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2.1 Subtract 150 words 



[bookmark: _Toc517172117]Surveillance and Tracking Radar Methodology
3.1 RAdio Detection And Ranging, commonly known as RADAR, is a method of remotely detecting objects using electromagnetic radiation.
[image: ][image: ]3.2 The basic principles of RADAR theory are simple to explain but difficult to implement. Electromagnetic (EM) energy is transmitted through an antenna and any reflected energy received is analysed and displayed.[bookmark: _Toc516694423]Figure 1: Basic Primary Radar Principles

3.3 A basic radar set is comprised of a transmitter, antenna, receiver and a display system each of which are connected to a central timing system.[bookmark: _Toc516694424]Figure 2: Basic Radar Block Diagram

3.4 A monostatic radar has both transmitter and receiver in the same location and are connected to a single antenna via a waveguide switch. This switch is necessary to send the transmitter energy to the antenna and the reflected energy received by the antenna into the receiver system. The switch is also connected to the timing system. A bi-static system, where the transmitter and receiver are in separate locations, does not require a switch but still requires some method of synchronisation. [1]
3.5 A radar system that requires receiving reflected energy from an object within its area of operation is called a Primary Surveillance Radar (PSR).
3.6 Prior to World War Two, a remotely activated electronic aircraft identification system called Identify Friend or Foe (IFF) was developed for the RAF. [2] Early versions of IIF required an aircraft to carry a transmitter which, when switched on, identified the aircraft to a Chain Home radar operator as friendly. Axis aircraft were not equipped with such transmitters and were easily identifiable. However, the system was not infallible, costly mistakes were made notably at the Battle of Barking creek. [2]
[image: ]3.7 Further development of this concept and the technology resulted in the creation of Secondary Surveillance Radar (SSR). A ground-based system transmits a coded pulse on a 1030 MHz carrier frequency and the receive system listens for a coded reply on 1090MHz.[bookmark: _Toc516694425]Figure 3: Basic Secondary Radar Principles

3.8 The coded pulse from the transmitter is designed to trigger a response from a transponder (transceiver) fitted to an aircraft. The transponder is powered from the aircraft electrical supply and can be connected to other aircraft systems. The response to a coded pulse is to provide a simple four-digit octal identification code (Mode A) or height information (Mode C). However, a four-digit octal code can only produce 4096 unique values in a system utilised throughout the world.
3.9 Interleaving is a method of continuously and alternately interrogating an SSR transponder with Mode A and Mode C queries. This process continuously updates the four-digit identifier code and height data. 
3.10 Azimuth data for PSR and SSR is derived from the mechanical position of the antenna with respect to North. Range data for both radars is derived from a simple equation:  where c is the speed of light and t is the time taken from initial transmission to receipt of response.
3.11 While the advantages of PSR have been discussed, there are drawbacks and compromises that must be considered. A PSR is reliant upon reflected energy therefore the transmit power must be high to operate at long range. As the reflected energy received is very low level, the receiver must have a high sensitivity. Low frequency travels longer distances in comparison to the same power, high frequency signals, but provides less definition than a shorter wavelength system. 
3.12 Weather conditions can affect the performance of PSRs – transmitted and reflected energy scattering due to atmospheric moisture can reduce the range of detection. Temperature and humidity changes within the volume the radar operates in can cause sub-refraction, super refraction ducting to occur. These conditions can cause significant changes to the standard operating performance of a PSR.
3.12 For successful detection, the target must be in direct line of sight of the transmitter and receiver systems. The target must be of sufficient reflectivity for enough energy to be detected at the receiver. This reflectivity is commonly described as Radar Cross Section (RCS). Modern materials and sophisticated design can drastically alter the RCS of a very large object.
[image: ][image: ]3.13 “Large aircraft such as the B-52 bomber or 747 commercial jet have head-on RCS patterns of 40 – 100 m2….” [3] In comparison, with careful design and material selection, the Northrop Grumman B2 Spirit bomber – similar in size to both the B-52 and Boeing 747 is reported to have an RCS of only 0.75m2 [3], less than that of a human being. The fifth generation F-35 fighter is estimated to have an RCS of 0.005m2 and an insect an RCS of 0.001m2 [4][bookmark: _Toc516694426]Figure 4: B52 and B2 in flight
[bookmark: _Toc516694427]Figure 5: RCS comparisons

3.12 While SSR is not dependent on the reflected energy from a target, it too has weaknesses. The system is reliant upon an aircraft being equipped with a transponder, that it is switched on and has been correctly configured. If the transponder has a low power output or limited antenna gain, when interrogated, the reply may not be strong enough to reach the interrogating radars receiving system. Reliance upon SSR generated data, or lack thereof, might erroneously indicate a clear airspace.
3.13 The interrogation pulse, and the transponder reply are broadcasts. Any transmitter receiver combination can trigger an interrogation and cause a transponder to broadcast the requested information. This broadcast may be received by a receiver station that did not initiate the interrogation. This is called a False Return from an Un-Interrogated Target (FRUIT). FRUIT would appear as a real target at the current antenna azimuth at a range calculated as described in para. 3.10.
3.14 Responses may become garbled if two interrogated aircraft are in close proximity. The response become overlapped and the receiving station is unable to correctly decode both replies. Both returns are rejected.
3.13 Mode S and Automatic Dependent Surveillance – Broadcast (ADS-B) technologies have been developed to address the limitations and problems associated with traditional SSR systems. The new technologies use the same frequencies and are compatible with traditional interrogators. 
3.14 Mode S SSR uses three different formats of data-blocks for communications. A short Interrogation and Reply of 56 bits length, a Standard Message of 112 bits length containing a message field or 56 bits and an Extended Length Message (ELM) also of 112 bits but containing an 80-bit message field. Standard Messages and ELMs both contain ADS-B data. [5]
3.15 Each of the three message formats contain a unique 24-bit aircraft identification sequence resulting in over 16.5 million unique addresses. Unlike traditional SSR transponders, Mode S automatically transmits once per second. This automatic transmission is not only received by ground-stations but also by other Mode S equipped aircraft providing additional in-flight data to the Mode S Automatic Collision Avoidance System (ACAS) further increasing in-flight safety.
3.16 Each message field in the longer message packets can contain data from up to 250 data storage registers within the Mode S transponder. Each register is associated with a specific on-board system and is constantly updated with the data being ‘squirted’ on demand.
3.17 In addition to the extended and more detailed message content, the unique 24-bit addressing system provides an improved, structured communications methodology. The interrogating station can broadcast an ‘all-call’ interrogation, correctly decoded replies are registered, and the specific aircraft address can be isolated and removed from any broadcasts as required. If there are garbled replies, a second all-call broadcast will not include the correctly decoded responses and concentrate on any gabled replies.
3.18 This way the Mode S and ADS-B data link can provide a much greater volume of data to the ground-station at significantly higher data rates and with significantly lower message rejection rate.
3.19 Tracking radar technology and operation is very similar to Primary Surveillance Radar. A pulse of EM energy is transmitted through a directional antenna and any reflected energy is received and processed. The laws of physics governing the behaviour of the transmitted and reflected energy are as with PSR.
3.20 But here the similarity ends. A tracking radar does not rotate continually as a PSR does or generate as broad a beam pattern as a PSR. In comparison to the broadcast type emission from a PSR, a tracking radar could be said to emit a pencil beam.
[image: ]3.21 As a result of this focused beam, a tracking radar does not need to generate such high energy levels in comparison with the same target / range / frequency characteristics of a similar PSR.[bookmark: _Toc516694428]Figure 6: Basic Tracking Theory

3.22 Basic tracking radar operate on a simple adder - comparator function. In Figure 6, the desired target location within the radar transmit beam would lie within the dotted circle. However, constant measurements are taken within multiple zones surrounding this circle – in this example, areas A – D. If any two areas read a higher returned energy level the radar seeks to normalise the error by driving toward the stronger signal thus equalising the returned energy levels in all four areas.
3.23 This drive is derived through servo motor control in both azimuth and elevation. With a calibrated pedestal and a distance calculated from the time delayed return energy, this gives an accurate position of the tracked target.  Height can then be calculated using these values.


[bookmark: _Toc517172118]Long Range Surveillance Systems. 
4.1 A statement of requirement has been raised for the commissioning of a long-range surveillance radar capable of detecting a 10m2 target at a range of 350km. The transmitter is required to be installed 80m above mean sea level and cover an arc of 270 degrees. The chosen radar system is to have a minimum detectable signal of -150dBW.
[image: ][image: ]4.2 Using the mono-static radar equation (Figure 7), with a given combined atmospheric and system noise value (Lges) of 0.9, the parameters of the radar system were calculated. [bookmark: _Toc516694429]Figure 7: Mono-static Radar Equation

4.3 A 10kW transmitter operating at 19MHz would fulfil the system requirements for this site. However, the operating frequency is a little unrealistic. If the operating frequency was increased to 1.9GHz the transmitter power would need to be increase to 100MW. If we then reduce the operating frequency to 190MHz, we can reduce the transmitter power to a more realistic 1MW.
4.4 As these calculations are for a traditional primary surveillance radar (PSR) with a rotating antenna, it would be beneficial to add a secondary surveillance radar antenna (SSR). This would increase the number of air targets detected to a distance of approximately 700km. However, only those transponder equipped aircraft would be displayed.[bookmark: _Toc516694430]Figure 8: Ideal Surveillance Radar Parameters

4.5 As the transmitter is at a height of 80m and intending to operate to a distance of 350km, consideration must be given to target detection capabilities beyond the radar horizon.
[image: ]4.6 Figure 9 demonstrates how the height of the transmitter and the curvature of the earth determines the radar horizon and the minimum height at which a target can be detected at maximum range. The radar horizon equation expresses the range in nautical miles from a point measured in feet above mean sea level. The equation,  , was first used to calculate the radar horizon then, once transposed, used to calculate the height of a target at maximum range that could be directly observed. These results are shown in Table 1.[bookmark: _Toc516694431]Figure 9: Radar Horizon

	Height of the Radar (hr)
	80m
	Distance from RH to max. radar range
	313.5km

	Radar Horizon (RH)
	36.85km
	Minimum target height (ht)
	5788.3m (18,945.4 ft)


Table 1: Site 1 Surveillance Radar Horizon distances
4.7 If the distance from the RH to maximum radar range is halved to 150km, the minimum height above mean sea level that a target would be detected reduces to 4,336.7ft or 1322.7m.
4.8 For this long-range surveillance solution a Raytheon SPS-49 air surveillance radar [6] [7] operating between 850MHz and 942MHz with a co-located IFF system would operate beyond 460km range (250nm) at a unit cost of approximately $4 million USD. [8]
4.9 Such a solution, while demonstrated to be less than perfect, is a suitable combination of frequency, transmitter power, rotation rate and detection range. While this radar solution has been designed primarily for air surveillance the digital nature of the receiver and processing system enable the identification of surface vessels within the operating area. This is an unusual process for an air surveillance radar as slow and/or non-moving targets are normally considered clutter and thus squelched.

[image: ]4.10 There are alternative solutions available for long range surveillance – the iconic E-3 Sentry Airborne Warning and Control System (AWACS) [9] costing approximately $250 million U.S. Dollars (USD) [10] and the not so famous Over-The-Horizon – Backscatter (OTH-B) (AN/FPS-118) radar [11] developed by the US military in the 1970s at a cost of approximately $1.5 billion USD. [12][bookmark: _Toc516694432]Figure 10: Boeing E-3 Sentry

[image: ][image: ]4.11 Including an OTH-B system would be of little benefit for target detection at ranges of less than 900km. The physics of the design prevent target detection within this area. Fig. 11, 12 and 13 refer. [bookmark: _Toc516694433]Figure 11: OTH-B site, Maine (44.79 N, 67.79 W)

[image: ]
[bookmark: _Toc516694434]Figure 12: OTH-B Radar Coverage 
[bookmark: _Toc516694435]Figure 13: Approximate dead zone measurement

[bookmark: _Toc517172119]Fast Moving Target Tracking. 
[image: ]5.1 A second statement of requirement has been raised for the commissioning of a medium range tracking radar capable of detecting fast moving targets travelling away from it. The transmitter is to be installed at a site 10m above mean sea level and cover an arc of 45 degrees. The chosen radar system is to have a minimum detectable signal of -150dBW.
5.2 A tracking radar is as beholden to both the radar equation and limitations presented by the radar horizon as any surveillance radar, as discussed in paragraphs 4.2 and 4.6 earlier. Therefore we can utilise the same radar equation to calculate the ideal parameters for a tracking system that matches the statement of requirements.
[bookmark: _GoBack]5.3 Figure 14 shows a 1MW transmitter operating at 9GHz would can detect the required 10m2 target at over 50km.[bookmark: _Toc516694436]Figure 14: Ideal Tracking Radar parameters.

5.4 Figure 9 demonstrated the radar horizon concept and the minimum height at which a target can be detected at maximum range. Using the equation,  , the radar horizon was calculated again and once transposed, used to calculate the height of a target at maximum range that could be directly detected. These results are shown in Table 2.
	Height of the Radar (hr)
	10m
	Distance from RH to max. radar range
	37km

	Radar Horizon (RH)
	13km
	Minimum target height (ht)
	80.6m (264.4 ft)


Table 2: Site 2 Tracking Radar Horizon distances
5.5 If the distance from the RH to maximum radar range is halved to 18.5km, the minimum height above mean sea level that a target would be detected reduces to 66ft or 20.1m. Therefore, at a range of approximately 31.5km from the tracking radar, any targets below 20.1m would be lost.
[image: ]5.6 A Continuous Wave (CW) Doppler Radar manufactured by BAE Systems operating at 320W at 10GHz will track “155mm projectiles in excess of 40km” [13] and is available in outputs up to 1200W. An alternative would be the Range Instrumentation Radar (RIR) 980, also manufactured by BAE Systems. The smallest version produces 250kW peak power at 9GHz. This will track a 300mm diameter target at 65km. [14] [15]
5.7 The CW Doppler radar (Fig. 15) uses a matched pair of 16 element antennas with a gain of 28dBi the footprint of the antenna system is approximately 10m in diameter. [16] [17]
[image: Satcom - 13.1 Meter Cassegrain Large Fixed Antenna]5.8 The RIR-980 utilises an 8-foot diameter Cassegrain antenna. (Fig. 16)[bookmark: _Toc516694437]Figure 15: BAE Systems DRX Tracking radar

5.9 The CW Doppler radar can perform “active tracking in real time of airborne targets, rockets, bombs and conventional munitions” [13] and is highly suited to the solution. However, the smaller RIR-980 is more suited to being enclosed for harsh environment protection. This environmental factor could be decisive as many coastal areas encounter extreme weather conditions.[bookmark: _Toc516694438]Figure 16: Example Cassegrain Antenna


[bookmark: _Toc517172120]Conclusion.
6.1 There are many technologies used to produce both surveillance and tracking radars but the basic theory remains the same. If we re-visit the radar equation in Figure 1, an increase in power or wavelength will increase the range detection range. Also, if the power required at the receiver (Prmin) and/or total system noise (Lges) increase, the maximum detection range decreases. Therefore, a more sensitive receiver or a decreased system noise will increase the maximum detection range. 
6.2 Most surveillance radars rotate continuously through 360°, pulsing energy and registering any returned energy pulses at any given azimuth. This is a primary return. Varying degrees of post processing of the primary radar returns can be conducted for task specific purposes. For slow and/or non-moving targets specialist processing may be required. 
6.3 Tracking radars are directed energy systems – they are steered to a specified azimuth and elevation and emit a directed pulse of energy and, if instructed, follow the greatest reflected energy detected. 
6.4 Secondary Surveillance Radar, airborne, Over the Horizon and ADSB are some alternative technologies that can be utilised to augment surveillance and tracking activities. Combining PSR and SSR/ADSB from other radar sources is a proven method of increasing coverage area and probability of detecting targets.
6.5 However, caution must always be taken when analysing radar data as the lack of visible returns does not guarantee the area is target free. The target may not be in a direct line of sight, may be obscured due to meteorological conditions or may have been squelched by post processing. 
[bookmark: _Toc476333536]6.6 In the interests of safety it may be considered necessary to deploy the oldest method of surveillance – the human eye.
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