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1. Introduction
In this paper we compare the linear FMCW 40 dB bandwidth formula of JRG-70 (USA) and JRG-85 (Australia) with numerical simulation and the DSTO waveform generator test bed (WFG-TB). The JRG-70 formula was computed as a fit of an analytic function to the LFMCW with various flyback waveform factors. The JRG-85 formula was derived as a large frequency approximation to the theoretical LFMCW spectrum. We will firstly compare the formula to numerical simulations, then to WFG-TB measurements using both DFT analysis and a Spectrum Analyser.  Finally we introduce an implementation factor to the JRG-85 formula.

Though modified LFMCW waveforms such as flyback, amplitude and phase coded modulations are included we do not introduce formula for them.
2. Comparison to Numerical Simulation
To check consistency between the formula and simulations we generated signals of eight chirps duration and performed DFT analysis using a Blackman-harris 92 dB taper. This is shown in Figure 1 as the red crosses for various time-bandwidth products (TBP). The green curve represents 40dB formula of JRG-85, being the large frequency approximation to the periodic LFMCW theoretical spectrum:
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Figure 1 Verification of LFMCW 40dB formula using numerical simulation
In Figure 1 the JRG-70 40dB formula is added, and the numerical simulation from that paper is also provided as the black + symbols (see JRG-70 Figure 29). It should be noted that the numerical analysis differs, as the JRG-70 analysis performs a DFT of a single uniformly tapered chirp (suitable for periodic waveforms only).

3. Comparison to Waveform Generator Test Bed Measurements

Here we made use of the waveform generator test bed provided by DSTO. The waveform generators are programmed with a digital waveform and produce a signal for the HF band. The test bed then has the capability to measure the spectrum using a Spectrum Analyser or acquiring data using a BAE Systems (Aust.) direct digital receiver (DDRx). The data samples were analysed using the DFT analysis technique (eight chirps with Blackman-harris 92 dB taper). The WFG-TB data is of high quality and can not be used as an indication of radar implementation error. 
The DFT analysis technique is a function of sampling duration. Figure 2 shows the DFT analysis using either a uniform or Blackman-harris taper, as a function of number of chirps. Both techniques require a minimum number of chirps to be reliable, and the Blackman-harris taper has less variance, but does produce a slight under estimation of the 40 dB bandwidth compared to the JRG-85 formula.
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Figure 2 DFT analysis of WFG-TB LFMCW data

Further measurements are shown in Figure 3. The DFT analysis results are indicated as solid circles. In red the LFMCW waveform falls close to the JRG-85 formula. The blue and magenta circles represent flyback and amplitude modulated signals, which have improved 40dB bandwidth response. The cross symbols represent Spectral Analyser measurements at one TBP, and confirm the DFT analysis results. 
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Figure 3 WFG Test Bed Measurements
In addition we have included the 40dB bandwidth of a quadratic-phase-coded waveform (QPC). The QPC waveform is of LFMCW form with each chirp phase offset progressing with a quadratic phase law, and is thus aperiodic. This waveform can be used to resolve range-Doppler ambiguities by control of the Doppler shift of range ambiguous returns. An example QPC spectrum is shown in Figure 4. The waveform exhibits a roll-off rate of 20 dB/decade and does not achieve the roll-off rate of the LFMCW waveform. 
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Figure 4 Spectrum Analyser measurements of various waveforms
4. Implementation Factors for LFMCW
Here we make suggestions on how to introduce implementation factors into the JRG-85 40 dB bandwidth formula. We are unable to suggest their value without measurement of radar system data.
Method 1: Additional Bandwidth
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Method 2: Sidelobe Tolerance

This formula equates to the frequency formula at a lower magnitude, thereby effectively raising the mask by 
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Method 3: Scaling
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Examples of these formulas are shown in Figure 5. The current SM1541 formula is also plotted showing no allowance for the spectral shape dependence as a function of TBP.
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Figure 5 40 dB bandwidth formula with implementation factor
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