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STUDY OF FORMULAS FOR REPRESENTING
THE NECESSARY BANDWIDTH AND -40 dB BANDWIDTH OF
FM MODULATED PULSE RADAR WAVEFORMS

INTRODUCTION


The necessary bandwidth (-20 dB bandwidth) and -40 dB bandwidth formulas for FM modulated pulse radar waveforms were addressed at the first meeting, July 2004, of the Joint Rapporteurs Group (JRG) 1A-1C-8B.  JRG documents addressing this subject included: JRG-12, JRG-13, JRG-18, JRG-19 and JRG-21.  Based on findings of these contributions, the JRG Work Program (Document JRG-24) was revised encouraging further studies of formulas to represent the necessary bandwidth and -40 dB bandwidth formulas for FM modulated pulse waveforms.

The potential necessary bandwidth (-20 dB bandwidth) and -40 dB bandwidth formulas presented in this document are still under review, and are not finalized domestically.  As work continues domestically, there is a possibility that these formulas may be modified.

OBJECTIVE


The objective of this study is to identify representative equations for FM modulated pulse radar waveforms that will provide an estimate of the necessary bandwidth and -40 dB bandwidth.  The representative equations should take into consideration the characteristics (pulse width, frequency deviation, and rise/fall times) of the FM-pulse modulated waveforms and include implementation and measurement factors.

APPROACH


The following approach was taken in studying appropriate necessary and -40 dB bandwidth formulas for FM-pulse radars.

1. Identify emission characteristics and waveform parameters of radar systems using FM-pulse modulated waveforms.

2. Select from the list of radars identified in step 1 a set of radar systems that cover a full range of pulse widths, rise/fall times, frequency deviation (chirp), and compression ratios. 

3. Use the pulse waveform characteristics from step 2 to determine the theoretical emission spectrum using: 1) the methodology provided in ITU-R Report 837 (Document JRG-10), referred to as the Newhouse model; and 2) Fast Fourier Transform (FFT) models. 

4. Review the data obtained in step 3, and determine appropriate formula(s) for the necessary bandwidth and -40 dB bandwidth of FM-pulse modulated waveforms.

The studies conducted using the above approach are contained in Appendices A, B and C of this paper.  Appendix C includes some figures of FFT and Newhouse model bandwidth calculations along with one example of measured data.

GENERAL FINDINGS RELATED TO THE STUDY

1. Further work will be required to identify appropriate formulas for the necessary bandwidth and -40 dB bandwidth for FM-pulse modulated waveforms.  The follow-on study must include measured data in establishing the -40 dB bandwidth formula.

2. Since the -40 dB bandwidth is used to define the emission mask for radar systems, any changes to the current -40 dB bandwidth formula must take into consideration factors that are not included in theoretical computations such as FFTs and Newhouse approximations.  These factors include, but are not limited to, implementation factors such as distortion in amplification chains, inherent output device characteristics, and measurement factors.

3. This preliminary study indicated that the current -40 dB bandwidth equation may be too stringent for low compression ratios (less than 500), but may be too generous for very large compression ratios (greater than 5000).  See Figures 1 and 2. 
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Figure 2
APPENDIX A

Evaluation of Necessary Bandwidth Formulas

Five formulas were evaluated by conducting comparative analysis in the ongoing process to possibly determine appropriate equation(s) for estimating the necessary bandwidth (-20 dB bandwidth) for FM-pulse modulated waveforms.  The five formulas are given below.
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Equation A‑1
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Equation A‑2
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Equation A‑3


For this study, K = 1.0, and L = 3.7
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Equation A‑4


For this study, K = 1.15 and L = 2.0
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Equation A‑5


For this study, K = 1.15 and L = 2.0

For the above equations:

	B-20 dB  =
	Necessary bandwidth (-20 dB), in MHz.

	t  =
	emitted pulse duration at 50% amplitude (voltage) points, in microseconds (μs).

	tr  =
	emitted pulse rise time from the 10% to 90% amplitude points on the leading edge, in microseconds (μs).

	Bc  =
	bandwidth of the frequency deviation during the pulse, in MHz.


Equation A‑1 is the current necessary bandwidth (B-20dB) equation (Equation 36) contained in Recommendation ITU-R SM.1541, Annex 8.  Equation A‑2 is a form of the current necessary bandwidth equation (Equation 36) with the constant of 1.2 instead of 2.0 times Bc.  Equations A‑3 is a formula similar to the form used for the necessary bandwidth in a contribution to the Radar Correspondence Group (Document RCG-17) at the June 2003 meeting of the RCG in London.  Equation A‑3 has a variable that is a function of the compression ratio (tBc).  Equation A‑4 is a form of equations A‑2 and A‑3.  Equation A‑5 takes into consideration the ratio of rise time (tr) to pulse width (t) in determining the appropriate emission bounds. 

Tables A‑1 through A‑5 show the comparison of the above formulas with FM-pulse radar characteristics obtained in step 2 of the approach.  Acronyms used in the tables include:

BNH  =
Necessary bandwidth (-20 dB) obtained using methodology provided in ITU-R Report 837 (Document JRG-10), referred to as the Newhouse computation. 

CR    =
Compression Ratio (Bc t).

FFT  =
Necessary bandwidth (-20 dB) obtained using Fast Fourier Transform.

MSP =
Manufacturer’s specifications.

Summary Comments on Proposed Necessary Bandwidth (-20 dB bandwidth) Equations for FM Pulsed Radars

1. Equation A‑1, the current necessary bandwidth formula (B-20dB) equation (Equation 36) contained in Recommendation ITU-R SM.1541, Annex 8, shows that the fixed constant factor of 2.0 times the frequency deviation (Bc) results in estimates that are much larger than the MSP data, and the FFT and Newhouse computations.  This finding is in agreement with the conclusions in Document RCG-17.  

2. Equation A‑2 is similar to Equation A‑1 except it uses a fixed constant factor of 1.2 instead of 2.0 times frequency deviation (Bc).  Equation A‑2 predicts lower average difference than Equation A‑1.  However, the predicted necessary bandwidth is less than the MSP data (negative difference in %) for radars 3 and 6 when using Equation A-2.  

3. Equation A‑3 (from Document RCG-17) has a factor that is a variable as a function of the pulse compression ratio.  Equation A‑3 appears to provide predicted necessary bandwidth values in many cases that are lower than the MSP data, and the FFT and BNH computations.  In particular for radar 9, Equation A‑3 predicts a necessary bandwidth of 1.85 MHz while the FFT and Newhouse model predict the necessary bandwidth is in the order of 157 to 215 MHz.
  Radar 9 has a narrow pulse width (0.01 μs), and a small FM chirp (2.5 kHz).  Thus, as a result of the very small compression ratio, the necessary bandwidth is dominated by the pulse width and rise time, which is not accounted for in the formula.

4. Equation A‑4, which combines Equations A‑2 and A‑3, appears to provide an overall better predicted necessary bandwidth values than the ones obtained by Equations A-2 and A-3 separately, since it takes into account FM-pulse modulated waveforms with low compression ratios.  Equation A‑4 also results in a higher average estimate (difference in %) than Equations A‑2 and A‑3.  However, Equation A‑4 results in fewer negative percentage values indicating that the equation provides predicted necessary bandwidths greater than the MSP data, and the FFT and BNH computations, on the whole 

5. Equation A‑5, which is a form of Equation A‑4 that takes into consideration the ratio of rise time (tr) to pulse width (t) in determining the appropriate emission bounds.  Equation A‑5 appears to provide overall predicted necessary bandwidth values even better than the ones obtained using Equation A-4.  The preliminary comparison study of the 5 formulas provided in this document shows that equation 5 seems to give the best comparison with the MSP data, and the FFT and BNH computations in terms of the average difference percentages.  However, Equation A‑5 results in fewer negative percentage values indicating that the equation provides predicted necessary bandwidth greater than the MSP data, and the FFT and BNH computations. 

TABLE A‑1

Evaluation of Equation 1 (Current Rec. ITU-R SM.1541 formula)

	 
	Pulse Parameters
	Necessary Bandwidth ( B-20) in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ1
	EQ1-MSP MSP
	EQ1-FFT FFT
	EQ1-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	755.00
	C
	654.74
	750.65
	1281.43
	69.73
	95.72
	70.71

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	725.00
	C
	657.73
	723.09
	1282.97
	76.96
	95.06
	77.43

	3
	1
	89
	89
	127
	0.7
	1
	1.80
	M
	1.15
	1.32
	2.23
	23.71
	93.63
	68.60

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	2.35
	C
	2.35
	2.35
	9.13
	288.62
	288.62
	288.92

	5
	1
	35
	35
	175
	0.2
	0.6
	1.62
	C
	1.36
	1.55
	2.68
	65.22
	96.81
	72.59

	6
	2
	245
	490
	153
	1.6
	1.6
	3.00
	M
	2.09
	2.38
	4.09
	36.35
	95.71
	71.53

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	2.00
	C
	3.61
	4.02
	6.61
	230.57
	83.14
	64.61

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1220.00
	C
	1210.00
	1352.61
	2402.58
	96.93
	98.56
	77.63

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	181.00
	M
	157.03
	215.22
	213.95
	18.20
	36.25
	-0.59

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	9522.00
	M
	8928.52
	9608.99
	17762.22
	86.54
	98.94
	84.85

	
	
	
	
	
	
	
	
	
	
	
	Ave
	99.28
	108.24
	87.63

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	89.46
	66.13
	74.67

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE A‑2

Evaluation of Equation 2

	 
	Pulse Parameters
	Necessary Bandwidth ( B-20) in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ2
	EQ2-MSP MSP
	EQ2-FFT FFT
	EQ2-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	755.00
	C
	654.74
	750.65
	772.63
	2.34
	18.01
	2.93

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	725.00
	C
	657.73
	723.09
	770.97
	6.34
	17.22
	6.62

	3
	1
	89
	89
	127
	0.7
	1
	1.80
	M
	1.15
	1.32
	1.43
	-20.73
	24.07
	8.03

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	2.35
	C
	2.35
	2.35
	8.53
	263.09
	263.09
	263.37

	5
	1
	35
	35
	175
	0.2
	0.6
	1.62
	C
	1.36
	1.55
	1.88
	15.84
	37.98
	21.01

	6
	2
	245
	490
	153
	1.6
	1.6
	3.00
	M
	2.09
	2.38
	2.49
	-16.99
	19.16
	4.43

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	2.00
	C
	3.61
	4.02
	4.98
	148.97
	37.93
	23.97

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1220.00
	C
	1210.00
	1352.61
	1442.58
	18.24
	19.22
	6.65

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	181.00
	M
	157.03
	215.22
	213.95
	18.20
	36.25
	-0.59

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	9522.00
	M
	8928.52
	9608.99
	10658.22
	11.93
	19.37
	10.92

	
	
	
	
	
	
	
	
	
	
	
	Ave
	44.72
	49.23
	34.73

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	90.20
	75.64
	80.70

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE A‑3

Evaluation of Equation 3

	 
	Pulse Parameters
	Necessary Bandwidth ( B-20) in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ3
	EQ3-MSP MSP
	EQ3-FFT FFT
	EQ3-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	755.00
	C
	654.74
	750.65
	657.99
	-12.85
	0.50
	-12.34

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	725.00
	C
	657.73
	723.09
	661.94
	-8.70
	0.64
	-8.46

	3
	1
	89
	89
	127
	0.7
	1
	1.80
	M
	1.15
	1.32
	1.39
	-22.66
	21.06
	5.41

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	2.35
	C
	2.35
	2.35
	2.12
	-9.94
	-9.94
	-9.88

	5
	1
	35
	35
	175
	0.2
	0.6
	1.62
	C
	1.36
	1.55
	1.63
	0.33
	19.52
	4.81

	6
	2
	245
	490
	153
	1.6
	1.6
	3.00
	M
	2.09
	2.38
	2.33
	-22.19
	11.69
	-2.11

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	2.00
	C
	3.61
	4.02
	4.40
	120.17
	21.98
	9.63

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1220.00
	C
	1210.00
	1352.61
	1211.70
	-0.68
	0.14
	-10.42

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	181.00
	M
	157.03
	215.22
	1.85
	-98.98
	-98.82
	-99.14

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	9522.00
	M
	8928.52
	9608.99
	8966.63
	-5.83
	0.43
	-6.68

	
	
	
	
	
	
	
	
	
	
	
	Ave
	-6.13
	-3.28
	-12.92

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	52.96
	35.28
	31.24

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE A‑4

Evaluation of Equation 4

	 
	Pulse Parameters
	Necessary Bandwidth ( B-20) in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ4
	EQ4-MSP MSP
	EQ4-FFT FFT
	EQ4-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	755.00
	C
	654.74
	750.65
	752.72
	-0.30
	14.97
	0.28

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	725.00
	C
	657.73
	723.09
	750.83
	3.56
	14.15
	3.84

	3
	1
	89
	89
	127
	0.7
	1
	1.80
	M
	1.15
	1.32
	1.59
	-11.73
	38.15
	20.29

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	2.35
	C
	2.35
	2.35
	9.23
	292.92
	292.92
	293.22

	5
	1
	35
	35
	175
	0.2
	0.6
	1.62
	C
	1.36
	1.55
	2.16
	33.62
	59.16
	39.58

	6
	2
	245
	490
	153
	1.6
	1.6
	3.00
	M
	2.09
	2.38
	2.57
	-14.30
	23.02
	7.82

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	2.00
	C
	3.61
	4.02
	6.15
	207.75
	70.50
	53.24

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1220.00
	C
	1210.00
	1352.61
	1388.91
	13.84
	14.79
	2.68

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	181.00
	M
	157.03
	215.22
	214.95
	18.76
	36.88
	-0.12

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	9522.00
	M
	8928.52
	9608.99
	10261.05
	7.76
	14.92
	6.79

	
	
	
	
	
	
	
	
	
	
	
	Ave
	55.19
	57.95
	42.76

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	105.72
	84.92
	89.84

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE A‑5

Evaluation of Equation 5

	 
	Pulse Parameters
	Necessary Bandwidth ( B-20) in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ5
	EQ5-MSP MSP
	EQ5-FFT FFT
	EQ5-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	755.00
	C
	654.74
	750.65
	743.64
	-1.50
	13.58
	-0.93

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	725.00
	C
	657.73
	723.09
	748.21
	3.20
	13.76
	3.47

	3
	1
	89
	89
	127
	0.7
	1
	1.80
	M
	1.15
	1.32
	1.43
	-20.36
	24.65
	8.53

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	2.35
	C
	2.35
	2.35
	2.76
	17.34
	17.34
	17.43

	5
	1
	35
	35
	175
	0.2
	0.6
	1.62
	C
	1.36
	1.55
	1.67
	3.07
	22.78
	7.67

	6
	2
	245
	490
	153
	1.6
	1.6
	3.00
	M
	2.09
	2.38
	2.51
	-16.44
	19.94
	5.11

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	2.00
	C
	3.61
	4.02
	4.90
	144.77
	35.61
	21.88

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1220.00
	C
	1210.00
	1352.61
	1386.38
	13.64
	14.58
	2.50

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	181.00
	M
	157.03
	215.22
	214.95
	18.76
	36.88
	-0.12

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	9522.00
	M
	8928.52
	9608.99
	10259.22
	7.74
	14.90
	6.77

	
	
	
	
	
	
	
	
	
	
	
	Ave
	17.02
	21.40
	7.23

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	46.75
	8.70
	7.32

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Pictorial View of the Difference Between These Equations and the Data

This section displays the information of the previous tables in a graphical form, as a function of system compression ratio.  Data from additional systems are included for a more complete picture over 10 orders of magnitude of compression ratios.  In each of the following charts the identified equation would ideally follow the Manufacturer’s Specification, the FFT, or the Newhouse model, so that the percentage difference should be zero.  Positive excursions in the charts indicate that the bandwidth equations overestimate the data.
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Figure 3.  EQ1 Differences with MSP, FFT, and BNH
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Figure 4.  EQ2 Differences with MSP, FFT, and BNH
Figure 3 shows that the current bandwidth formula overestimates the data by as much as 100% at the higher compression ratios.  In Figure 4 Equation A-2 fixes this problem, but we notice a slight upward trend at the greater compression ratios, indicating that in these cases we are still overestimating the bandwidth.
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Figure 5.  EQ3 Differences with MSP, FFT, and BNH
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Figure 6.  EQ4 Differences with MSP, FFT, and BNH


Equation A-3 in Figure 5 flattens out the compression ratios above 100, but ends up underestimating the data at compression ratios below 4.  Equation A-4 of Figure 6 fixes this by raising the lower compression ratios while at the same time keeping the upper compression ratios flat.  We have not worried too much about overestimating the bandwidth at the lower compression ratios because the absolute error is small in this range.  Still, it would be nice to fix this too.
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Figure 7.  EQ5 Differences with MSP, FFT, and BNH


Equation A-5 in Figure 7 preserves the flatness of the curve at the upper compression ratio range, hovering slightly above zero, while at the same time flattening out the curve at the lower range.  Because the curve is relatively flat throughout the entire range of compression ratios we deduce that this bandwidth formula most nearly follows the physics of the FM pulse waveforms.  This would suggest that any future hypothetical or real system would likely be served well by this bandwidth formula.

APPENDIX B

Evaluation of -40 dB Bandwidth Formulas

Three formulas were evaluated by conducting comparative analysis in the ongoing process to possibly determine appropriate equation(s) for estimating the -40 dB bandwidth for FM-pulse modulated waveforms.  The three formulas are given below.
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Equation B‑1
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Equation B‑2


For this study, K = 1.2 and L = 8.0
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Equation B‑3


For this study, K = 1.3 and L = 6.5

For the above equations:

	B-40 dB  =
	-40 dB emission bandwidth, in MHz.

	t  =
	emitted pulse duration at 50% amplitude (voltage) points, in microseconds (μs).

	tr  =
	emitted pulse rise time from the 10% to 90% amplitude points on the leading edge, in microseconds (μs).

	Bc  =
	bandwidth of the frequency deviation during the pulse, in MHz.


Equation B‑1 is the current -40 bandwidth (B-40dB) equation (Equation 40) contained in Recommendation ITU-R SM.1541, Annex 8.  Equations B‑2 and B‑3 are formulas similar to the form used for the necessary bandwidth in a contribution to the Radar Correspondence Group (Document RCG-17) at the June 2003 meeting of the RCG in London, U.K.  Equations B‑2 and B‑3 have a variable that is a function of the compression ratio (tBc).  

Tables B‑1 through B‑3 show the comparison of the above formulas with FM-pulse radar characteristics obtained in step 2 of the approach.  Acronyms used in the tables include:

BNH  =
Emission bandwidth (-40 dB) obtained using methodology provided in ITU-R Report 837 (Document JRG-10), referred to as the Newhouse computation. 

CR    =
Compression Ratio (Bc t).

FFT  =
Emission Bandwidth (-40 dB) obtained using Fast Fourier Transform.

MSP =
   Manufacturer’s specifications.

Summary Comments on Proposed -40 dB Bandwidth (B-40) Equations for FM Pulsed Radars

1. Equation B‑1, the current -40 bandwidth (B-40 dB) equation (Equation 40) contained in Recommendation ITU-R SM.1541, Annex 8, uses a fixed constant factor times the pulse chirp (Bc).  For Equation B‑1, the study indicates that the current -40 dB bandwidth equation may be too stringent for low compression ratios (less than 500), for example see MSP data for Radars 3 and 6.  However, for very large compression ratios (greater than 5000), the current -40 dB bandwidth equation may be too generous, for example see Radars 8 and 10.

2. Equations B‑2 and B‑3 have a factor that is a variable as a function of the pulse compression ratio.  Equation B‑2 results in slightly lower average differences than Equation B‑3, however Equation B‑3 shows smaller standard deviations.  The magnitude of negative differences is smaller on the whole with Equation 3, indicating that it may be a safer choice than Equation B-2.  

3. For Equations B‑2 and B‑3, in general the study indicates that radars with very short rise/fall times (few nanoseconds) and high pulse width to rise time ratios result in -40 dB bandwidth estimates narrower than the predicted Newhouse computation, for example see Radars 1 and 8.

4. Since the -40 dB bandwidth is used to define the emission mask for radar systems, any changes to the current -40 dB bandwidth formula must take into consideration factors that are not included in theoretical computations such as FFTs and Newhouse approximations.  These factors include implementation factors such as distortion in amplification chains, inherent output device characteristics, and measurement factors.

TABLE B‑1

Evaluation of Equation B‑1 (Current Rec. ITU-R SM.1541 formula)

	 
	Pulse Parameters
	B-40 MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ1
	EQ1-MSP MSP
	EQ1-FFT FFT
	EQ1-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	965.00
	C
	818.87
	951.38
	1409.68
	46.08
	72.15
	48.17

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	868.00
	C
	709.86
	862.54
	1300.78
	49.86
	83.24
	50.81

	3
	1
	89
	89
	127
	0.7
	1
	3.30
	M
	2.18
	2.08
	3.09
	-6.50
	41.54
	48.56

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	23.47
	C
	18.68
	23.48
	48.94
	108.51
	161.97
	108.40

	5
	1
	35
	35
	175
	0.2
	0.6
	4.75
	C
	3.74
	4.26
	5.39
	13.54
	44.21
	26.63

	6
	2
	245
	490
	153
	1.6
	1.6
	4.92
	M
	2.65
	3.10
	4.44
	-9.67
	67.71
	43.28

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	7.43
	C
	11.96
	14.30
	14.95
	101.19
	24.98
	4.51

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1300.00
	C
	1294.80
	1604.99
	2461.45
	89.34
	90.10
	53.36

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	514.00
	M
	560.16
	680.58
	771.05
	50.01
	37.65
	13.29

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	11227.00
	M
	8980.08
	10802.86
	17772.95
	58.31
	97.92
	64.52

	
	
	
	
	
	
	
	
	
	
	
	Ave
	50.07
	72.15
	46.15

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	41.84
	39.90
	28.86

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE B‑2

Evaluation of Equation B‑2

	 
	Pulse Parameters
	B-40 in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ2
	EQ2-MSP MSP
	EQ2-FFT FFT
	EQ2-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	965.00
	C
	818.87
	951.38
	843.43
	-12.60
	3.00
	-11.35

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	868.00
	C
	709.86
	862.54
	825.72
	-4.87
	16.32
	-4.27

	3
	1
	89
	89
	127
	0.7
	1
	3.30
	M
	2.18
	2.08
	2.83
	-14.14
	29.98
	36.42

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	23.47
	C
	18.68
	23.48
	30.29
	29.06
	62.16
	29.00

	5
	1
	35
	35
	175
	0.2
	0.6
	4.75
	C
	3.74
	4.26
	4.90
	3.07
	30.90
	14.95

	6
	2
	245
	490
	153
	1.6
	1.6
	4.92
	M
	2.65
	3.10
	3.44
	-30.16
	29.66
	10.77

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	7.43
	C
	11.96
	14.30
	16.33
	119.73
	36.51
	14.15

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1300.00
	C
	1294.80
	1604.99
	1474.25
	13.40
	13.86
	-8.15

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	514.00
	M
	560.16
	680.58
	745.04
	44.95
	33.01
	9.47

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	11227.00
	M
	8980.08
	10802.86
	10851.00
	-3.35
	20.83
	0.45

	
	
	
	
	
	
	
	
	
	
	
	Ave
	14.51
	27.62
	9.14

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	42.93
	15.95
	15.54

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


TABLE B‑3

Evaluation of Equation B‑3

	 
	Pulse Parameters
	B-40 in MHz
	Differences in %

	Radar #
	Bc (MHz)
	t (usec)
	CR
	t/tr
	tr (usec)
	tf (usec)
	MSP
	*
	FFT
	BNH
	EQ3
	EQ3-MSP MSP
	EQ3-FFT FFT
	EQ3-BNH BNH

	1
	636
	18
	11448
	9000
	0.002
	0.002
	965.00
	C
	818.87
	951.38
	898.11
	-6.93
	9.68
	-5.60

	2
	640
	18.2
	11648
	910
	0.02
	0.02
	868.00
	C
	709.86
	862.54
	880.82
	1.48
	24.08
	2.12

	3
	1
	89
	89
	127
	0.7
	1
	3.30
	M
	2.18
	2.08
	2.77
	-15.92
	27.27
	33.58

	4
	0.75
	5.5
	4.125
	550
	0.01
	0.01
	23.47
	C
	18.68
	23.48
	29.81
	27.02
	59.59
	26.96

	5
	1
	35
	35
	175
	0.2
	0.6
	4.75
	C
	3.74
	4.26
	4.74
	-0.17
	26.79
	11.34

	6
	2
	245
	490
	153
	1.6
	1.6
	4.92
	M
	2.65
	3.10
	3.50
	-28.85
	32.09
	12.85

	7
	2.04
	5
	10.2
	50
	0.1
	0.1
	7.43
	C
	11.96
	14.30
	15.57
	109.58
	30.20
	8.88

	8
	1200
	120
	144000
	30000
	0.004
	0.004
	1300.00
	C
	1294.80
	1604.99
	1589.50
	22.27
	22.76
	-0.96

	9
	0.0025
	0.01
	0.000025
	1
	0.007
	0.007
	514.00
	M
	560.16
	680.58
	744.29
	44.80
	32.87
	9.36

	10
	8880
	16.2
	143856
	405
	0.04
	0.04
	11227.00
	M
	8980.08
	10802.86
	11703.88
	4.25
	30.33
	8.34

	
	
	
	
	
	
	
	
	
	
	
	Ave
	15.75
	29.57
	10.69

	
	
	
	
	
	
	
	
	
	
	
	Stdev
	39.32
	12.49
	11.92

	*
	Note: "M" denotes that the MSP data was based on measured emission spectrum.  "C" denotes that the MSP data was based on calculated

	
	emission spectrum.
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


APPENDIX C

Calculated and Measured Emission Spectra 
For FM-pulsed Modulated Waveforms


The figures below show the following information:

1. Emission bandwidth obtained using methodology provided in ITU-R Report 837 (Document JRG-10), referred to as the Newhouse computation, values in Black (left of center).  The dotted line represents the full Newhouse emission approximation.

2. Emission bandwidth obtained using FFT computations, values shown in Red (center).

3. Emission bandwidth obtained by measurements, values in Blue (if there are any values, they would be right of center). 
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Figure C-1.  Radar 3.
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Figure C-2.  Radar 4.
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Figure C-3.  Radar 5.
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Figure C-4.  Radar 6.
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Figure C-5.  Radar 7.
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Figure C-6.  Radar 9.
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Figure C-7.  Radar 10.
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Figure C-8.  Radar 10 Measured Data







� Radar 9 is a gated (pulsed) FMCW sawtooth modulation.  This type of modulation permits the use of a homodyne receiver with very narrow receiver bandwidth to achieve low sensitivity.  


� The FFT in this figure was done using a different model from that of the other figures, because the bandwidth is so much larger.
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