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1)
Introduction

Recommendation ITU-R SM.1541 - Unwanted emissions in the out-of-band

domain - contains in Section 6 of Annex 8 a design objective for future

radars,  this objective increases the roll-off in the OOB domain from the

current 20 dB/dec to 40 dB/dec. The next WRC (06?), may discuss the adoption of this design objective in one form or another and this discussion needs to be supported by inputs from the radar community as to what is achievable. 

Modern professional and military radar systems tend to make use of driven transmitters mainly because of their wide agile bandwidths.  Such systems almost exclusively make use of pulse compression techniques as their peak power is not high enough to deliver the required energy to detect a target in a time period commiserate with the require range resolution.  This trend extended further with the introduction of solid state power amplifier based systems. In such systems an inherent wide bandwidth is accompanied by relatively low peak power capabilities. The development of programmable and eventually adaptive digital waveform generation leads to a multiplicity of available waveforms limited only in the end by the maximum usable pulse length and transmitter duty cycle. FM chirped waveforms are one common method of achieving pulse compression and these are widely used.

This paper discusses the theoretical bandwidth requirements for FM pulsed radar waveforms and compares them to the current ITU recommendations and the design objective, with the aim of ascertaining what bandwidth limits are set by the basic waveform design. In practice however due allowance will have to be made for the implementation effects on the final spectrum output, caused by real transmitting and radiating systems.

2)
Current ITU OOB Requirements

The current OOB emission limits are based on the calculated -40dB spectral bandwidth, Bw(-40). The limit line rolls off from this point at 20 dB/dec until it meets the Cat A
 level of -60dB. This results in the Bw(-60) being 10 times the Bw(-40). 
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The new design objective increases this roll-off rate to 40 dB/dec this results in a Bw(-60) of:
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The two limit lines are shown graphically in Figure 1 below.

Figure 1 Current and Proposed OOB Emission Masks Cat A Emissions
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The Bw(-40) is calculated based on the radar parameters using the following equation as given in 1541.

For FM-pulse radar waveforms, the -40 dB bandwidth is given as:
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A is 0.105 when K = 6.2, and 0.065 when K = 7.6 ,where t is the pulse duration (at half amplitude) and tr is the rise time, both in seconds and Bc is the total frequency shift during the pulse duration.

In order to consider the efficacy of these equations in calculating the OOB limit parameters, and the applicability of the proposed design objective. It was decided to compare the results obtained with the results achieved from a model that produces a theoretical value obtained by a Fourier transform of a radar pulse time waveform. 

The model, which was developed in Microsoft "Visual Basic" carries out a discreet FFT on a time waveform specified by the user. The parameters of the waveform are as defined by the ITU based on the 50% voltage pulse width and the 10 to 90% voltage rise/fall time.

Below Figure 2 is an example of the output.

By running this model for various time waveforms it is possible to compare the results against the calculated values given by the equations in ITU-R M.1541 and to assess the likely level of performance that could be achieved from these waveforms against the design objective.

Figure 2
Example of the output  of the Model
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3)
Necessary Bandwidth BN or Bw(-20)

Recommendation 1541 also gives an equation for the "Necessary Bandwidth BN or Bw(-20) of these types of radar waveforms. If we consider this equation we can see that by inspection that for in the types of radar waveforms being considered in this paper (pulse compression waveforms), which tend to have relatively long pulses with large chirps.
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The equation tends to BN (  2Bc.

This equation also goes unstable when tr  approaches zero and gets very large when tr is small. For rise times < 100 nS the equation below based on ITU formula for rectangular pulses might be considered a better approximation.
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This author has maintained for some time
 , that for real radar waveforms with a moderate to large time bandwidth product
 say > 10 then then NB ( Bc, not as the equation below gives NB(  2xBc.


[image: image7.wmf]c

N

B

t

t

Bw

B

r

2

79

.

1

)

20

(

+

×

=

»


Observation of the results of the model showed that in the waveforms under consideration the BN was not very dependent on the rise time where the rise time was short compared to the pulse length. Taking this in to consideration two empirical equations were investigated. These were modifications of the current ITU equations for unmodulated pulses.

These were called ITU 1:
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 and ITU 2:
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The waveforms considered have pulse lengths varying between 1 ( 500 (S chirps of 1,5 & 10 MHz and rise times between 0 and 500 nS. These parameters it is believed cover most of those used by modern surveillance and TI radars using solid state or TWT type transmitters.

The results are shown in Table 1.

This shows that the current ITU equation leads to errors of up to 195% and fails for waveforms of large time bandwidth products and waveforms with short rise times. This effect being due to the 1/((t x tr) term.

ITU 1 gives a better approximation with maximum error of ( 90% for large time bandwidth products mainly due to the effect of the 2xBc term. 

ITU 2 gets the error to ( 30% by replacing the 2xBc term with Bc.

A better approximation has been devised this is called "NEW" this gets the error to < 5% on most of the waveforms tested. This equation is given below:
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This and all equations lead to larger errors when the chirp is small and the rise time > 1% of the pulse length.

These results also show that as the time x bandwidth product increases the BN does tend to 2xBc they also show that for the faster rise times the BN calculated by the ITU equation is considerably larger than that achieved from the model.

Table 1 Necessary Bandwidth BN Equation Results
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4)
-40 dB Bandwidth Bw(-40)

The Bw (-40) is key to the OOB emission limits as it sets the Bw(-60) which gives the boundary between the OOB and SE domains. Because the Bw(-60) is derived by multiplying the Bw(-40) by a factor of 10 thus giving rise to the magnification of any errors.

Results of the modelling show that this -40 dB area is much more effected by the rise time. Figures 3 & 4 illustrate the effect. The larger the time bandwidth product and the slower the rise-time the more "rectangular" the spectrum. Rectangular being defined as when the Bw(-40) and Bw(-60) ( Bc.

Figure 3 
Waveform Spectrum
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Figure 4 
Waveform Spectrum 
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In Figure 3 & 4 the rise time is varied from 0.1 to 0.01 this results in an Bw(-20) which varies from 5.98  to 6.06 MHz whilst the Bw(-40) varies from 12.2 to 20.3 MHz. The change in Bw(-60) is more pronounced being affected by the first null and the first spectral sidelobe. This varies from 30.48 to 99.06 MHz.

Figure 5 shows a typical waveform for a surveillance radar.

To date the analysis of the sensitivity of the spectrum to the various parameters has not yet been completed.

The Bw(-40) depends on all the parameters unlike the Bw(-20) the sensitivity has as yet to be determined. The Bw(-60) also appears to be highly  dependent on the position of the first null in the pattern and the level of the first secondary lobe of the spectrum.

If we compare the results calculated for the Bw(-40) using the ITU equation:
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against those produced by the model for various sets of pulse parameters, the accuracy of the ITU equation can be assessed.

The parameters chosen to model where in the range:

· Chirp 1,5 & 10 MHz,

· Pulse length 1 ( 500(S

· Rise time 0(160 nS.

The results for the Bw(-40) comparison is given in Tables 2 to 4. 

Figure 5 
Surveillance Radar Waveform Spectrum
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In these tables the value calculated using the ITU equation is compared to that produced from the model. The calculation is carried out using the two values of the constants A & K. The value calculated by the model is given in bold.

The results show errors from a few 10's % to 500% it appears on first investigation that the pulse length and rise time terms, are over estimating for short fast rise pulses whilst for the larger chirped pulses the 2Bc term in the equqtion is again over estimating the Bw.

Table 2 
Comparison of Bw(-40) 1 MHz Chirp 
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3.9

2.82


Table 3   Comparison of Bw(-40) 5 MHz Chirp 
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Table 4 
Comparison of Bw(-40) 10 MHz Chirp 
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16.46

15.7

14.82

13.66


The results show that the closest match between the calculated and modelled results when the chirp is small and the rise-time is long. ATC radars tend to operate with compressed pulse lengths between 0.75 and 1 (s this requires chirps of the order of 1 to 1.5 MHz. Some of these systems also operate with relatively long rise-time inspection of Table 2 would indicate that these waveforms come close to the predicted Bw(-40) limit.

Two special cases are shown for comparison in Table 5 :

Table 5 
Comparison of two ATC type Waveforms

[image: image16.png]Chirp | Rise Pulse Length|ITU Bw(40)| Model Bw(40)|ITU Bw(£60)|ITU DO Bwi{60) |Model Bw{60)
MHz [ microsec | microsec Mz MHz MHz MHz MHz

Waveform 1] 1 | 017 100 4.61 442 16.08 .57 13.94

Waveform 2| 1.5 1 50 120 2.76 12.05 13.30 7.92





The model outputs are shown in Figures 6 & 7 Below:

Figure 6 
Waveform 1
[image: image17.jpg]Power (dB) Fulse_Spectum v 1

107 Puselength 100 ps
Rise fime 017 ps
Fallime 017 pis
Chirp band width 1 MHz

104

20+

30+

_40-|

6.97
MHz

_50-|

60|
70+
-80+ 47 B4MHZ

90|

-100 T T
001 01 1

Frequency (MHz)

6843 MHz

00




Figure 7

Waveform 2
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For waveform 1 the calculated and modelled Bw(-40) are very close to each other 4.61 to 4.42 when the practical implementation is considered then this could be close to or outside the current Bw(-40) limit. The spectrum however outside this region rolls of quickly at 40 dB/dec. 

Waveform 2 has a narrower Bw(-40) than predicted by the ITU equation 2.72 MHz Vs 4.2 MHz outside this it then rolls off at ( 40 dB/dec.

5)
Design Objective & Bw(-60)

The Bw (-60) sets the boundary of the OOB and the SE region, currently the formula for Bw(-60) is defined by the Bw(-40) value and the 20dB/dec roll off, this results in a bandwidth of:
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However the design objective requires this bandwidth to be reduced to:
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as a result of the adoption of the increased roll-off of 40 dB/dec out side the Bw(-40) region.

The initial question that needs to be asked is what roll-off can be achieved by the waveforms under consideration and given that a suitable equation can be found to describe the Bw(-40) the question is then can these waveforms meet the new requirement. This means investigating the "natural roll-off " of these types of waveforms.

5.1
Natural Roll-off of Chirped Waveform Spectra

In order to investigate this the Bw(-40) and Bw(-60) was calculated and the ratio of the two beamwidths determined. To meet the new design objective this ratio must be < 3.2:1.

Table 6 below gives the ratio of the calculated Bw(-60)/Bw(-40) the areas highlighted show where the ratio exceeded 3:1 this shows waveforms with low chirps will have difficulty in meeting the roll-off. Note however how the ATC waveform shown earlier sits in a region where a 1 MHz chirp will exceed the requirements. Longer chirps tend to fail the 3:1 test when the rise time is very short or the pulse is very short. These waveforms which may not be that  interesting in may applications. The anomalies or "jumps" in the table seem to be related to the position and height of the first side lobe this can appear > then -60 dB resulting in a consequential widening of the  Bw(-60). If however the "envelope" of the spectrum of the waveform is plotted the "jumps" are smoothed out. In the time frame of this study it was not possible to develop a mathematical method of determining the "envelope" time pressure excluded the alternative "manual" estimation of the envelope Bw being determined.

Figure 8 shows an example of a waveform that does not meet the 3.2:1 criterion. This appears on initial inspection to be caused by the position of the first null that is not increasing the roll-off around the Bw(-40) point. Figure 9 shows that by increase the rise-time from 60 to 120 ns the Bw ratio is reduced.

5.2 ITU Calculation of Design Objective Bw(-60)

As an alternative test it was decided to calculate the required Bw(-60) for the increased roll-off using the ITU equation. The  equation has been shown to over estimate the Bw(-40) so will give a greater margin at the Bw(-60) level.

These results are shown in Tables 7-9 below.

The  results in these tables show a 100% compliance indicating that the modulation scheme alone is capable of meeting the design objective by a large margin. This compliance however is based on the fact the ITU formula for the Bw(-40) over estimates and this over estimate is multiplied by 3 when calculating the Bw(-60). 

Figure 8 Waveform that Fails 3.2:1 Roll-off
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Figure 9 Waveform that Meets 3.2:1 Roll-off
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Table 6
Ratio of Bw(-60) to Bw(-40)

[image: image22.png]Rise Length microsec 1MHz___Chirp
microsec[ 1 5 0 50 100 200 500
001 2.46 .49 5.49 7.66 8.22 8.6 858
002 316 2.85 3.57 5.49 6.29 7.06 7569
003 289 222 280 4.33 5.1 5.88 685
004 2.61 3.10 2.35 3.59 437 5.03 612
005 3.78 341 213 344 380 4.40 548
006 3.56 3.05 312 2.61 3.40 3.95 499
007 3.49 267 319 257 3.09 3.59 457
008 3.43 282 3.03 247 283 3.28 423
009 3.60 270 297 224 266 3.06 394
0.1 .32 2.66 2.97 212 250 2.86 370
012 4.21 257 277 194 234 2.57 332
014 4.28 3.55 2.67 3.04 2.09 237 322
016 4.18 351 259 2.98 1.96 219 278
Rise Length microsec SMHz__ Chirp
microsec| 1 5 0 50 100 200 500
001 312 250 344 1.67 5.49 5.91 592
002 2.66 341 2.16 314 3.1 .16 454
003 3.52 279 3.02 2.46 288 3.26 367
004 3.46 263 263 210 243 274 312
005 3.20 2.45 2.60 2.06 2.3 2.40 274
006 3.67 3.20 2.50 2.00 2.17 230 247
007 3.60 2.98 2.59 2.53 2.09 223 237
008 3.55 283 2.50 245 2.00 214 230
009 3.46 2.97 2.36 234 1.92 2.05 222
0.1 3.51 290 227 2.50 1.84 1.97 213
012 3.43 2.73 2.76 2.36 1.65 1.79 196
014 4.05 333 2.70 220 2.29 162 181
016 2.85 3.26 259 2.08 2.16 2.18 157
Rise Tength microsec 0 MHz__ Chirp
microsec[ 1 5 0 50 100 200 500
001 2.9 2.1 2.53 3.76 1.23 446 451
002 343 280 293 244 274 3.04 322
003 37 251 2.66 217 251 2.37 259
004 3.02 249 262 2.01 2.14 227 237
005 3.48 228 241 185 1.97 210 220
006 341 280 221 165 1.79 1.94 205
007 410 270 2.69 229 1.62 1.76 190
008 3.85 259 264 217 2.18 163 177
009 293 3.09 250 2.05 2.09 153 1566
0.1 2.86 299 244 1.95 2.00 148 158
012 2.85 269 233 2.11 1.88 142 150
014 2.69 276 224 1.79 1.83 181 143
016 2.97 3.07 2.60 1.70 173 1.76 135






Table 7
 Calculated Bw(-60) Vs Model 1 MHz Chirp
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208.71

46.80

26.56

10.37

8.35

7.34

6.73

0

694.4

266.66

176.34

84.42

61.32

46.7

27.94

0.01

268.79

160.41

134.73

100.46

92.34

86.60

81.50

0.01

287.77

154.91

123.43

81.42

71.47

64.43

58.18

0.01

131.74

109.8

94.14

64.82

51.6

41.76

26.76

0.02

178.16

101.53

83.37

59.13

53.39

49.33

45.73

0.02

196.82

102.88

80.62

50.91

43.87

38.90

34.48

0.02

125.6

63.48

58.34

46.02

39.5

34.02

24

0.03

141.66

79.08

64.26

44.47

39.78

36.46

33.52

0.03

158.78

82.08

63.91

39.65

33.90

29.84

26.23

0.03

91.4

45.12

42.34

35.42

31.48

28.12

21.24

0.04

120.96

66.77

53.93

36.79

32.73

29.86

27.31

0.04

136.77

70.34

54.60

33.60

28.62

25.10

21.98

0.04

71.48

55.46

33.34

28.82

26.2

23.84

18.86

0.05

107.29

58.82

47.33

32.01

28.37

25.81

23.53

0.05

122.03

62.61

48.53

29.75

25.29

22.15

19.35

0.05

81.26

50.68

27.54

24.34

22.44

20.68

16.88

0.06

97.43

53.19

42.70

28.71

25.40

23.05

20.97

0.06

111.29

57.05

44.20

27.05

22.99

20.11

17.56

0.06

69.54

43.46

37.94

21.1

19.6

18.24

15.26

0.07

89.92

48.95

39.25

26.29

23.22

21.05

19.13

0.07

103.03

52.82

40.92

25.04

21.28

18.62

16.26

0.07

61.32

38.68

35.54

18.58

17.42

16.36

13.9

0.08

83.94

45.63

36.55

24.43

21.56

19.53

17.73

0.08

96.43

49.46

38.33

23.48

19.96

17.47

15.26

0.08

53.52

34.66

31.94

17.02

15.68

14.82

12.78

0.09

79.06

42.93

34.37

22.95

20.24

18.32

16.63

0.09

91.00

46.72

36.23

22.22

18.90

16.56

14.47

0.09

49.22

31.06

29.54

15.1

14.28

13.54

11.82

0.1

74.97

40.69

32.57

21.73

19.17

17.35

15.74

0.1

86.44

44.42

34.47

21.18

18.04

15.81

13.83

0.1

57.42

28.28

27.14

13.78

13.12

12.48

11.02

0.12

68.46

37.17

29.76

19.86

17.52

15.86

14.39

0.12

79.13

40.78

31.69

19.56

16.69

14.66

12.85

0.12

47.66

24.23

23.14

11.78

11.68

10.8

9.68

0.14

63.47

34.50

27.64

18.48

16.31

14.77

13.41

0.14

73.49

37.99

29.57

18.34

15.68

13.80

12.13

0.14

41.8

29.44

20.16

17.34

9.92

9.56

9.28

0.16

59.49

32.40

25.98

17.41

15.38

13.94

12.67

0.16

68.98

35.76

27.89

17.39

14.90

13.14

11.58

0.16

37.5

26.26

17.96

15.9

8.88

8.56

7.84


Table 8
Calculated Bw(-60) Vs Model 5 MHz Chirp
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72.10

51.86

35.67

33.65
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0

1333.32

639.46

424.52

195.9

147.84

105.46

64.18

0.01

294.09

185.71

160.03

125.76

117.64

111.89

106.80

0.01

313.07

180.21

148.73

106.72

96.77

89.73

83.48

0.01

253.3

131.46

121.74

97.26

84.3

71.9

53.52

0.02

203.46

126.83

108.67

84.43

78.69

74.63

71.03

0.02

222.12

128.18

105.92

76.21

69.17

64.19

59.78

0.02

141.36

126.66

69.14

60.34

55.22

49.86

40.78

0.03

166.95

104.38

89.55

69.77

65.08

61.76

58.82

0.03

184.08

107.38

89.20

64.95

59.20

55.14

51.53

0.03

139.16

91.06

83.12

43.94

41.16

38.14

32.7

0.04

146.26

92.07

79.22

62.09

58.03

55.16

52.61

0.04

162.07

95.64

79.90

58.89

53.92

50.40

47.27

0.04

109.38

71.48

67.14

34.94

33.06

31.1

27.48

0.05

132.59

84.12

72.63

57.30

53.67

51.10

48.83

0.05

147.32

87.91

73.83

55.04

50.59

47.44

44.65

0.05

87.5

58.7

55.76

31.92

28.9

26.46

23.8

0.06

122.73

78.49

68.00

54.01

50.69

48.35

46.27

0.06

136.59

82.35

69.50

52.35

48.29

45.41

42.86

0.06

95.32

67.88

47.76

28.96

26.84

24.62

21.12

0.07

115.21

74.25

64.54

51.59

48.52

46.35

44.42

0.07

128.33

78.12

66.22

50.34

46.58

43.92

41.56

0.07

81.64

59.86

45.46

34.62

24.74

23.1

20.02

0.08

109.24

70.92

61.84

49.73

46.86

44.83

43.02

0.08

121.73

74.76

63.63

48.78

45.26

42.77

40.56

0.08

73.44

53.52

42.04

31.7

22.8

21.58

19.16

0.09

104.36

68.23

59.67

48.24

45.54

43.62

41.92

0.09

116.30

72.02

61.52

47.52

44.20

41.86

39.77

0.09

70.32

53.72

38.42

28.98

21.14

20.16

18.24

0.1

100.26

65.99

57.87

47.03

44.46

42.65

41.04

0.1

111.73

69.72

59.77

46.48

43.33

41.11

39.13

0.1

64.46

50.04

35.44

30.48

19.66

18.88

17.32

0.12

93.75

62.47

55.05

45.16

42.82

41.16

39.69

0.12

104.43

66.08

56.99

44.86

41.99

39.95

38.15

0.12

56.24

42.88

40.42

27.95

17.24

16.74

15.66

0.14

88.77

59.80

52.94

43.78

41.61

40.07

38.71

0.14

98.79

63.28

54.87

43.64

40.98

39.10

37.43

0.14

58.6

46.88

36.24

25

23.52

15.04

14.26

0.16

84.79

57.69

51.27

42.71

40.67

39.24

37.97

0.16

94.28

61.06

53.19

42.69

40.20

38.44

36.88

0.16

52.34

42.04

32.28

22.56

21.5

19.8

13.14


Table 9
 Calculated Bw(-60) Vs Model 10 MHz Chirp
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0.01
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121.35
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0.01

271.48

137.88

132.96

111.86

101.42

87.96

69.68
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235.09

158.45

140.29

116.06

110.31

106.25

102.65

0.02

253.74

159.80

137.54

107.83

100.79

95.82

91.40

0.02

203.36

133.86

120.34

66.26

62.4

57.24

49.32

0.03

198.58

136.00

121.18

101.39

96.70

93.39

90.44

0.03

215.71

139.00

120.83

96.57

90.82

86.76

83.15

0.03

147.26

95.9

90.14

53.76

49.38

43.02

39

0.04

177.88

123.69

110.85

93.71

89.65

86.78

84.23

0.04

193.69

127.26

111.52

90.52

85.54

82.02

78.90

0.04

122.66

84.08

77.44

45.68

43.24

39.84

34.64

0.05

164.21

115.74

104.25

88.93

85.30

82.73

80.45

0.05

178.95

119.53

105.46

86.67

82.22

79.07

76.27

0.05

126.56

71.28

67.62

39.32

37.76

35.66

32.18

0.06

154.36

110.11

99.62

85.63

82.32

79.97

77.89

0.06

168.21

113.98

101.12

83.97

79.91

77.03

74.49

0.06

110.54

82.12

59.04

34.52

33.46

31.98

29.54

0.07

146.84

105.87

96.17

83.21

80.14

77.97

76.05

0.07
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109.74

97.84

81.96

78.20

75.54

73.18

0.07

117

72.46

67.24

47.04

30.06

29.02

27.2

0.08

140.86

102.55

93.47

81.35

78.48

76.45

74.65

0.08

153.35
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95.25

80.40

76.88

74.39

72.18

0.08

102.34

64.56

62.46

43.08

39.74

26.66

25.32

0.09

135.98

99.85

91.29

79.87

77.16

75.25

73.55

0.09

147.92

103.64

93.15

79.14

75.82

73.48

71.40

0.09

106.26

72.08

56.64

39.52

37.22

24.76

23.66

0.1

131.89

97.61

89.49

78.65

76.09

74.27

72.66

0.1

143.36

101.34

91.39

78.10

74.96

72.73

70.76

0.1

98.44

66.06

51.86

36.44

34.68

23.56

22.44

0.12

125.38

94.09

86.68

76.78

74.44

72.78

71.31

0.12

136.05

97.70

88.61

76.48

73.61

71.58

69.77

0.12

82.42

55.66

46.14

37.3

31.04

21.96

21

0.14

120.39

91.42

84.56

75.40

73.23

71.69

70.33

0.14

130.41

94.91

86.49

75.27

72.61

70.72

69.05

0.14

73.44

52.64

41.94

30.58

29.48

27.38

19.66

0.16

116.41

89.32

82.90

74.33

72.30

70.86

69.59

0.16

125.90

92.68

84.81

74.31

71.82

70.06

68.50

0.16

75.4

55.08

46.14

27.94

27.22

26.02

18.48


Thus it would appear that when considering the waveform alone the design objective can be met when the current ITU formula is used to calculate the Bw(-40) and Bw(-60) limits. This however is a consequence of the errors in the Bw(-40) and Bw(-20) formulea.

If however a realistic estimate of Bw(-40) is used then not all the waveforms can meet the design objective. When the further distortion of real waveform generation and amplification is added some of the waveforms currently on the borderline will not meet the objective.

6)
 Conclusions 

The method given in the current ITU recommendations for calculating the bandwidth limits for OOB emissions for radar systems using FM pulsed waveforms lead to large errors on all the bandwidths considered for some combination of parameters. This is particularly true where the rise time is fast and the time bandwidth products are large or where the chirp is small and the rise time is significant portion of the pulse length >1%. 

These errors when multiplied up to achieve the OOB/SE boundary conditions result in an excessively large bandwidth.

The properties of the pulses are such that even when an accurate assessment of the Bw (-40) is sued then the current 20 dB/dec roll-off is relatively easily achieved. 

The proposed 40 dB/dec is difficult to achieve just from the natural spectrum of the waveform, particularly for some combinations  and especially when the effects of practical distortions are considered. It is known that these can have a great effect at the -60dB level.

If an accurate calculation of the Bw(-40) is used then the achievement of the  40 dB/dec is as yet not fully proven although some waveforms show possibilities. 

If the current ITU formula for Bw(-40) is maintained then the 40dB/dec is achievable in all cases considered.

It must be remembered however that these conclusions are based on theoretical waveforms some allowance for practical implementation will be required.

7)
Future Work

The following further work needs to be carried out. 

Further work on defining the appropriate formula for specifying the bandwidths and the roll-offs need to be further investigated in particular the sensitivity of the -40 and -60 dB levels to the pulse shape parameters.

Most radars do not use linear FM chirps, these do not have low enough time sidelobes, to reduce the level of time sidelobes non-linear FM chirps are used. An example of the effect of non-linear FM is shown in Annex 1.  When comparing non-linear FM chirps the concept of compression ratio C is better than bandwidth, as in non-linear FM C(1/Bc, which is the case for linear FM systems. The method of calculating the bandwidths and roll-offs for these types of modulation is required.

The trapezoidal pulses considered so far have sharp changes of direction at the edges, in practice these do not occur. The corners of the pulse can be rounded by replacing the linear ramp by a modified Cosine function, the effect of this needs some consideration.

An example of the effects of Non-linear FM chirps is shown in Annex 1. The properties of these waveforms have not yet been fully assessed in relation to the relationships between the Bw(-20), Bw(-40) and Bw(-60).

Annex 1

Practical Example
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Consider the spectrum above, this is a FM modulated pulse radar with 25 (S pulse and a rise time between 15 to 18 ns and a 2.5 MHz chirp. Although this result is noise limited the following bandwidths have been estimated from this measurement. These are compared with those calculated using the ITU equations. 

The measured Bw (20) is < 50%  that calculated, the Bw (40) < 50% calculated and the Bw (60) ( 8 % of that calculated if the new design aim was used then the result would be < 50% of that calculated.

Table 1 Annex 1
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This spectrum well exceeds both the current requirements and the design aim. This is a result of an over estimation of the 20 and 40 dB bandwidths giving rise to a very generous 60 dB requirement. If a more accurate calculation of the Bw(40) could be achieved say for example 10 MHz then the Bw(60) at ( 35 MHz would be close to the 3.2 ratio required by the design aim.

The FigureA1  below shows a comparison of several pulses all with the same Chirp or bandwidth with various modulations. It can be seen that at the Bw(-20) level the non-linear FM pulse is narrower but the effect at the Bw(-40) is not so pronounced.

Figure A1-Comparison of Chirp Types
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� Tel:	 44 (0) 1983 202577


Email:	john.r.holloway@amsjv.com


� The types of radar discussed in this paper are generally have to meet exclusively Cat A SE limits.


� Comments on Reference and Measurement Bandwidths and Application of SE and OOB Limits & Masks for Radiodetermination Systems.Input to RCG Meeting 20th to 23rd August, Bolder USA John Holloway:AMS Cowes Monday, 12 August 2002


	The Report of an Investigation into the Characteristics, Operation and Protection Requirements of Civil Aeronautical and Civil Maritime Radar Systems October 2002. Public Domain Report UK Radiocommunications Agency.


� These are the waveforms most likely to be used for radar as FM modulation is used for the purpose of pulse compression.
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