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Introduction.

Pulsed radar transmitters produce broadband spurious emissions at relatively high levels as compared to emissions from narrowband communication systems. Radar spurious emission levels are typically tens of decibels higher than theoretically predicted sinc2 spectra of pulsed emissions. These emissions in the frequency domain may be related to short-term transient behavior in the rising and falling edges of radar pulses.

Radar out-of-band and spurious emissions are limited by regulations. Some emission masks are specified in terms of amplitude suppression relative to the power produced at radars’ fundamental frequencies (e.g., suppression might be required to be at least 60 dB below the fundamental at frequencies of 100 MHz or more away from the fundamental). Mask-compliance limits are computed on the basis of theoretically perfect pulsed emissions plus a margin that allows for realistic performance of an realistic transmitter.

Compliance with emission masks is determined through measurements. The measured levels of radar unwanted emissions and fundamental-frequency emissions both vary as a function of measurement system bandwidth, Bm. But the variation with Bm differs between unwanted emissions and the fundamental-frequency emissions. Moreover, the variation of unwanted emission levels varies as a function of frequency as well as Bm. This presents a problem for radar emission mask-compliance measurements.
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Figure 1. Schematic representation of the measured power at a radar fundamental frequency versus power measured at other frequencies as measurement bandwidth changes. Units are arbitrary.

In a peak-detected power measurement, completely non-coherent (noise-like) emissions should vary as 10 log(Bm), while coherent emissions should vary as 20 log(Bm). Since the bandwidth progression coefficients of 10 and 20 represent limiting cases, radar spurious emissions should have a coefficient somewhere between these two values. But no study is known to have determined the actual coefficient for radars. An ideal peak-detected measurement result is shown in Figure 1. Power measured at the fundamental frequency (far left) first increases at a 20log rate, but maximizes when measurement bandwidth exceeds the values recommended in ITU-R New Recommendation M.1177. But since the power in the rest of the spectrum climbs arbitrarily high as bandwidth increases, the difference between power values at the center frequency vs. other frequencies (reading between the left and right sides of this diagram) therefore decreases if measurement bandwidth is greater than the values recommended in M.1177.

This study addresses this issue by describing spectrum measurements on two maritime surface search (navigation) radars in the band 2 900-3 100 MHz and three maritime surface search radars in the band 8 500-10 500 MHz. The purpose of the measurements was to determine the variation of unwanted emission levels of these radars relative to the measured fundamental level as a function of the measurement bandwidth.

Approach.

The two 2 900-3 100 MHz maritime radars used in these measurements were provided by the Administration of Japan and were measured jointly by Japan and the US at the Table Mountain radio quiet zone facility north of Boulder, CO. Two of the 8 500-10 500 MHz radars were also provided by Japan and were likewise measured jointly at Table Mountain. The third 8 500-10 500 MHz radar was the property of the US Government and was measured at Table Mountain on a different occasion. The 2 900-3 100 MHz radars were designated S-Band Radars 1 and 2, and the 8 500-10 500 MHz radars were designated X-Band Radars 1, 2, and 6, respectively.

All of these magnetron-based maritime radars were set up with an antenna height of approximately 3 m above the ground. The measurement antenna was a 1-m parabolic unit mounted about 4 m above the ground. Measurements were performed in conformance with ITU-RE New Recommendation M.1177. The measurement system block diagram is shown in Figure 2. S-Band Radars 1 and 2, and X-Band Radars 1 and 2, were each measured in at two bandwidths. X-Band Radar 6 was measured in four bandwidths. The emission characteristics of these radars are shown in Table 1.

Table 1. Emission characteristics of radars in this study.

	Radar Designator
	Pulse width ((s)
	Output device
	Antenna type
	Antenna length (m)

	S Band Radar 1
	0.06
	magnetron
	end fed slotted array
	4.3

	S Band Radar 2
	0.07
	magnetron
	center fed slotted array
	4.3

	X Band Radar 1
	0.07
	magnetron
	end fed slotted array
	1.4

	X Band Radar 2
	0.06
	magnetron
	end fed slotted array
	2.2

	X Band Radar 6
	0.08 and 0.8
	magnetron
	end fed slotted array
	1.8
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Figure 2. Block diagram of measurement system used for radar emission spectrum measurements.

Results.

The results for S-Band Radars 1 and 2 are shown in Figures 3-6. The results for X-Band Radars 1 and 2 are shown in Figures 7-10. Because the bandwidths used for the measurements on these radars were always equal to or less than (1/pulse width), as recommended by M.1177, the resulting spectra maintain the same ratios between the power measured at the fundamental frequencies and the power measured in the unwanted and spurious parts of the spectra. This is demonstrated by the figures where the emission curves are normalized to overlie each other.

The measured emission spectra for short-pulse and long-pulse radar modes of X-Band Radar 6 are shown in Figures 11 and 12. Measurement system internal noise occurs as flat floors at frequencies between 7300-8000 MHz and 11000-11200 MHz. The spurious emission levels change with a progression that is between 10 log and 20 log bandwidth.

Figure 13 shows measured power at the radar fundamental frequency (approximately 9410 MHz) as a function of measurement IF bandwidth. The data in this figure confirm that the radar fundamental power follows a 20 log(Bm) rule for values of Bm that are equal to or less than (1/pulse width).

Figures 14 and 15 show the spectra of X Band Radar 6 normalized to the same power level at the fundamental frequency. In the long pulse mode, the 300 kHz and 1 MHz spectra are identical to each other, because these bandwidths (which are less than (1/pulse width)) meet the specification of M.1177. But the 3 MHz and 8 MHz spectra (which are wider than the specification allowed by M.1177) show higher levels of unwanted emissions relative to the power measured at the fundamental. 3 MHz and 8 MHz would be incorrect choices for emission mask compliance measurements in the long pulse mode, but would be acceptable choices for this radar in the short pulse mode.
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Figure 3. S-Band Radar 1 measured in 1 MHz and 3 MHz bandwidths.
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Figure 4. S-Band Radar 1 emission spectra with the 1 MHz and 3 MHz data normalized to 0 dB at the fundamental. Either bandwidth could be used for an emission mask measurement, but 3 MHz data could be collected three times faster than 1 MHz data.
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Figure 5. S-Band Radar 2 measured in 1 MHz and 3 MHz bandwidths.
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Figure 6. S-Band Radar 2 emission spectra with the 1 MHz and 3 MHz data normalized to 0 dB at the fundamental. Either bandwidth could be used for an emission mask measurement, but 3 MHz data could be collected three times faster than 1 MHz data.
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Figure 7. X-Band Radar 1 measured in 1 MHz and 8 MHz bandwidths.
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Figure 8. X-Band Radar 1 emission spectra with the 1 MHz and 8 MHz data normalized to 0 dB at the fundamental. Either bandwidth could be used for an emission mask measurement, but 8 MHz data could be collected eight times faster than 1 MHz data.
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Figure 9. X-Band Radar 2 measured in 1 MHz and 8 MHz bandwidths.
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Figure 10. X-Band Radar 2 emission spectra with the 1 MHz and 8 MHz data normalized to 0 dB at the fundamental. Either bandwidth could be used for an emission mask measurement, but 8 MHz data could be collected eight times faster than 1 MHz data.

In the short-pulse mode of X-Band Radar 6, the 80 nsec pulse width results in a predicted fundamental-frequency 3-dB emission bandwidth of 12.5 MHz, which is wider than the maximum measurement IF bandwidth of 8 MHz. Consequently, the measured power increases as 20 log(Bm) for all points. But in the long-pulse mode of 800 nsec pulse width, the 3-dB emission bandwidth is predicted to be 1.25 MHz. As a result, the 20 log(Bm) progression breaks down for 3 MHz and 8 MHz Bm values.

Figure 14 quantifies the decibel differences between spectra measured in successive values of Bm. These are shown as deviations from a 20 log progression, computed as follows:
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where:

( = deviation from 20 log(Bm) progression;

P[x,y] = log power measured in Bx and By;

B[x,y] = measurement bandwidth;

[x,y] are subscripts for successive measurement IF bandwidths (e.g., 3 MHZ and 1 MHz).

The differences should lie between –10 (corresponding to a noise-like 10 log progression) and 0 (for the 20 log rule that coherent emissions should follow). Some points lie outside these bounds. Deviations outside this range could result from the interaction of spectrum peaks and valleys with a particular measurement bandwidth; uncertainty in measured values; or variation in shape factors between filters.
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Figure 11. Maritime X-Band Radar 6 emission spectrum measured in four bandwidths with transmitter operating in short-pulse (80 ns) mode.
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Figure 12. Maritime X-Band Radar 6 emission spectrum measured in four bandwidths with transmitter operating in long-pulse (800 ns) mode.
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Figure 13. Measured power at the X-Band Radar 6 fundamental frequency as a function of bandwidth and pulse mode. In accordance with M.1177, any of the indicated bandwidths may be used to measure emissions in the short-pulse mode, but only bandwidths of about 1 MHz or less may be used to measure the long-pulse mode.
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Figure 14. Measured short-pulse emission spectra of X Band Radar 6 as measured in 300 kHz, 1 MHz, 3 MHz, and 8 MHz (from Figure 11), with the fundamental frequency maxima of all four spectra normalized to 0 dB. The spectra are identical; any of these bandwidths may be used to correctly measure the radar spectrum.
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Figure 15. Measured long-pulse emission spectra of X Band Radar 6 as measured in 300 kHz, 1 MHz, 3 MHz, and 8 MHz (from Figure 12), with the fundamental frequency maxima of all four spectra normalized to 0 dB. The 300 kHz and 1 MHz spectra are identical to each other, because these bandwidths (which are less than (1/pulse width)) meet the specification of M.1177. But the 3 MHz and 8 MHz spectra (which are wider than the specification allowed by M.1177) show higher levels of unwanted emissions relative to the power measured at the fundamental. 3 MHz and 8 MHz would be incorrect choices for emission mask compliance measurements.
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Figure 16a. 8 MHz – 3 MHz smoothed difference, short pulse radar mode.

Figure 16b. 3 MHz – 1 MHz smoothed difference, short pulse radar mode.

[image: image20.png]Deviation of Difference from 20log (dB)

20

15

10

-10

-15

I
7500 8000 8500 9000 9500 10000 10500 11000 11500
Frequency (MHz)



[image: image21.png]Deviation of Difference from 20log (dB)

20

15

10

-10

-15

| | | | | | | |
| | | | | | | |
7500 8000 8500 9000 9500 10000 10500 11000 11500

Frequency (MHz)





(c)




























(d)

Figure 16c. 1 MHz – 300 kHz smoothed difference, short pulse radar mode.

Figure 16d. 8 MHz – 3 MHz smoothed difference, long pulse radar mode.
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(f)

Figure 16e. 3 MHz – 1 MHz smoothed difference, long pulse radar mode.

Figure 16f. 1 MHz – 300 kHz smoothed difference, long pulse radar mode.

Some trends are clearly observed in the values for the curves in Figure 16. The values of the deviation curves typically range between –4 and –2, corresponding to variation coefficients between 16 and 18. Neglecting the points that exceed zero, the extreme values range between –8 and 0, corresponding to variation coefficients between 12 and 20, respectively. 

Summary and Conclusions.

In summary, measurements of unwanted (spurious and out-of-band) emissions of maritime radars are shown to yield the same results regardless of measurement bandwidth provided that those bandwidths are less than (1/pulse width), as recommended in M.1177. Time and effort can be saved in such measurements without sacrificing the accuracy of results if measurements are performed in the widest possible bandwidth that meets this requirement. For example, a measurement in 8 MHz will take 1/8 as long as a measurement in 1 MHz and will be just as accurate, provided that the radar pulse width is less than or equal to (1/(8 MHz)) = 125 ns.

When measurement bandwidths are wider than the criteria of M.1177, it is demonstrated that the measured levels of unwanted emissions are higher relative to the fundamental emission level than when they are measured in bandwidths that conform with the requirements of M.1177. Therefore bandwidths wider than the criteria of M.1177 should not be used for emission mask compliance measurements.

The levels of unwanted emissions measured from an 8 500-10 500 MHz maritime navigation radar were found to typically vary at a value between 16 log(Bm) and 18 log(Bm). Extreme values ranged from a low of 12 log(Bm) to a high of 24 log(Bm). These results indicate that the radar spurious emissions do not vary as would be predicted for thermal noise (10 log progression). Thus radar spurious emissions should not necessarily be characterized as “noise-like”.

Radar emission spectrum measurements that are performed for the purpose of determining the suppression of out-of-band and spurious emissions relative to radar fundamental-frequency power will show a bandwidth dependent variation that is not entirely predictable on theoretical grounds. Therefore, measurement of emission spectra in multiple bandwidths as shown in Figure 11 is recommended until this phenomenon is better understood.
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