JRG-54


United States of America

Analysis and Observations of the Effects of Rise Time on FM Pulse Spectrum

1 Introduction

The major task before the Joint Rapporteurs Group (JRG) is the "design objectives" highlighted in ITU-R Recommendation SM.1541 Annex 8 – Primary radars. This "design objective" concerns the possibility of making more stringent the requirement for radars with regard to the "roll-off" of out-of-band emissions.  Specifically, the “design objective” in the recommendation proposes that the ITU-R conduct further studies addressing the feasibility of achieving the roll-off of -40 dB per decade from the -40 dB bandwidth with the possible new representative -40 dB bandwidth formula for FM-pulse waveforms, for practical combinations of waveform parameters.  It is important to note that the JRG has not come to conclusions on a possible new representative -40 dB bandwidth formula as of yet.  Therefore, this study can only take into consideration theoretical –40 dB bandwidth formulas. This paper is only concerned with the theoretical implications of the unfiltered waveform.     

It was noted by the JRG in document JRG-DG2-1, the work program of the drafting group dealing with these specific issues, that theoretical analysis does not take into account practical implementation factors associated with these types of pulses such as AM to PM conversion, and other sources of noise from amplifying devices are not covered in the theoretical analysis submitted to date.  Thus, the -40 dB bandwidth formulas should allow for implementation factors.  To the extent practical, measurements should be used to verify the practicality of achieving the -40 dB bandwidth formulas.

JRG-DG2-1 also suggests investigating the feasibility of increasing the roll-off from B-40 to 30 or 40 dB/decade for practical combinations of waveform parameters.  To the extent practical, it also suggests to verify the formulas through measurements using Recommendation ITU-R M.1177 as a guideline for the measurement procedures.  

At the second meeting of the JRG, as a result of contribution JRG-33, the JRG also discussed the need to analyze the relationship between rise time, pulse width, and chirp, for FM pulse modulated waveforms as they relate to the applicability of a roll‑off of a -40 dB/decade from the ‑40 dB bandwidth.  The objective of the paper is to analyze the minimum pulse rise/fall time, chirp, and pulse width of the emission spectrum of FM pulse modulated waveforms to be able to remain below a ‑40 dB/decade roll‑off beyond the ‑40 dB bandwidth.    

This study is based on a spectrum model found in ITU-R Report 837 (JRG-10), “Methods of Calculating Pulsed Radar Emission Spectrum Bandwidth”, Paul D. Newhouse originally developed the model
.  The “Newhouse” model is an approximation of a theoretical value to predict the bandwidth of radar emission.  The fast Fourier transform (FFT) is a theoretical method to predict the bandwidth of radar emission.  It needs to be noted that in some cases the “Newhouse” method provides slightly less than theoretical values that are attained using the FFT method.  Both the FFT and the “Newhouse” methods do not take into account any implementation factors such as unavoidable distortions within the radar transmitter chain. 
.  At this time only limited measurements have been conducted to verify the theoretical models and the practical effects of the transmitter chain.  It is recognized that further studies and measurements will be required to validate the conclusions in this study and to make any specific proposals.

2 Newhouse FM Pulse Model

  The “Newhouse” method addresses both symmetrical and asymmetrical pulses, noting that a symmetrical pulse yields a symmetrical spectrum; and an asymmetrical pulse yields an asymmetrical spectrum.  For the analysis in this document, we limit our discussion to the symmetrical pulses for simplicity, and rationalize it based on Recommendation ITU-R SM1541, Annex 8, OOB limits for primary radar systems, states that if the fall time of the radar is less than the rise time, it should be used in place of the rise time.  It should be noted that the “Newhouse” model is reported to be valid only for compression ratios of at least 2/π.

The “Newhouse” model is a simplified spectrum bounds for Linear FM pulsed waveforms which is produced by identifying 2 or 3 key points associated with the different roll-off slopes of the emission.  The points are chosen such that straight lines drawn on semi-log graphs between the points will generally follow the envelope of the spectrum.  JRG-12 has concluded that there is a good correlation between the results of the Fourier transform and the bounds developed by Newhouse except for “minor” disagreement for small time bandwidths products with slow rise times.  Due to the complication involved in the waveform, as compared with un-modulated pulse, the model is not a true bounds in that there can be regions of the emission where the spectrum raises above the model.  Nevertheless, for the purpose of understanding roll-off trends in the waveform, which is the purpose of this paper, Newhouse is ideal.

Figure 1 and 2 depict the pulse characteristics under consideration in these derivations.
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Figure 1.  Trapezoidal Pulse Envelope Model
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Figure 2.  The sweep law used by the Newhouse model


The following pulse parameter symbols and definitions apply throughout this paper:

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

	τb  =
	emitted pulse duration at 0% amplitude (voltage) points, the base of the pulse, in microseconds (μs).  The chirp occurs over this pulse width.  (τb = τ + δ)

	δ  =
	emitted pulse rise time from the 0% to 100% amplitude points, in microseconds (μs).  In this paper δ = δr = δf (symmetrical pulse).
  

	tr  =
	emitted pulse rise time from the 10% to 90% amplitude points on the leading edge, in microseconds (μs).  tr = 0.8δ

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


The following equations define the frequencies of interest.
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The following are a few observations about the model.  Though the spacing between various frequencies of the above parameters varies with pulse parameters, the spacing between Δfa and Δfb is always an octave.  There is a ‑20 dB/decade asymptote that starts at (Δf2, 0), and a ‑40 dB/decade asymptote that starts at (Δf3, 0).  Δf1 is the intersection of the asymptotes.  The variable slope line segment always starts on the 0 dB ordinate and passes through the point (Δfa, ‑6).  This segment always terminates at the point which is the intersection between Δfb and the ‑20 dB/decade or ‑40 dB/decade asymptote, depending on whether Δf1>Δfb or not, respectively.


Figure 3 through 5 (which have a Log scale on the X axis) depict the limiting cases considered in the Newhouse approximation, and fully describe the spectrum model.  Note that Figures 3 through 5 show single sided spectra.  Since we assume equal rise and fall times the s-sided spectra will be symmetrical. All bandwidths in this paper are 2-sided even the figures show only one side. 
Although the figures show the -20 dB asymptote continuing beyond Δf1, this asymptote terminates at Δf1; therefore, the variable slope asymptote does not actually cross the -20 dB asymptote in Figure 5.  Therefore, Figures 4 and 5 are special cases of the general case of Δf1≤Δfb.
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Figure 3.  Spectrum Bounds for Chirp Radar when Δf1 > Δfb
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Figure 4.  Spectrum Bounds for Chirp Radar when Δf1 = Δfb
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Figure 5.  Spectrum Bounds for Chirp Radar when Δf1 < Δfb

Also, we note that when τ >> δ, Δfa marks the edge of the chirp (Δfa → 0.5Bc).  Since the model always places Δfa at 6 dB down from the maximum power density level, it predicts that the ‑3 dB bandwidth will be less than the chirp, and the ‑20 dB bandwidth will be greater than the chirp.  

When the pulse width to rise time ratio (τ/δ) approaches unity, the model predicts that the ‑6 dB bandwidth could be as low as half of the chirp.  In such cases, the model could indicate a ‑20 dB (or wider) bandwidth which is smaller than the chirp.   This may seem to be questionable. However the reader is also reminded that a chirped signal sweeps the apparent pulsed signal across a band of frequencies, half of which are below the apparent carrier frequency and half are above; therefore, the FFT of the non-upconverted modulation only represents half of the modulation bandwidth. This type of a pulse reduces the amplitudes of low and high frequency portions of the chirp.
  

3 Objective

The FM pulse parameters: chirp, pulse width, and rise time, all effect and are critical in describing the spectrum of the transmitted signal.  However, radar performance is most dependent on the chirp and pulse width, which comprise the compression ratio, Bcτ.
  For this reason the paper has been geared towards finding a minimum rise time that minimizes the theoretical roll-off after B-40 . This paper does not imply any limits on rise time. In addition, we know that increasing rise time reduces bandwidth.    Thus, the main objective of this paper, hereafter referred to as the “objective”, is to analyze the minimum pulse rise/fall time, chirp, and pulse width of the emission spectrum of FM pulse modulated waveforms to determine if it is possible to remain below a ‑40 dB/decade roll‑off beyond the ‑40 dB bandwidth for specific cases of the Newhouse spectrum model. 

4 Derivation of Minimum Rise Time

This paper derives rise times for three different specific cases of the Newhouse spectrum model.  In addition to these rise time derivations, there are a few other special derivations provided as well as a number of figures developed to analyze the spectrum model in light of the objective.

To begin the study, we note that the spectrum model has only two forms.  One form comprises three non‑zero slopes and appears in Figure 3.  The other form comprises two non‑zero slopes as shown in Figure 4 and 5. As the rise time is increased, the emission spectrum evolves from Figure 3 to Figure 4 to Figure 5.  In pursuit of the objective, the following observations were considered:

1. Case 1: The objective is nearly always met as long as we ensure that the emission spectrum is of the 2‑slope form.  

2. Case 2: If the ‑40 dB bandwidth falls on the ‑20 dB/decade segment of the 3‑slope form, the objective will not be met.  

3. Case 3: If the ‑40 dB bandwidth falls on the variable slope segment of the 3‑slope form, the objective may not be met.  

If the ‑40 dB bandwidth is on the ‑40 dB/decade segment of either form of the spectrum model the objective will be met.  The following continues the study for each case in more detail:  

4.1 Case 1

We claim that as long as the spectrum is of the 2‑slope form we will be able to ensure that the objective is met.  This section starts with a proof of this claim, and ends with the derivation of the minimum rise time that ensures the spectrum will be of the 2‑slope form.

  Figure 6 illustrates that as long as the ‑40 dB bandwidth falls on the ‑40 dB/decade segment of the spectrum, the objective is met.  In this figure, the chirp is 1.3 MHz, the pulse width is 50 microseconds, and the 0-100% rise time is 0.5 microseconds.  The solid blue line is the Newhouse spectrum model, and the red dashed line represents a ‑40 dB/decade mask originating at the ‑40 dB bandwidth of the spectrum (the figure lists the ‑40 dB bandwidth as 1.8 MHz, for this case).  In this case, it is observed that the objective is met because the spectrum does not rise above the dashed line.
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Figure 6.  The objective is met anytime the ‑40 dB bandwidth falls on the ‑40 dB/decade slope.

Thus the only concern arises when the ‑40 dB bandwidth falls on the variable slope segment.  Figure 7 illustrates a 2‑slope case where the ‑40 dB bandwidth falls on the variable slope segment.  In this figure, the objective is met since the spectrum does not rise above the dashed line.  It is observed that as long as the variable slope segment is at least as steep as ‑40 dB/decade, the objective is met for other slopes. 
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Figure 7.  The objective is met when ‑40 dB bandwidth falls on variable slope segment of 2-slope.

The following proof shows that the variable slope segment is always steeper than ‑40 dB/decade as long as the ‑40 dB bandwidth falls on it.  Consider the following general derivation of the slope of a segment:
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For the variable slope segment, point 1 would represent (Δfa, ‑6), and point 2 would be (Δfb, Yb).  This gives the following:
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It is evident from (7) that as long as Yb ≤ ‑40, m ≤ ‑112.9, so the variable slope segment will be steeper than the ‑40 dB/decade segment.
  We have already shown in Figure 6 that if Yb > ‑40, the ‑40 dB bandwidth will be on the ‑40 dB/decade segment, and the objective will be met.  Thus for Case 1 it is observed that as long as the spectrum is of the 2‑slope form, the objective will be met.  

The smallest rise time that ensures a 2‑slope spectrum is depicted in Figure 4, when Δf1 = Δfb.  We analyze this case by equating Δf1 and Δfb, and solving for rise time:
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Figure 8 shows an application (9).  If the rise time were any smaller, the spectrum would change to the 3‑slope form.  The effects of rise times larger than (9) (for the same system) have already been illustrated in Figure 6 and Figure 7.  Two effects observed are that, as rise time increases beyond (9), the ‑40 dB bandwidth decreases, and Yb gets more negative.  There is a limit, however, to how much rise time can be increased or pulse width decreased.  From observation of Figure 1 rise time cannot possibly exceed pulse width (δ ≤ τ).  From (9) we see that it is this limitation that gives rise to the Newhouse requirement that compression ratio must be at least 2/π.  
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Figure 8.  Bc = 1.3 MHz; τ = 50 μsec; CR = 65; δ = 0.246 μsec; (Δf1=Δfb rise time, always meets the mask)

Summarizing Case 1:  As long as the rise time is greater than or equal to (9) the objective was met regardless of compression ratio.  We note, however, that there are cases where rise time can be smaller than (9), and still meet the objective.  This point is described in Case 2 and Case 3 below.  Because the rise time is smaller than (9), the following cases are necessarily confined to the 3‑slope form of the Newhouse model.

4.2 Case 2

Case 2 applies when Δfb < Δf1 and Yb (the ordinate at Δfb) is greater than ‑40 dB (e.g. Yb = ‑30).  The assertion in this case is that the smallest rise time to meet the objective occurs when the intersection of the ‑20 and ‑40 dB asymptotes (Δf1) is made to occur at the ‑40 dB bandwidth (refer to Figure 3).  In this case, the ‑40 dB bandwidth will be on the ‑40 dB/decade portion of the spectrum, which we have already observed meets the objective.

The intersection of the ‑20 and ‑40 dB asymptotes at the ‑40 dB point can be identified by using either asymptote.  The equation for the ‑40 dB asymptote is the following.  
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Point 1 is (Δf3, 0), and point 2 is (Δf1, Y2), and m is ‑40 dB/decade.  Y2 = ‑40 for the ‑40 dB bandwidth.  Substituting gives the following:
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Thus Δf1 = 10Δf3.  Substituting values for  Δf1 and Δf3 into (11) gives:

	
[image: image20.wmf]2

40

11

1

44

2

1

2

1

1

10

11

Y

cc

bb

BB

pd

d

ptdt

-

==

æöæö

æö

ç÷

ç÷ç÷

èø

èøèø


	(12)


After substituting τb = τ + δ, and raising everything to the fourth power, gives
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To find the rise time to ensure that emission spectrum roll‑off from the ‑40 dB bandwidth will be ‑40 dB/decade (i.e., the objective for case 2), substitute ‑40 dB into Y2 of (15).  Figure 9 through Figure 12 show the effects on two different systems of using a rise time less than (15), and equal to (15).  The dashed line in these figures indicates a ‑40 dB/decade roll‑off from the ‑40 dB bandwidth.  
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Figure 9.  Bc = 1 MHz; τ = 200 μs; CR = 200; δ = 0.01 μs (rise time too small to meet the mask)
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Figure 10.  Bc = 1 MHz; τ = 200 μs; CR = 200; δ = 0.141 μs ((15) is smallest rise time that meets the mask)
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Figure 11.  Bc = 200 MHz; τ = 1 μs; CR = 200; δ = 0.0001 μs (rise time too small to meet the mask)
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Figure 12.  Bc = 200 MHz; τ = 1 μs; CR = 200; δ = 0.00071 μs ((15) is smallest rise time that meets the mask)

4.3 Case 3

Case 3 applies when Δfb < Δf1 and Yb (the ordinate at Δfb) is less than ‑40 dB (e.g. Yb = ‑50).  The assertion in this case is that the smallest rise time to meet the objective occurs when the variable slope segment intersects the ‑40 dB/decade asymptote at the ‑40 dB bandwidth.  

To solve this we need to equate the equations for the variable slope segment and the ‑40 dB asymptote.  Then substitute ‑40 into Y2.  The equation for the ‑40 dB asymptote was given in (11).  The equation for the variable slope is found from the general form of a line segment given two points:
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For the variable slope segment, point 1 is (Δfa, ‑6).  Point 2 is (Δfb, Yb), where Yb is found from the ‑20 dB/decade slope, whose points are (Δf2, 0) and (Δfb, Yb).  Yb is the following.  
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Substituting values gives:
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To find points along the ‑40 dB/decade slope use the following:
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Equating (20) and (22) gives us the desired function:
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Trying to solve (23) for δ seems formidable, especially due to the presence of a logarithm in the denominator.  Nevertheless, a closed form solution would be best, even if it’s an approximation, as long as it’s a good one.  Solving for Log(δ) would be a good, albeit recursive, approximation.  The derivation taking this approach is summarized as follows.
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Equation 33 is the derived approximation for δ.
  Such formulas converge quicker if you start with a value which is close to the true value.  Since this rise time value serves to provide somewhat more leeway than (9), (9) would seem to be a logical choice to use.  When (9) is used for δ on the right side of (28) the convergence of this equation is so good that it is doubtful there will ever be a case where iteration would be required.
  Equation 35 is a good approximation of the final form for this rise time, which is (28) after substitution of (9), with an intermediate step shown in (29).
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There is probably a lot that can be done in the way of approximation to simplify this and other equations in this paper, but that is left for another paper, if necessary.

For Case 3, to find the rise time to ensure that the ideal emission spectrum roll‑off from the ‑40 dB bandwidth will be ‑40 dB/decade, substitute ‑40 dB into Y of (30).  Figure 13 through Figure 16 show the effects on two different systems of using a rise time less than (30), and equal to (30).  The dashed line in these figures indicates a ‑40 dB/decade roll‑off from the ‑40 dB bandwidth.  
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Figure 13.  Bc = 10 MHz; τ = 2000 μs; δ = 0.001 μs (rise time too small to meet the mask)
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Figure 14.  Bc = 10 MHz; τ = 2000 μs; δ = 0.0105 μs ((28) is smallest rise time that meets the mask)
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Figure 15.  Bc = 2000 MHz; τ = 10 μs; δ = 0.00001 μs (rise time too small to meet the mask)
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Figure 16.  Bc = 2000 MHz; τ = 10 μs; δ = 0.000052 μs ((28) is smallest rise time that meets the mask)

5 Critical Compression Ratio

For the case where Δf1 ≥ Δfb, the following derivation shows that Yb is not really a function of the rise/fall time (δ).  Strictly speaking, one can derive Yb as a function of rise time in this case; but Yb varies so little over the range of rise times that the statement is made that Yb is not really a function of rise time.  We start by solving for Yb in Figure 4 by writing the equation for the ‑40 dB/decade asymptote.  The derivation is done in a “round about” way, but breaks down the process into equations that may prove useful later. 
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Substitute δ = (9) into (33):
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So we see from (38) that as long as δ = (9), Yb is a function only of compression ratio, which is given by (36).  

What happens when δ < (9) is very interesting, which is the 3‑slope form of the model.  To analyze this case we use (10) for the case where Δf1 > Δfb.  Point 1 would be (Δf2, 0), and point 2 would be (Δfb, Yb).  Substituting gives the following:
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One can verify that substituting (9) into (40) yields (36), the maximum value for compression ratio.  Since the range for δ goes all the way down to zero (theoretically), we substitute δ = 0 into (40) to arrive at (41), the minimum value for compression ratio:
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This means that the range of compression ratios to fix Yb on the 3‑slope spectrum is (36) minus (41), which is only 1/π ≈ 0.318.  Next we find the range of Yb values when compression ratio is fixed, using (39).  One can verify that substituting (9) into (39) yields (38).  Substituting δ = 0 into (39) gives (42)
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Therefore the range of Yb over 0 ≤ δ ≤ (9) when compression ratio is fixed is (38) minus (42), as shown in (43):
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It is observed that the bigger the compression ratio gets, the smaller the difference will be.  For example, if the compression ratio is 1000, Yb will vary only 0.001 dB over the full range of rise times. 

Since for all δ ≤ (9), the difference between compression ratios to fix Yb is very small, and the difference in Yb is also very small when compression ratio is fixed, we declare the discovery of a sort of critical compression ratio of the 3‑slope form of the Newhouse model.  

Why is this significant?  (36) shows that, for Figure 3 and Figure 4, the ordinate of the bottom of the variable slope segment (Yb) is a function only of compression ratio.  Therefore, another observation is that as long as the compression ratio is at least (36), the Yb dB bandwidth will be on the variable slope segment of the model.  Applying (36), 1013.53 is observed to be the critical compression ratio for the -40 dB bandwidth for the cases in this study.

When the compression ratio is equal to 1013.53 the point Yb = ‑40 and the intersection of the ‑20 and ‑40 dB asymptotes coincide.  Thus, (9) = (15) = (30) as shown in Figures 17 and 18.  When the compression ratio is less than 1013.53, (15) < (9).  When the compression ratio is greater than 1013.53, (30) < (9).  Also, see the figures in section 7, Figures 20 through 24, that indicate that tr-min is equal to (9) at the critical compression ratio of 1013.5.
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Figure 17.  For 1013.5 Compression Ratio, all 3 rise time calculations give the same results
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Figure 18.  1013.5 Compression Ratio with rise time set at 0.1 microseconds

6 Minimum Rise Time as a Function of Compression Ratio

This section compares the rise time (tr) of 0.1 microseconds with the rise times derived for the three cases presented in Section 4 of this paper, as a function of compression ratio for various pulse widths.

Figure 19 through Figure 22 shows the rise time versus compression ratios for pulse widths of 1, 10, 100, and 1000 μsec, respectively.  Each of the figures has curves for the minimum rise time (tr-min), and the rise times of 0.8(9), 0.1, and 0.5 or 1.0, μsec.
  Any rise time curve that falls below tr-min over any portion of compression ratios will not meet the objective.  Note that in each figure tr-min is equal to the rise time given by 0.8(9) at the critical compression ratio of 1013.53.

 In modern systems, multiple radar modes are possible. Each of the modes can have dozens of waveforms and the radars may possess the capability to “toggle” between different modes almost instantaneously. It is imperative that the switching time between different modes of operations and different waveforms is not restricted by placing constraints on the rise time (tr) of the pulse. 

For the specific cases in this contribution, 0.1 μsec is the tr. The slopes in Figures 19 – 22 which are based on this value make it abundantly clear that, as the compression ratio increases, tr can decrease below values that industry is currently able to achieve.  

In each figure, the rise time defined by 0.8(9) crosses the rise time of 0.1 microseconds.  Thus, it is observed that when the rise time is the greater of 0.1 microseconds or 0.8(9) the objective of meeting a ‑40 dB/decade roll-off from the ‑40 dB bandwidth will be met for the cases that were presented in this study.
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Figure 19.  Rise time (tr) as a function of Compression ratio for pulse width τ = 1 μsec
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Figure 20.  Rise time (tr) as a function of Compression ratio for pulse width τ = 10 μsec
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Figure 21.  Rise time (tr) as a function of Compression ratio for pulse width τ = 100 μsec
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Figure 22.  Rise time (tr) as a function of Compression ratio for pulse width τ = 1000 μsec

It should be noted from the figures above that for rise times greater than 0.01t the objective is always met for the cases presented in this study.  That is, the rise times are greater than tr-min given by (15) and (28).  Making the minimum rise time a function of the pulse width would encourage pulse shaping.  The above figures also show that for rise times of 0.1 μs and for pulse widths greater than 10 us the objective won’t be met for low compression ratios.  For example, for pulse width 100 μs, with compression ratios less than 50, the objective will not be met.  

7 ‑40 dB Bandwidth as a Function of Rise Time

The purpose of this section is intended to initiate discussion points about determining the effect of pulse shaping (increased rise/fall times) on the -40 dB bandwidth for a range of pulse widths and compression ratios.  Smaller –40 dB bandwidths are desirable to achieve more efficient use of the spectrum, enhance compatibility with other radar systems, and permit more flexibility in radar design (e.g. allows use of higher compression ratios (larger chirps) and more frequency hopping channels within an allocated band).  

Figure 23 through 26 show the –40 dB bandwidth for a range of compression ratios and pulse widths of 1, 10, 100, and 1000 μsec, respectively.  Each of the figures has bandwidth curves based on δ rise times of (9) and the minimum rise time (δmin) derived for the three cases in Section 4.  There are also bandwidth curves based on tr rise times of 0.1, and 0.5 or 1.0 μsec.  
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Figure 23.  ‑40 dB Bandwidth as a function of rise time and compression ratio for pulse width = 1 μsec
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Figure 24.  ‑40 dB Bandwidth as a function of rise time and compression ratio for pulse width = 10 μsec
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Figure 25.  ‑40 dB Bandwidth as a function of rise time and compression ratio for pulse width = 100 μsec
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Figure 26.  ‑40 dB Bandwidth as a function of rise time and compression ratio for pulse width = 1000 μsec

Table 1 shows the -40 dB bandwidth for FM pulse modulated waveforms for ranges of pulse width, compression ratios and rise/fall times.  The -40 dB bandwidth in the table is shown for a rise/fall time of 1 percent of pulse width, and two longer rise/fall times.  Also presented in the table, pulse shaping in the order of 5-10 percent of the pulse width shows possible reductions in the -40 dB bandwidth that could be achieved.

For short pulse widths, 1 to 10 μsec, and low compression ratios, 5 to 10, the reduction in the – 40 dB bandwidth can be in the order of 55 to 80 percent.   For small pulse widths, 1 to 10 μsec, and high compression ratios, 1000 to 10,000, the reduction in the – 40 dB bandwidth is in the order of 7 to 30 percent.  Thus, as the compression ratio is increased, the percent reduction in the -40 dB bandwidth decreases.  However, for high compression ratios, the reduction in the -40 dB bandwidth can be several hundred MHz.

For long pulse widths, 100 to 1000 μsec, and low compression ratios, 10 to 100, the reduction in the – 40 dB bandwidth can be in the order of 10 to 70 percent.  For long pulse widths, 100 to 1000 μsec, and high compression ratios, 10,000 to 100,000, the reduction in the – 40 dB bandwidth is in the order of 3 to 15 percent.  Thus, as the compression ratio is increased, the percent reduction in the -40 dB bandwidth decreases.  However, for high compression ratios, the reduction in the -40 dB bandwidth can be a hundred MHz.

Table 1.  Reduction of -40 dB bandwidth as a function of pulse shaping

	Pulse Width (τ)

(μsec)
	Compression

Ratio
	-40 dB Bandwidth (MHz)

	1
	
	Rise Time (tr) (μsec)

	
	
	0.01
	0.1
	0.25

	
	5
	84.88
	26.14
	15.91

	
	10
	100.94
	31.09
	18.92

	
	100
	191.25
	137.21
	112.67

	
	1000
	1414.09
	1175.64
	989.28

	
	5000
	6482.15
	5559.74
	4708.74

	10
	
	Rise Time (tr) (μsec)

	
	
	0.1
	0.5
	1.0

	
	5
	8.49
	3.75
	2.61

	
	10
	10.09
	4.46
	3.11

	
	100
	19.13
	15.22
	13.72

	
	1000
	141.41
	126.83
	117.56

	
	10000
	1263.56
	1168.31
	1092.45

	
	50000
	6044.08
	5641.34
	5290.39

	100
	
	Rise Time (tr) (μsec)

	
	
	1.0
	5.0
	10.0

	
	10
	1.01
	0.45
	0.31

	
	100
	1.91
	1.52
	1.37

	
	1000
	14.14
	12.68
	11.76

	
	10000
	126.36
	116.83
	109.24

	
	100000
	1191.39
	1115.06
	1046.60

	
	500000
	5799.31
	5452.77
	5125.67

	1000
	
	Rise Time (tr) (μsec)

	
	
	10.0
	25.0
	50.0

	
	100
	0.19
	0.17
	0.15

	
	1000
	1.41
	1.34
	1.27

	
	10000
	12.64
	12.18
	11.68

	
	100000
	119.14
	115.71
	111.51

	
	1000000
	1149.10
	1120.16
	1082.00

	
	5000000
	5643.14
	5509.66
	5327.39


In summary, for the cases presented in the table a reduction in the -40 dB bandwidth for FM pulse modulated waveforms can be achieved by pulse shaping in the order of 5-10 percent of the pulse width.  Pulse shaping has been implemented using linear beam and bottled solid state output devices.  Additional studies need to be conducted to determine the feasibility of pulse shaping for various output devices and distributed phased array antennas (active electronically scanned arrays, AESA).

8 Conclusions 

The following conclusions are based on the results of the specific cases in this study. If other cases exist, then they should also be studied.
8.1 General Conclusions

1. For FM pulse modulated waveforms with rise/fall times greater than or equal to 0.01τ, the objective of ensuring that out‑of‑band emissions will remain below a ‑40 dB/decade roll‑off from the ‑40 dB bandwidth will be achieved for any compression ratio.  

2. Pulse shaping can reduce the ‑40 dB bandwidth for FM pulse modulated waveforms.  

3. Further studies are needed to determine the feasibility of pulse shaping for various output devices and distributed phased array antennas.

8.2 Specific Conclusions

1. The smallest rise time that achieved the 2‑slope form of the spectrum model is given by (9).  It is observed that (14) always met the objective for the compression ratios considered in this study.  
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It is observed that rise times for the 3‑slope form of the spectrum model were always smaller.

2. The critical compression ratio alone establishes the ordinate of the variable slope segment of the spectrum model at Δfb as long as Δfb ≤ Δf1, as depicted in Figure 3 and Figure 4 (starting on page 5).  

3. FM pulse spectrum has a critical compression ratio given by (36).  With regard to the objective, the critical compression ratio that was observed for the cases presented is:
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4. As long as the compression ratio is less than 1013.53, the smallest rise time that met the objective is (15).
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5. As long as the compression ratio is greater than 1013.53, the smallest rise time that met the objective is (30).
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6. When the compression ratio is equal to 1013.53, (9) = (15) = (30).  When the compression ratio is less than 1013.53, (15) < (9).  When the compression ratio is greater than 1013.53, (30) < (9).

9 Recommendations

1.The Joint Rapporteurs Group, JRG 1A-1C-8B, should consider this paper as an information document in continuing to evaluate the feasibility of the applicability of roll-offs of   -40 dB per decade from the -40 dB bandwidth of the possible new representative -40 dB bandwidth formula for FM-pulse waveforms, for practical combinations of waveform parameters.  The JRG has not come to conclusions on a possible new representative -40 dB bandwidth formula as of yet. 
2.
Investigate the -40 dB bandwidth equations with respect to emission roll-offs other than the most stringent (-40 dB/decade) proposed by the JRG.      
3.
Engage the radar manufacturers and research laboratories to determine the feasibility of pulse shaping for various output devices and distributed phased array antennas and what types of implementation factors should be considered and how much margin those factors add to spectrum requirements.  







� The Newhouse model is described in more detail in an Illinois Institute of Technology Research Institute document ESD-TR-81-100 entitled “A Simplified Method for Calculating the Bounds on the Emission Spectra of Chirp Radar (Revised Edition)”.   


� It’s important to understand that the derivations in this paper use the 0�100% rise time (δ), whereas rise time (tr) is normally specified for 10�90% pulse amplitude.  Care should be taken to perform the necessary conversion before using these equations.  tr = 0.8δ, and δ = 1.25tr


� From � REF _Ref106088615 �Figure 1� one can see that, for symmetrical pulses, τb = τ + δ


� An FFT is a Fast Fourier Transform, and is used as a spectrum estimator for various time signals.


� Compression ratio is the product of chirp and pulse width: Bcτ.  For the Newhouse model Bcτ ≥ 2/π


� All logarithms used in this paper are base 10


� Yb ≤ �40 dB is a necessary condition to ensure that the �40 dB bandwidth will be on the variable slope segment.


� Since rise time cannot be negative, � REF _Ref106097154 �(15)� replaces the ± of � REF _Ref106097979 �(14)� with +


� After picking an initial value for δ, the solution to � REF _Ref107806459 �(28)� can then be reinserted in the equation any number of times to converge upon the true δ.  


� In one example only two additional iterations were required to achieve accuracy out to 17 decimal places.  


� 80% of � REF _Ref110148863 �(9)� converts from the 0-100% (δ) to the 10-90% (tr) rise time.
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