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	SUMMARY

	The next generation of SAR instruments, planned for operation in the Earth exploration-satellite service, intends to introduce a new high-resolution spotlight mode by using up to 1200 MHz in an extended 9 GHz allocation to the Earth exploration-satellite service EESS (active). This working paper provides information on sharing studies performed on the potential interference conditions on aeronautical radars operating in the band 9 000-9 200 MHz.



	ACTION

	Information on the characteristics of the new EESS SAR type SAR4 has been provided at WG-F27 meeting. This contribution provides initial study results on the sharing conditions in the band 9 000-9 200 MHz. It is requested to reconsider the preliminary ICAO position regarding Agenda Item 1.12 (WRC15) taking these results into account.


INTRODUCTION

World Radiocommunication Conference 2012 (WRC-12) decided to assign Agenda Item 1.12 (WRC-15) to investigate the sharing conditions if the existing allocation to the Earth exploration-satellite service (EESS active) in the frequency band 9 300-9 900 MHz would be extended by 600 MHz.

An extended allocation would be used by the next generation wideband EESS SAR systems providing picture resolutions of less than 30 cm. Studies on investigations for sharing conditions with incumbent services in-band and out-of-band have commenced. This paper provides studies on sharing EESS SAR4 with radars in the aeronautical radionavigation service (ARNS) in the band 9 000-9 200 MHz.
ACTION BY THE MEETING

Based on the study results presented in this document, the ACP WG-F is invited to reconsider the preliminary ICAO position regarding Agenda Item 1.12 (WRC-15)
Annex
Studies on sharing conditions of future X-band synthetic aperture radars (SAR) operating in the Earth exploration-satellite service (active) with aeronautical radars operating in the band 9 000-9 200 MHz 
1 Introduction

World Radiocommunication Conference 2012 (WRC-12) resolved under Agenda Item 1.12 (WRC-15) to investigate the sharing conditions if the existing allocation to the Earth exploration-satellite service (EESS active) in the frequency band 9 300-9 900 MHz would be extended by 600 MHz. 

An extended allocation would be used by the next generation of wideband EESS Synthetic Aperture Radar (SAR) systems providing radar picture resolutions of less than 30 cm. This report provides initial study results on the sharing conditions of wideband EESS SAR systems, referred to as SAR4, with the aeronautical radio navigation service (ARNS) in the band 9 000-9 200 MHz. The SAR4 emission characteristics were introduced by a contribution to the last Working Group F meeting in September 2012 (WG-F 27/WP14).
2 Principles of synthetic aperture radars (SAR)
A Synthetic Aperture Radar (SAR) is a coherent space borne side-looking radar system which utilizes a satellites flight path to emulate an extremely large antenna or aperture electronically, and that generates high-resolution remote sensing imagery.

In principle, the SAR is a phased array antenna. But, instead of using a large number of parallel antenna elements, SAR uses one antenna element in time-multiplex. The different geometric positions of the antenna elements are result of the moving platform.

The satellite travels forward in the flight direction with the nadir pointing beneath. The microwave beam is transmitted obliquely at right angles to the direction of flight illuminating a swath. Range refers to the across-track dimension perpendicular to the flight direction, while azimuth refers to the along-track dimension parallel to the flight direction. Swath width refers to the strip of the Earth’s surface from which data are collected by side-looking radar. It is the width of the imaged scene in the range dimension. The longitudinal extent of the swath is defined by the motion of the aircraft with respect to the surface, whereas the swath width is measured perpendicularly to the longitudinal extent of the swath.

Over time, individual transmit/receive cycles (pulse repetition time, PRT) are completed with the data from each cycle being stored electronically. The signal processing uses magnitude and phase of the received signals over successive pulses from elements of a synthetic aperture. After a given number of cycles, the stored data is recombined to create a high resolution image of the terrain being over flown.

3 Modes of operation of synthetic aperture radars (SAR) 

The SARs operating near 9.6 GHz are controlled via ground command to turn on and off as required to view only specific areas on the Earth. It is important to note that EESS SAR systems transmit only for a few seconds (“snapshot”). 

The conventional SAR strip map mode assumes a fixed pointing direction of the radar antenna broadside to the platform track. A strip map is an image formed in width by the swath of the SAR and follows the length contour of the flight line of the platform itself. In the scanSAR mode, the SAR can illuminate several subswaths by scanning its antenna into different positions.
Figure 1
Modes of operations for SAR system in the 9GHz EESS allocation
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Spotlight is a mode of SAR operation for obtaining high resolution by electronically steering the radar beam to keep the target within the beam and thus form a longer synthetic aperture. The spotlight mode is capable of extending the high-resolution SAR imaging capability significantly. As more pulses are used, the azimuth resolution increases.
Spotlight mode of operation is usually at the expense of spatial coverage, as other areas within a given accessibility swath of the SAR cannot be illuminated while the radar beam is spotlighting over a particular target area. Details on the imaging geometries of this mode are shown in Figure 2. 

Data will typically be collected by taking 49 to 65 sub-swaths of 20 km in range by 0.35 km in azimuth. This data can then, however, be put into a mosaic of sub-swaths in azimuth to process a 20 km by 20 km image. The larger bandwidths are used with the spotlight mode in order to achieve a good resolution in range.
All SARs are controlled via ground command to turn on and off as required to view only specific areas on the Earth. The “on”-command results in a transmission of radio frequency pulses [chirps] for a short period of around five seconds and duty cycles in the range from 10% to 30%. 
Figure 2

EESS SAR imaging geometry for high-resolution spotlight mode (wideband with 1200MHz chirp bandwidth)
[image: image3.emf]190 km

550 km

20°

55°

Φ Incident Angle

Ψ Grazing Angle



Off-Nadir Angle or

Look Angle 

(Antenna beam orientation)

v

sat

= 7630m/s 

ψ

Spot area

5x5km²

δ

R

δ

AT

Satellite track

Antenna cone   1.13° (or elevation beam width)

Ant cross-cone 0.53° (or azimuth beam width)

D

AT

D

R

Sub-satellite ground track

or along track 

or azimuth direction

R

f

R

n

NADIR

SAR antenna

Phase centre

Access Range

φ

Pixel 

resolution

Symmetrical case 

for left side of 

satellite

Simplified flat spot area

h = 510 km



Cross track

or range 

or elevation direction

Swath width

φ

190 km

550 km

20°

55°

Φ Incident Angle

Ψ Grazing Angle



Off-Nadir Angle or

Look Angle 

(Antenna beam orientation)

v

sat

= 7630m/s 

ψ

Spot area

5x5km²

δ

R

δ

AT

Satellite track

Antenna cone   1.13° (or elevation beam width)

Ant cross-cone 0.53° (or azimuth beam width)

D

AT

D

R

Sub-satellite ground track

or along track 

or azimuth direction

R

f

R

n

NADIR

SAR antenna

Phase centre

Access Range

φ

Pixel 

resolution

Symmetrical case 

for left side of 

satellite

Simplified flat spot area

h = 510 km



Cross track

or range 

or elevation direction

Swath width

φ


4 Sharing analysis in the band 9 000-9 200 MHz
4.1 Characteristics of stations operating in the radio navigation service (RNS)
The aeronautical radionavigation radars operating in the band 9 000 – 9 200 MHz include precision approach (PAR), ground control approach (GCA), and airport surface detection equipment (ASDE) radars. The characteristics for all these radars are given in recommendation ITU-R M.1796 and reproduced in Table 1.

Recommendation ITU-R M.1851 was used to model the antenna pattern of radars using fan beams, including cosecant squared or inverse cosecant squared patterns. Recommendation ITU-R F.1245 was used to model pencil beams.

The protection criterion of those radars against CW interference is based on an I/N of -6 dB. However, when considering pulsed interference, a number of mitigation effects due to the radar processing need to be taken into account. Tests documented in Report ITU-R M.2081 show that these radars can tolerate peak I/N between 20 and 60 dB before any effect is noticed on the radar detection, false alarm, or display.

TABLE 1
Characteristics of radionavigation radars in the frequency range 8 700-9 300 MHz
	Characteristics
	
	System G5
	System G6
	System G7
	System G8
	System G21
	System G22

	Function
	
	Precision approach and landing radar
	Airport surveillance GCA
	Precision approach radar
	Airport surface detection equipment
	Airport surface detection equipment
	Airport surface detection equipment

	Tuning range
	MHz
	9 000-9 200
	9 025
	9 000-9 200

(4 frequencies / system)
	9 000-9 200

Pulse to pulse agile over 4 frequencies
	9 000-9 200 ; pulse-to-pulse agile over 16 frequencies predefined hopping
	9 000-9 200; pulse-to-pulse agile
over 4 frequencies predefined hopping

	Modulation
	
	Frequency-agile pulse
	Plain, NLFM
	Plain NLFM pulse pair
	Plain and LFM pulse pairs
	Plain and LFM pulse pairs
	Two LFM pulses define a pulse pair

	Peak power
	kW
	120
	0.3105
	0.5
	0.07
	170
	50

	Pulse widths
	μs
	0.25
	1.2; 30; 96
	0.65 and 25 pulse-pair
	0.04 and 4.0 (compressed to 0.040)
	0.040 and 4.0 (compressed to 0.040)

	10.0 and 0.15 at 7 500 (both compressed to 0.040);

	Pulse repetition rate
	pps
	6 000
	12 800; 3 200‑6 300; 2 120
	3 470; 3 500; 5 200; 5 300
	4 096 each, 8192 total
	16 384 each
	system maximum average 15 000

	Max. duty cycle
	
	0.0015
	0.203
	0.11
	0.017
	0.07
	0.15

	Pulse rise times
	(s
	0.02
	
	0.15
	Short pulse: 0.016

Long pulse: 0.082
	Short pulse: 0.016

Long pulse: 0.038
	Short pulse: 0.020

Long pulse: 0.020

	Pulse fall times
	μs
	0.04
	
	0.15
	Short pulse: 0.018

Long pulse: 0.06
	Short pulse: 0.023

Long pulse: 0.056
	Short pulse: 0.020

Long pulse: 0.020

	Antenna pattern type
	Pencil/fan
	Fan (csc²)
	Vertical fan and horizontal fan
	Inverse csc²
	Inverse csc2
	Inverse csc2

	Antenna type
	
	Planar array
	Active array plus reflector
	Two phased arrays
	Passive array
	Passive array
	Slotted waveguide

	Antenna polarisation
	Circular
	Vertical
	Right-hand circular
	Right-hand circular
	Right hand circular
	Right-hand circular

	Main beam gain
	dBi
	40
	37.5 (Tx)

37.0 (Rx)
	Vertical fan: 36

Horizontal fan: 36
	35
	37.6
	37.6

	Elev. beamwidth
	°
	0.7
	3.5 + csc² to20
	Vertical fan: 9.0

Horizontal fan: 0.63
	19
	9.91
	9.91

	Azim. Beamwidth
	°
	1.1
	1.05
	Vertical fan: 1.04

Horizontal fan: 15
	0.35
	0.37
	0.37

	Horiz. scan rate
	°/s
	5-30
	12
	Vertical fan: 60, half time

(60 scans/min)
	360
	360
	360

	Horiz. Scan type
	°
	Sector: +23/+15
	360
	30( sector
	Continuous
	Continuous
	Continuous

	Vert. Scan rate
	°/s
	5-30
	
	Horizontal fan: 20, half time
(60 scans/min)
	Not applicable
	Not applicable
	Not applicable

	Vert. Scan type
	
	Sector: +7/-1
	
	10° sector
	Not applicable
	Not applicable
	Not applicable

	Side lobe levels
	dBi
	
	7.5 average on Tx

2.9 average on Rx
	Vertical fan: 17 
Horizontal fan: 18.5
	Az plane: ( +10
El plane: ( +20
	9.15
	28

	Antenna height
	m
	0
	0
	0
	30 to 100 m above ground level
	10 to 100 m above ground
	10 to 100 m above ground

	Receiver IF 3dB bandwidth
	MHz
	2.5
	Not specified

But 0.8 estimated
	40
	36
	50
	180

	Receiver noise figure
	dB
	3.251
	5 to 6.5
	7.5
	5.56
	5.25
	5.0

	Min. discernible signal
	dBm
	-98
	Not specified
	–90 (S/N = 13.5 dB)
	-96.2
	–102
	–115

	Dynamic range
	dB
	
	65 from noise to 1 dB compression
	Not specified
	Not specified
	Not specified
	Not specified

	Min. number of processed pulses
	
	
	7
	6
	4-pulse noncoherent integration
	Not specified
	Not specified

	Total chirp width
	MHz
	
	0.8 estimated
	2
	Short pulse: none;
Long pulse: 50
	Short pulse : none
Long pulse : 50
	Short pulse : 35

Long pulse : 35

	RF emission bandwidth 3 dB
	MHz
	3.6
	0.8 estimated
	1.1 (plain pulse),1.8 (NLFM)

	43.2

	50
	35

	RF emission bandwidth 
20 dB
	MHz
	25
	unknown
	5.8 (plain pulse), 3.15 (NLFM)
	70.3
	59
	42


4.2 Impact of SAR4 on radars
4.2.1 Methodology
In order to assess the potential interference conditions produced by a SAR4 system in spotlight mode, a simulation model was developed, based on a combination of Satellite Tool Kit® and MATLAB®.

Two different scenarios are analyzed and are denominated long-term, similar to the scenario considered in report ITU-R RS.2094 and worst case short-term, for particular image acquisitions. 

The long-term scenario consists in the deployment of 500 areas on land worldwide, which will be the object of an acquisition in the high resolution spotlight mode. They are indicated in black in Figure 4. The radar location is in blue, collocated with one of the 500 target areas. 

The track period of the SAR4 sub satellite point repeats every 11 days. The full satellite orbit (interference) scenario has been calculated for this period at time intervals of 0.1 second. The satellite illuminates the area around the aeronautical radar station when the angular conditions are met as shown in Figure 3. The entire illumination period of the station occurs during around five seconds under varying incident angles.

Figure 3
Deployment of image target areas and radar for the worldwide scenario
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In the short-term scenario, the simulation duration is limited to three hours and a time step of 0.001 seconds, with five acquisitions, which are separated by the minimum separation distance of 45 km specified for the system. The radar is collocated with the third image area as shown in Figure 4.

The much lower time step allows examining in more detail the events where the radar antenna is pointing towards the satellite.
Figure 4
Deployment of image target areas and radar for worst case
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4.2.2 Simulation results
4.2.2.1 Long-term scenario
The following figures give for each type of radar the peak I/N cumulative distribution function obtained from the simulations.
Figure 5
Peak I/N cdf for the GCA radar G6
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 Report ITU-R M.2081 does not give any indication for this kind of radars.

Figure 6
Peak I/N cdf for the PAR radars G5, G7, and G8
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Report ITU-R M.2081 indicates that for PAR radars there is no effect detected for peak I/N lower than +20 dB for EESS1 waveform and +25 dB for EESS4 waveform. There would therefore be no effect on radar G5. With regard to radar G7, very faint speckling could appear from the horizontal fan, and weak occasional speckling on the vertical fan. This would be limited in time, less than 5 seconds over the 11 days, and only for a runway oriented in the worst case azimuths. Figure 7 provides the results obtained for a runway oriented South North.
Figure 7
Peak I/N cdf for the PAR radar G7 for a S-N runway
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In this case the I/N obtained stay below +12 dB, which would have no effect on the radar.
Figure 8
Peak I/N cdf for the ASDE radars G8, G21 and G22
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Report ITU-R M.2081 indicates that for EESS1 and EESS4 that have similar characteristics as SAR 4 there is no effect up to peak I/N of 43 dB.

4.2.2.2 Short-term scenario
For each of the identified radars the azimuth and elevation pointing angles are chosen randomly from one time step to the other within the limits given in Table 2. The results are given in terms of averaged I/N vs. time in Figures 9 to 11.
Figure 9
Peak I/N values for the GCA radar G6
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The five acquisitions are clearly visible on this figure. The passage of the radar main beam is also clearly visible. On this simulation run, the main beam was not in the azimuth of the satellite during the SAR illumination of the area, and through no main beam to main beam coupling event, contrary to the long-term scenario.

Figure 10
Peak I/N values for the vertical fan of the PAR radar G7
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Once again the five acquisitions are clearly visible. The I/N of +20 dB is exceeded only when the SAR makes an acquisition of the area where the radar is located. The runway has been assumed to be oriented in the azimuth 260° which corresponds to a worst case where the satellite could be in the radar main beam.
Figure 11
Peak I/N cdf for the ASDE radar G8
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Figure 11 shows the effect of the radar first side lobes or main beam even more visible, with the I/N reaching 28 dB only when the SAR is illuminating the area where the radar is deployed and the radar antenna is pointing in the satellite azimuth.

4.3 Impacts of radars into SAR4
4.3.1 Scenario
We consider a deployment of 200 ASDE radars of type G21 which is the most powerful radar listed in Table 1, deployed worldwide in the band 9 000 – 9 200 GHz. They are represented in Figure 12 as black. The blue dots represent the area where an image in high resolution mode may be taken by the SAR system. It has been assumed that 500 image areas were randomly positioned and not necessarily co located with the radars. 
FIGURE 12
Deployment of radars and image areas
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The simulation is run for 11 days with a time step of 1 second. Each time the satellite is within visibility of one area of interest (blue dot) within the relevant azimuth and incidence angles, this area is illuminated, for a duration which varies between 3 and 7 seconds. The SAR receiver will also be activated only during this portion of time. It is assumed that the rest of the time it is inactive. The aggregate interference from all radars in visibility during the acquisition is calculated and converted in I/N. The noise value is calculated in the 200 MHz of the band 9 000 – 9 200 MHz.

4.3.2 SAR Processing gain

The SAR protection criterion against CW interference is an I/N of -6 dB, not to be exceeded more than 1% of the time for systematic interference, which is the case here. It is understood here that the reference time for this 1% allowance is the time when the SAR system is in operation (3% of the total time). When compared to the total simulation duration, the effective percentage of time of interference allowance should be in fact 1% times 3% which is 0.03% of the time. When dealing with pulsed interference however, the processing gain of the SAR system should be taken into account, as explained in recommendation ITU-R RS.1166. 

The allowable interference levels as specified above may differ upon consideration of the interference mitigation effect of SAR processing discrimination and modulation characteristics of the radiolocation/ radionavigation systems operating in the band. The allowable I/N at the entrance of the SAR processing is as follows:
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where:


I/Ne:
ratio of the interference-to-noise at the processor input


I/Ns:
ratio of the interference-to-noise at the processor output


GNAZ:
processing gain of noise in azimuth


GIAZ:
processing gain of the interfering signal in azimuth

GNRNG:
processing gain of noise in range


GIRNG:
processing gain of the interfering signal in range.
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where:


GNAZ:
azimuth processing gain


TI:
SAR azimuth integration time


PRF:
pulse repetition frequency

The integration time TI in spotlight mode is between 3 and 7 seconds. A value of 5 seconds has been considered in Table 2.

TABLE 2

Range and azimuth processing gains for noise and interference for SAR4 at 9.6 GHz

	Parameter
	Value

	PRF (Hz)
	6000

	TI (s)
	5

	I/Ns (dB)
	-6

	GNAZ  (dB)
	44.8

	GIAZ  (dB)
	0 to 9.5

	GNRNG  (dB)
	0

	GIRNG  (dB)
	2.3

	I/Ne (dB)
	+26 to +36


A peak I/N value of +26 or +36 dB would therefore be acceptable against pulsed interference.

4.3.3 Results
The results obtained for a deployment of 200 G21 ASDE radars are given in terms of cumulative distribution function of the I/N in Figure 13.

FIGURE 13
I/N cdf for 200 radars ASDE G21 in the band 9 000 – 9 200 MHz
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The maximum I/N is +42 dB and is obtained for 0.0001% of the total time. The I/N obtained for 1% of the time when the sensor is active is -3 dB, 29 to 39 dB below the interference protection criterion when taking into account the SAR processing gain as explained in section 4.2.

In this simulation the interference power of all 200 radars has been aggregated, while in reality those radars are pulsed, and the different pulses do not arrive at the same time in the SAR receiver and do not aggregate in power. This would depend of course on the duty cycle of the interfering radars.

5 Summary and preliminary conclusions
When taking into account the test results contained in ITU-R report M.2081 where aeronautical radionavigation radars have been tested against various EESS waveforms similar to SAR4, it is possible to conclude that the SAR emissions would not be a problem for aeronautical radionavigation radars operating in the band 9 000 – 9 200 MHz. In addition, the acquisition time of SAR 4 in high resolution mode is very limited.

When considering the SAR processing gain as explained in recommendation ITU-R RS.1166, it is possible to show that these radionavigation radars should not be a problem for SAR4.
____________________
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