pulse is:
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Where A4 is 0.105 when K = 6.2, and 0.065 when K = 7.6.
The results are compared for pulses with the same Bc this is so a comparison to the ITU mask can be made directly. These pulses are not necessary equivalent in radar terms. Non-linear FM compressed pulses do not have an equivalent compressed pulse length to linear FM pulses. Non-linear pulses have a slightly wider compressed pulse length.  An alternative comparison may be compare pulses with an equivalent compression ratio this however would require to compare pulses of different Bc values.

2)
Methods of Calculation     

To investigate the emitted spectrum of pulsed radar a theoretical model was developed, which represented the pulse in time this was then Fourier transformed into its frequency spectrum. This raises the point that the spectrum from a practical radar will not be identical and these theoretical wave forms and the results obtained should only be used as a guide. 

The model was developed in Matlab and consists of several functions. One is a 40dB Taylor, frequency vs. time function [1]. The model is capable of producing the spectrum for linear and non-linear frequency modulations. The following figures are the results for pulse lengths of 6,25,50 and 100 (s with rise times of 50,100 and 150 ns. All of the pulses were made symmetric so the fall time was equal to the rise time. The red line is that of the ITU specification with a -40dB roll off [2] it is based on the K = 7.6 and A = 0.065 values for calculating the allowed bandwidth at the -40dB point   

3)
Results   

Figure 3
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Figure 4
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Figure 5
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 Figure 6

Figure 7
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Figure 8

Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13 
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Figure 14
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4)
Analysis of Results

It can be seen that the critical part of the spectrum is that between 40 and 60dB the summary of the results is shown in Tables 1 & 2 . 

These tables show the bandwidths calculated for linear and non-linear FM compared to the ITU calculated mask.

The values are shown in MHz for the 40,44,48,52,56 and 60dB points. It can be seen from the table and the figures that in general a longer rise time give more leeway in meeting the ITU specification.

Another point, which is obvious from all the data available, is that for the set of waveforms used the non-linearly modulated pulses use less bandwidth than the linear cases with the same B factor. 

Table 1 Comparison of Bandwidths in MHz

	6(s
	T/tr
	
	40 dB
	 
	 
	44 dB
	 
	 
	48dB
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	120
	10.13
	9.60
	11.49
	11.95
	11.29
	14.46
	13.14
	12.77
	18.21

	100 ns
	60
	6.67
	6.31
	8.81
	7.71
	7.19
	11.09
	8.69
	8.20
	13.96

	150 ns
	40
	5.70
	5.21
	7.69
	6.21
	5.86
	9.68
	6.70
	6.38
	12.19

	25(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	500
	8.03
	6.99
	7.95
	9.74
	8.95
	10.01
	11.55
	10.71
	12.60

	100 ns
	250
	5.71
	5.27
	6.30
	6.50
	6.11
	7.94
	7.49
	6.89
	9.99

	150 ns
	167
	4.92
	4.49
	5.65
	5.65
	5.25
	7.11
	6.21
	5.89
	8.95

	50(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	1000
	6.39
	5.53
	6.95
	8.35
	7.26
	8.75
	10.04
	9.15
	11.02

	100 ns
	500
	4.98
	4.49
	5.60
	5.87
	5.38
	7.05
	6.62
	6.19
	8.87

	150 ns
	333
	4.30
	3.86
	5.07
	5.05
	4.60
	6.38
	5.76
	5.34
	8.04

	100(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	2000
	5.36
	4.32
	6.25
	5.70
	5.79
	7.87
	8.95
	7.60
	9.90

	100 ns
	1000
	4.40
	3.79
	5.10
	5.70
	4.64
	6.42
	6.11
	5.53
	8.09

	150 ns
	667
	3.81
	3.39
	4.66
	5.70
	3.97
	5.87
	5.27
	4.74
	7.39


Table 2 Comparison of Bandwidths in MHz

	6(s
	T/tr
	 
	52 dB
	 
	 
	56 dB
	 
	 
	60 dB
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	120
	14.29
	13.96
	22.92
	25.61
	14.82
	28.86
	28.61
	27.79
	36.33

	100 ns
	60
	13.30
	12.45
	17.57
	14.80
	14.28
	22.12
	21.11
	15.85
	27.85

	150 ns
	40
	10.87
	9.29
	15.34
	11.88
	11.36
	19.31
	16.86
	14.27
	24.31

	25(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	500
	12.91
	12.31
	15.86
	14.07
	13.51
	19.97
	14.99
	14.59
	25.14

	100 ns
	250
	8.57
	8.01
	12.58
	12.87
	8.93
	15.83
	14.55
	13.91
	19.93

	150 ns
	167
	6.69
	6.41
	11.26
	10.44
	8.51
	14.18
	11.81
	11.29
	17.85

	50(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	1000
	11.81
	10.91
	13.87
	13.11
	12.43
	17.47
	14.27
	13.68
	21.99

	100 ns
	500
	7.69
	7.06
	11.17
	8.70
	8.16
	14.07
	13.19
	9.02
	17.71

	150 ns
	333
	6.31
	5.96
	10.12
	6.76
	6.50
	12.74
	10.92
	8.73
	16.04

	100(s
	
	 
	 
	 
	 
	 
	 
	 
	 
	 

	rise time
	
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU
	Linear
	Non Linear
	ITU

	50 ns
	2000
	10.70
	9.42
	12.47
	12.29
	11.21
	15.70
	13.52
	12.66
	19.76

	100 ns
	1000
	6.93
	6.33
	10.18
	8.04
	7.24
	12.81
	8.94
	8.33
	16.13

	150 ns
	667
	5.92
	5.48
	9.31
	6.46
	6.05
	11.72
	6.87
	6.59
	14.75


The averages of the percentage bandwidth used are shown below in Table 3.  

Table 3 Average % of ITU Bandwidth

	50 ns
	82.30%
	linear

	100 ns
	74.10%
	linear

	150 ns
	68.50%
	linear

	50 ns
	73.90%
	non-linear

	100 ns
	66.20%
	non-linear

	150 ns
	62.40%
	non-linear


The above data in Table 3 clearly supports the conclusions made thus far it is also clear that the difference between the two modulations is less pronounced for longer rise-time pulses. An alternative way is to look at the maximum bandwidth that is achieved. This is shown in Table 4 below. Looking at the maximum percentage used for different rise times can also give some insight into, which is the best rise time to use. These are as follows:

Table 4 Maximum % of ITU Bandwidth
	50 ns
	101.00%
	linear

	100 ns
	90.60%
	linear

	150 ns
	87.20%
	linear

	50 ns
	89.40%
	non-linear

	100 ns
	83.60%
	non-linear

	150 ns
	79.50%
	non-linear


From this it is clear that a 50 ns rise time with linear chirp falls outside the allowed limits.

A point to note is that the bandwidth used at a certain dB level can be misleading as to how well a pulse is going to meet the specification as a peak that sits just below a certain level could be just above in a real system. 

A good example of this can be seen on the figure for Figure 6 a 25 micro second pulse with a 50 ns rise time. There is a peak that is very close to the spec line but as it lies just under the 60-dB level the bandwidth used at 60-dB is given as 59%.

This may not be an accurate reflection of how well the pulse would meet the specification in a real system. Looking at the figures this envelope effect is not such a problem for larger rise times.
5) Conclusions 

5.1 Theoretical Results

The results of this initial investigation show that:

· In the majority of cases the theoretical –40 dB bandwidths calculated are less than those allowed in the ITU specification for a equal Bc factor, 

· Theoretical spectrums also meet the requirements of the –40 dB/dec roll-off design objective given in ITU-R 1541 Reference 3. 

· Compliance with the design aim is eased by the –40 dB roll-off starting at the calculated ITU –40 dB bandwidth point not the actual – 40 dB bandwidth point.

· Non-linear FM using typical weighting gives narrower bandwidths than the linear case in all the cases tested
.

In this initial paper only one chirp has been considered further work is necessary to confirm the findings above on other practical radar waveforms.

The ITU formula is based on the pulse length, rise-time and chirp and assumes linear FM.  As non-linear FM gives a reduced bandwidth then there is a possible argument that this needs to be taken into account in the formula. The problem with adding a factor for the FM modulation is how one can specify the shape of the chirp curve in a relatively simple manner.  A possible way may be just to use a multiplying parameter< 1 based on a “typical” non-linear waveform. This parameter my have to be dependent on pulse length and rise time. Further study would be needed to develop such a parameter. 

5.2 Practical Issues

These calculations are based on theoretical waveforms they do not take into account any of the practical distortions that can occur in the transmitter chain. They should not be viewed as what can be achieved from radars using such waveforms; they represent the best that could be achieved from a theoretical pulse. Due allowance needs to be made for these distortions when producing a practical specification mask.

Driven systems using current digital signal generation techniques can produce low-power waveforms that approach the theoretical performances calculated in this paper that are compliant with the design objective for the ITU mask. 

However for radar to operate these low-level waveforms have to be converted into high power pulses with adequate energy to detect a target reliably. The main problem comes from distortions created in the up-conversion and amplification chain of the radar transmitter. 

In order to generate high power pulses with usable efficiency class C (or equivalent) amplification techniques must be used. Such amplifiers exhibit non-linearity and other phase effects such as AM to PM conversion. 

It is particularly difficult to model and control the high power transmitter/amplifier side, and such it is very difficult to model and hence control the final transmitter/amplifier spectra; in particular controlling the fall-time giving rise to pulses with unsymmetrical rise and fall-times. In some amplifier systems controlling the effect of the rise time and in particular the fall-time is problematic.

It is possible fixed frequency high power transmitter chains can maintain compliance with the design objective however in many cases to achieve this, filtering is required to “shape” the final spectrum. Typical modern Solid State ATC radars have been shown to have a spectrum that meets the ITU objective and is very “clean” these systems generally use high power filtering after high power amplification.

Whilst some of practical systems can meet the proposed design objective compliance may be compromised if the roll-off starts at the true –40 dB bandwidth points not as is current the calculated ITU –40 dB bandwidth points.

Systems that cannot employ such efficient filters, such as frequency agile or active array systems have to make use of waveform control only and thus it is more difficult to achieve the fast roll-off. 

Even the best-designed frequency agile transmitters distort cleanly generated signals and result in probable non-compliances against the design objective very often in the OOB domain, or even in the "close" (i.e. within the agility bandwidth) spurious domain.
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4	The term A/tr adjusts the value of B–40 to account for the influence of the rise time, which is substantial when the time-bandwidth product Bct, is small or moderate and the rise time is short.


� These two pulses may not be equivalent in operational radar terms,
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		Normalised		Normalised Frequency		Input Pulse Length tn		30		microsec				Absolute time		Absolute Frequency

		Time		Deviation		Input Total Chirp Bw		10		MHz				Sec		MHz

		tn/100		Fdn (MHz)		Input Centre Frequency		2900		MHz

		0		-0.5										0.00		2895

		1		-0.4648768473										3.00E-07		2895.3512315271

		2		-0.4310344828										6.00E-07		2895.6896551724

		3		-0.3995566502										9.00E-07		2896.0044334975

		4		-0.3714285714										1.20E-06		2896.2857142857

		5		-0.3470935961										1.50E-06		2896.5290640394

		6		-0.3266995074										1.80E-06		2896.7330049261

		7		-0.3100492611										2.10E-06		2896.8995073892

		8		-0.2965517241										2.40E-06		2897.0344827586

		9		-0.2854187192										2.70E-06		2897.1458128079

		10		-0.27591133										3.00E-06		2897.2408866995

		11		-0.2672413793										3.30E-06		2897.3275862069

		12		-0.2586699507										3.60E-06		2897.4133004926

		13		-0.2498029557										3.90E-06		2897.5019704433

		14		-0.2404433498										4.20E-06		2897.5955665025

		15		-0.230591133										4.50E-06		2897.6940886699

		16		-0.2204926108										4.80E-06		2897.7950738916

		17		-0.2103940887										5.10E-06		2897.8960591133

		18		-0.2006896552										5.40E-06		2897.9931034483

		19		-0.1915763547										5.70E-06		2898.0842364532

		20		-0.1833497537										6.00E-06		2898.1665024631

		21		-0.17591133										6.30E-06		2898.2408866995

		22		-0.1692610837										6.60E-06		2898.3073891626

		23		-0.1631527094										6.90E-06		2898.3684729064

		24		-0.1573399015										7.20E-06		2898.4266009852

		25		-0.1514778325										7.50E-06		2898.4852216749

		26		-0.1454187192										7.80E-06		2898.5458128079

		27		-0.1390147783										8.10E-06		2898.6098522167

		28		-0.1322167488										8.40E-06		2898.6778325123

		29		-0.1251231527										8.70E-06		2898.7487684729

		30		-0.1179310345										9.00E-06		2898.8206896552

		31		-0.1107389163										9.30E-06		2898.8926108374

		32		-0.1038423645										9.60E-06		2898.9615763547

		33		-0.0972906404										9.90E-06		2899.0270935961

		34		-0.0912315271										1.02E-05		2899.0876847291

		35		-0.0855665025										1.05E-05		2899.1443349754

		36		-0.0802463054										1.08E-05		2899.1975369458

		37		-0.0750738916										1.11E-05		2899.2492610837

		38		-0.0698522167										1.14E-05		2899.3014778325

		39		-0.0644334975										1.17E-05		2899.3556650246

		40		-0.0586699507										1.20E-05		2899.4133004926

		41		-0.0525615764										1.23E-05		2899.4743842365

		42		-0.0461330049										1.26E-05		2899.5386699507

		43		-0.0395517241										1.29E-05		2899.6044827586

		44		-0.0329704433										1.32E-05		2899.6702955665

		45		-0.0265665025										1.35E-05		2899.7343349754

		46		-0.0204975369										1.38E-05		2899.7950246305

		47		-0.0148423645										1.41E-05		2899.8515763547

		48		-0.0096108374										1.44E-05		2899.9038916256

		49		-0.0047108374										1.47E-05		2899.9528916256

		50		0										1.50E-05		2900

		51		0.0047108374										1.53E-05		2900.0471083744

		52		0.0096108374										1.56E-05		2900.0961083744

		53		0.0148423645										1.59E-05		2900.1484236453

		54		0.0204975369										1.62E-05		2900.2049753695

		55		0.0265665025										1.65E-05		2900.2656650246

		56		0.0329704433										1.68E-05		2900.3297044335

		57		0.0395517241										1.71E-05		2900.3955172414

		58		0.0461330049										1.74E-05		2900.4613300493

		59		0.0525615764										1.77E-05		2900.5256157635

		60		0.0586699507										1.80E-05		2900.5866995074

		61		0.0644334975										1.83E-05		2900.6443349754

		62		0.0698522167										1.86E-05		2900.6985221675

		63		0.0750738916										1.89E-05		2900.7507389163

		64		0.0802463054										1.92E-05		2900.8024630542

		65		0.0855665025										1.95E-05		2900.8556650246

		66		0.0912315271										1.98E-05		2900.9123152709

		67		0.0972906404										2.01E-05		2900.9729064039

		68		0.1038423645										2.04E-05		2901.0384236453

		69		0.1107389163										2.07E-05		2901.1073891626

		70		0.1179310345										2.10E-05		2901.1793103448

		71		0.1251231527										2.13E-05		2901.2512315271

		72		0.1322167488										2.16E-05		2901.3221674877

		73		0.1390147783										2.19E-05		2901.3901477833

		74		0.1454187192										2.22E-05		2901.4541871921

		75		0.1514778325										2.25E-05		2901.5147783251

		76		0.1573399015										2.28E-05		2901.5733990148

		77		0.1631527094										2.31E-05		2901.6315270936

		78		0.1692610837										2.34E-05		2901.6926108374

		79		0.17591133										2.37E-05		2901.7591133005

		80		0.1833497537										2.40E-05		2901.8334975369

		81		0.1915763547										2.43E-05		2901.9157635468

		82		0.2006896552										2.46E-05		2902.0068965517

		83		0.2103940887										2.49E-05		2902.1039408867

		84		0.2204926108										2.52E-05		2902.2049261084

		85		0.230591133										2.55E-05		2902.3059113301

		86		0.2404433498										2.58E-05		2902.4044334975

		87		0.2498029557										2.61E-05		2902.4980295567

		88		0.2586699507										2.64E-05		2902.5866995074

		89		0.2672413793										2.67E-05		2902.6724137931

		90		0.27591133										2.70E-05		2902.7591133005

		91		0.2854187192										2.73E-05		2902.8541871921

		92		0.2965517241										2.76E-05		2902.9655172414

		93		0.3100492611										2.79E-05		2903.1004926108

		94		0.3266995074										2.82E-05		2903.2669950739

		95		0.3470935961										2.85E-05		2903.4709359606

		96		0.3714285714										2.88E-05		2903.7142857143

		97		0.3995566502										2.91E-05		2903.9955665025

		98		0.4310344828										2.94E-05		2904.3103448276

		99		0.4648768473										2.97E-05		2904.6487684729

		100		0.5										3.00E-05		2905
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