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NATURE OF RADAR
Introduction to Radars: 

Radar (RAdio Detection And Ranging) is an electromagnetic system which is used to detect and locate the distant objects. Radar operates by transmitting a particular type of waveform and detecting the nature of the signals reflected back from objects. Radar is used to extend the capability of human sense of vision. Radar is not substitute for the eye but in doing what the eye cannot do. Radar it can neither resolve the detail nor recognise the colour of the object and shape to the degree of sophistication. Radar can see in conditions which do not permit the eye to see such as darkness, haze, rain, smoke. Radar can also measure the distances of the object.

Basic Principal of Radar:
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Fig. Block diagram of a typical radar system
A typical radar system consists of a transmitter unit, an antenna for emitting electromagnetic radiation and receiving the echo, an energy detecting receiver and a processor. A portion of the transmitted signal is intercepted by reflecting object (target) and is reradiated in all directions. The antenna collects the returned energy in the backscatter direction and delivers it to the receiver. The distance to the receiver is determined by measuring the time taken for the electromagnetic signal to travel to the target and back. The direction of the target is determined by the angle of arrival (AOA) of the reflected signal. Also if there is relative motion between the radar and the target, there is a shift in frequency of the reflected signal (Doppler Effect) which is a measure of the radial component of the relative velocity. This can be used to distinguish between moving targets and stationary ones.

-Radar was first developed to warn of the approach of hostile aircraft and for directing anti aircraft weapons. Modern radars can provide AOA, Doppler, MTI etc.
The simplest radar waveform is a train of narrow (0.1μs to 10μs) rectangular pulses modulating a sinusoidal carrier. The distance to the target is determined from the time TR taken by the pulse to travel to the target and return and from the knowledge that electromagnetic energy travels at the speed of light thus:
R = (cTR)/2

or R(km)=0.15TR(μs)

or R(nm)=0.081TR(μs).
Once the pulse is transmitted by the radar a sufficient length of time must elapse before the next pulse to allow echoes from targets at the maximum range to be detected. Thus the maximum rate at which pulses can be transmitted is determined by the maximum range at which targets are expected. This rate is called the pulse repetition rate (PRF). If the PRF is too high echo signals from some targets may arrive after the transmission of the next pulse. This leads to ambiguous range measurements. Such pulses are called second time around pulses. The range beyond which second time around pulses occur is called the maximum unambiguous range.
Runambig = c / (2 f P)

Where fP is the PRF in Hz.

More advanced signal waveforms then the above are often used

e.g. the carrier maybe frequency modulated (FM or chirp) or phase modulated (pseudorandom biphase) too permit the echo signals to be compressed in time after reception. This achieves high range resolution without the need for short pulses and hence allows the use of the higher energy of longer pulses - this technique is called pulse compression. Also CW waveforms can be used by taking advantage of the Doppler shift to separate the received echo from the transmitted signal. 
Note: Unmodulated CW waveforms do not permit the measurement of range.
The Radar Range Equation:
The radar range equation relates the range of the radar to the characteristics of the transmitter, receiver, antenna, target and the environment. It is used as a tool to help in specifying radar subsystem specifications in the design phase of a program. If the transmitter delivers PT Watts into an isotropic antenna, then the power density (W/m 2) at a distance R from the radar is                                         Pt / (4πR2)                                   --------------------( (1)

Here the 4πR2 represents the surface area of the sphere at distance R.
Radars employ directional antennas to channel the radiated power Pt in a particular direction

The gain G of an antenna is the measure of the increased power radiated in the direction of the target, compared to the power that would have been radiated from an isotropic antenna.
                      Pt G
∴     Power density from a directional antenna =    ------------                          -------------( (2)

              4πR2                                    

The target intercepts a portion of the incident power and redirects it in various directions. The measure of the amount of incident power by the target and redirected back in the direction of the radar is called the cross section σ. 

                                                        Pt G         
σ
Hence the Power density of the echo signal at the radar =
------- * -------      -----------( (3)

                                                                                                  4πR2      4π R2

Note: the radar cross-section σ has the units of area. It can be thought of as the size of the target as seen by the radar. The receiving antenna effectively intercepts the power of the echo signal at the radar over a certain area called the effective area Ae. 

Since the power density (Watts/m2) is intercepted across an area Ae, the power delivered to
                                                  Pt G
    σ
  the receiver is            Pr = 
------- * ------- * Ae                                                --------( (4)

                                                  4πR2       4π R2

Now the maximum range Rmax is the distance beyond which the target cannot be detected due to insufficient received power Pr. The minimum power which the receiver can detect is called the minimum detectable signal Smin.

Putting Pr = Smin and rearranging the above equation gives
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                         --------( (5)
This is the fundamental form of the radar equation. Note that the important antenna parameters are the transmitting gain and the receiving effective area.

Antenna theory gives the relationship between the transmitting gain and
the receiving effective area of an antenna as
                                                                    4π Ae

                         These are related by  G  = --------  

                                 --------( (6) 
λ2
Since radars generally use the same antenna for both transmission and reception, Eq.(6) can be substituted into Eq.(5). We get first for Ae, then for G, to give two other forms of the radar
equations.
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And
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                                        --------( (8)
Example:
Use the radar range equation to determine the required transmit power for the TRACS radar given

Prmin =10-13 Watts, G=2000,  λ=0.23 m,  PRF=524, 
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Note 1: these three forms of the equation for Rmax vary with different powers of λ. This results from implicit assumptions about the independence of G or Ae from λ.

Note 2: the introduction of additional constraints (such as the requirement to scan a specific volume of space in a given time) can yield other λ dependence.
Note 3: The observed maximum range is often much smaller than that predicted from the above equation due to the exclusion of factors such as rainfall attenuation, clutter, noise figure etc.
Block diagram of pulsed radar and operation
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Figure: Block diagram of a pulse radar
Transmitter:  The transmitter may be an oscillator, such as a magnetron, that is "pulsed"
(turned on and on) by the modulator to generate a repetitive train of pulses. The magnetron has probably been the most widely used of the various microwave generators for radar. A typical radar for the detection of aircraft at ranges of 100 or 200 nmi might employ a peak power of the order of a megawatt, an average power of several kilowatts, a pulse width of several microseconds, and a pulse repetition frequency of several hundred pulses per second.
Antenna: The waveform generated by the transmitter travels via a transmission
line to the antenna, where it is radiated into space. A single antenna is generally used for both
transmitting and receiving.
The most common form of radar antenna is a reflector with parabolic shape, fed from a point source (horn) at its focus. The beam is scanned in space by mechanically pointing the antenna. Phased array antennas are sometimes used. The beam is scanned by varying the phase of the array elements electrically. 

Duplexer: The receiver must be protected from damage caused by the
high power of the transmitter. This is the function of the duplexer. The duplexer also serves to channel the returned echo signals to the receiver and not to the transmitter. The duplexer might consist of two gas-discharge devices, one known as a TR (transmit-receive) and the other an ATR (anti-transmit-receive). The TR protects the receiver during transmission and the ATR directs the echo signal to the receiver during reception. Solid-state ferrite circulators and receiver protectors with gas-plasma TR devices and/or diode limiters are also employed as duplexers.
Receiver: The receiver is usually of the super heterodyne type. The first stage
might be a low-noise RF amplifier, such as a parametric amplifier or a low-noise
transistor. However, it is not always desirable to employ a low-noise first stage in radar. The
receiver input can simply be the mixer stage, especially in military radars that must operate in a noisy environment. Although a receiver with a low-noise front-end will be more
sensitive, the mixer input can have greater dynamic range, less susceptibility to overload, and
less vulnerability to electronic interference.
Mixer: The mixer and local oscillator (LO) convert the RF signal to an
intermediate frequency (IF). A " typical" IF amplifier for an air-surveillance radar might have a centre frequency of 30 or 60 MHz and a bandwidth of the order of one megahertz. The IF
amplifier should be designed as a notched filter; i.e., its frequency-response function H (f) should maximize the peak-signal-to-mean-noise-power ratio at the output. This occurs when the magnitude of the frequency-response function ׀H (f)׀ is equal to the magnitude of the echo signal spectrum ׀S(f) , ׀and the phase spectrum of the matched filter is the negative of the phase spectrum of the echo signal . In a radar whose signal waveform approximates a
rectangular pulse, the conventional IF filter band pass characteristic approximates a matched
filter when the product of the IF bandwidth B and the pulse width τ is of the order of unity, that is, Bτ ≈ 1.         
Second Detector: The pulse modulation is extracted by the second detector and amplified by video amplifiers to levels at which they can be displayed.

Displays: The display is usually a CRT; timing signals are applied to the display to provide zero range information. Angle information is supplied from the pointing direction of the antenna.
The most common type of CRT display is the plan position indicator (PPI) which maps the location of the target in azimuth and range in polar coordinates. The PPI is intensity modulated by the amplitude of the receiver output and the CRT electron beam sweeps outward from the centre corresponding to range.  

Also the beam rotates in angle in synchronization with the antenna pointing angle.

B scope display uses rectangular coordinates to display range vs angle i.e. the x axis is angle and the y axis is range.  Since both the PPI and B scopes use intensity modulation the dynamic range is limited.

An A scope plots target echo amplitude vs range on rectangular coordinates for some fixed direction. It is used primarily for tracking radar applications than for surveillance radar. 

Instead of displaying the raw video output directly on the CRT, it might be digitized and processed and then displayed. This consists of:

· Quantizing the echo level at range-azimuth resolution cells.
· Adding (integrating) the echo level in each cell.
· Establishing a threshold level that permits only the strong outputs due to target echoes to pass while rejecting noise.
· Maintaining the tracks (trajectories) of each target 
-  displaying the processed information. This process is called automatic tracking and detection (ATD) in surveillance radar. 

The simple diagram has left out many details such as 

1. AFC to compensate the receiver automatically for changes in the transmitter. 

2. AGC to Circuits in the receiver to reduce interference from other radars. 

3. Rotary joints in the transmission lines to allow for movement of the antenna.

4. MTI (moving target indicator) circuits to discriminate between moving targets and unwanted stationary targets.
5. Pulse compression to achieve the resolution benefits of a short pulse but with the energy benefits of a long pulse.
6. Monopulse tracking circuits for sensing the angular location of a moving target and allowing the antenna to lock on and track the target automatically.

7. Monitoring devices to monitor transmitter pulse shape, power load and receiver sensitivity.

8. Built in test equipment (BITE) for locating equipment failures so that faulty circuits can be replaced quickly.
Radar Frequencies 
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Fig. Frequency spectrum for radar frequencies
Most radar operates between 220 MHz and 35 GHz. 

Special purpose radars operate outside of this range 

Sky wave HF-OTH (over the horizon) can operate as low as 4 MHz 

Ground wave HF radars operate as low as 2 MHz 

Millimetre radars operate up to 95 GHz 

Laser radars (LIDARs) operate in IR and visible spectrum

The radar frequency letter-band nomenclature is shown in the table. Note that the frequency assignment to the latter band radar (e.g. L band radar) is much smaller than the complete range of frequencies assigned to the letter band.
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Band Nominal N
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Designation Frequency Range for region 2
HF 3-30 MHz
VHF 30-300 MHz 138-144 MHz
216-225 MHz
UHF 300-1000 MHz 420-450 MHz
890-942 MHz
L 1000 - 2000 MHz 1215-1400 MHz
2000 - 4000 MHz 2300 - 2500 MHz
2700 - 3700 MHz
K, 12- 18 GHz 13.4- 14.0 GHz
15.7-17.7 GHz
K 18-27 GHz 24.05 - 24.25 GHz
K, 40 - 300 GHz 334-36.0 GHz
mm 40 - 300 GHz





 Table: Standard radar-frequency letter-band nomenclature
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Designation Range Usage

HF 3-30 MHz OTH surveillance
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Table: Radar Bands and their Usage
Applications of radars Applications of Radar:
Radar has been employed on the ground, in the air, on the sea, and in space. Ground-based radar has been applied chiefly to the detection, location, and tracking of aircraft or space targets. Shipboard radar is used as a navigation aid and safety device to locate buoys, shore lines, and other ships as well as for observing aircraft. Airborne radar may be used to detect other aircraft, ships, or land vehicles, or it may be used for mapping of land, storm avoidance, terrain avoidance, and navigation. In space, radar has assisted in the guidance of spacecraft and for the remote sensing of the land and sea. The major user of radar, and contributor of the cost of almost all of its development, has been the military: although there have been increasingly important civil applications, chiefly for marine and air navigation. The major areas of radar application, in no particular order of importance, are described below.
Air Traffic Control (ATC): Radars are employed throughout the world for the purpose of
safely controlling air traffic en route and in the vicinity of airports. Aircraft and ground
vehicular traffic at large airports are monitored by means of high-resolution radar. Radar has
been used with GCA (ground-control approach) systems to guide aircraft to a safe landing in bad weather. In addition, the microwave landing system and the widely used ATC radar-beacon system are based in large part on radar technology.

Aircraft Navigation: The weather-avoidance radar used on aircraft to outline regions of
precipitation to the pilot is a classical form of radar. Radar is also used for terrain avoidance and terrain following. Although they may not always be thought of as radars, the radio altimeter (either FM/CW or pulse) and the Doppler navigator are also radars. Sometimes ground-mapping radars of moderately high resolution are used for aircraft navigation purposes.

Ship Safety: Radar is used for enhancing the safety of ship travel by warning of potential collision with other ships, and for detecting navigation buoys, especially in poor visibility. In terms of numbers, this is one of the larger applications of radar, but in terms of physical size and cost it is one of the smallest. It has also proven to be one of the most reliable radar systems. Automatic detection and tracking equipments (also called plot extractors)are commercially available for use with such radars for the purpose of collision avoidance. Shore-based radar of moderately high resolution is also used for the surveillance of harbours as an aid to navigation.

Space: Space vehicles have used radar for rendezvous and docking, and for landing on the
moon. Some of the largest ground-based radars are for the detection and tracking of
satellites. Satellite-borne radars have also been used for remote sensing as mentioned below.

Remote Sensing: All radars are remote sensors; however, as this term is used it implies
the sensing of geophysical objects, or the "environment." For some time, radar has been used as a remote sensor of the weather. It was also used in the past to probe the moon and the planets (radar astronomy). The ionospheric sounder, an important adjunct for HF (short wave)
communications, is a radar. Remote sensing with radar is also concerned with Earth resources, which includes the measurement and mapping of sea conditions, water resources, ice cover, agriculture, forestry conditions, geological formations, and environmental pollution. The platforms for such radars include satellites as well as aircraft.

Law Enforcement: In addition to the wide use of radar to measure the speed of automobile
traffic by highway police, radar has also been employed as a means for the detection of intruders.

Military: Many of the civilian applications of radar are also employed by the military. The
traditional role of radar for military application has been for surveillance, navigation, and for the control and guidance of weapons. It represents, by far, the largest use of radar.
ADVANTAGES OF BASIC RADAR:
1. It acts as a powerful eye.
2. It can see through: fog, rain, snow, darkness, haze, clouds and any insulators.
3. It can find out the range, angular position, location and velocity of targets.
LIMITATIONS:
1. Radar cannot recognize the colour of the targets.
2. It cannot resolve the targets at short distances like human eye.
3. It cannot see targets placed behind the conducting sheets.
4. It cannot see targets hidden in water at long ranges.
5. It is difficult to identify short range objects.
6. The duplexer in radar provides switching between the transmitter and receiver alternatively when a common antenna is used for transmission and reception. The switching time of duplexer is critical in the operation of radar and it affects the minimum range. A reflected pulse is not received during the transmit pulse subsequent receiver recovery time.
8. The reflected pulses from close targets are not detected as they return before the receiver is connected to the antenna by the duplexer.
From the fundamental Radar range equation we know that
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                               ------------------------( (1)
All of the parameters are controllable by the radar designer except for the target cross section

In practice the simple range equation does not predict range performance accurately. The actual range may be only half of that predicted. This due, in part, to the failure to include various losses It is also due to the statistical nature of several parameters such as Smin, σ and propagation losses Because of the statistical nature of these parameters, the range is described by the probability that the radar will detect a certain type of target at a certain distance. 
Minimum detectable Signal:
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Fig. Typical envelope of tile radar receiver output as a function of time A, and B and C
represent signal plus noise. A and B would be valid detections, but C is a missed detection.
A sample detected envelope is show above A large signal is detected at A. The threshold must be adjusted so that weak signals are detected, but not so low that noise peaks cross the threshold and give a false target. The voltage envelope in the figure is usually from a matched filter receiver. A matched filter maximizes the output peak signal to average noise power level matched filter has a frequency response which is proportional to the complex conjugate of the signal spectrum. The output of a matched filter is the cross correlation between the received waveform and the replica of the transmitted waveform. The shape of the input waveform to the matched filter is not preserved.
 In the figure, two signals are present at point B and C. The noise voltage at point B is large enough so that the combined signal and noise cross the threshold. The presence of noise sometimes enhances the detection of weak signals. At point C the noise is not large enough and the signal is lost. The selection of the proper threshold is a compromise which depends on how important it is if a mistake is made by (1) failing to recognize a signal (probability of a miss) or by (2) falsely indicating the presence of a signal (probability of a false alarm).  Note: threshold selection can be made by an operator viewing a CRT display.
Here the threshold is difficult to predict and may not remain fixed in time. The SNR necessary to provide adequate detection must be determined before the minimum detectable signal Smin can be computed. Although detection decision is done at the video output, it is easier to consider maximizing the SNR at the output of the IF strip (before detection). This is because the receiver is linear up to this point. It has been shown that maximizing SNR at the output of the IF is equivalent to maximizing the video output.
Receiver Noise:
Noise is unwanted EM energy which interferes with the ability of the receiver to detect wanted signals. Noise may be generated in the receiver or may enter the receiver via the antenna. One component of noise which is generated in the receiver is thermal (or Johnson) noise.

Noise power (Watts) = kTBn
Where
k = Boltzmann’s constant =1.38 x 10-23 J/deg

T = degrees Kelvin

Bn = noise bandwidth

Note: Bn is not the 3 dB bandwidth but is given by: 
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------------------------( (2)
here f0  is the frequency of maximum response. 

i.e. Bn is the width of an ideal rectangular filter whose response has the same area as the 

filter or amplifier in question. 

Note: For many types of radar Bn approximately equal to the 3 dB bandwidth (which is easier to determine). 

Note: a receiver with a reactive input (e.g. parametric amplifier) need not have any ohmic loss and hence all thermal noise is due to the antenna and transmission line preceding the antenna.

 
The noise power in a practical receiver is often greater than thermal noise. This additional noise is created by other mechanisms than thermal agitation. The total noise can be considered to be equal to thermal noise power from an ideal receiver multiplied by a factor called the noise figure Fn (sometimes NF).

Fn = Noise out of a practical receiver/Noise out of an ideal receiver at T0.             
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                               ------------------------( (3)
Here Ga is the gain of the receiver.

Note: the receiver bandwidth Bn is that of the IF amplifier in most receivers.
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                                          ------------------------( (4)
Rearranging gives:
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                                ------------------------( (5)
Now Smin is that value of Si corresponding to the minimum output SNR: (So/No) necessary for detection
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                                ------------------------( (6)
Substituting eq.6 into the radar range equation (eq.1) yields 
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                   ------------------------( (7)

Probability Density Function (PDF) :

Consider the variable x as representing a typical measured value of a random process such as a noise voltage. Divide the continuous range of values of x into small equal segments of length ∆x, and count the number of times that x falls into each interval.

 The PDF p(x) is than defined as:
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Where N is the total number of values

The probability that a particular measured value lies within width dx centred at x is p(x)dx also the probability that a value lies between x1 and x2 is
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Note: PDF is always positive by definition. Since every measurement must yield some value, the integral of the probability density over all values of x must be equal to unity; that is,
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The average value of a variable function Φ(x) of a random variable x is:
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Hence the average value or mean of x is
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Also the mean square value is 
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Here m1 and m2 are called the first and second moments of the random variable x.
Note: if x represents current, then m1 is the DC component and m2 multiplied by the resistance gives the mean power.
Variance is defined as 
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Variance is also called the second central moment.

If x represents current, µ2 multiplied by the resistance gives the mean power of the AC component. Standard deviation, σ is defined as the square root of the variance. This is the RMS value of the AC component.

Uniform Probability Density Function
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Example of a uniform probability distribution is the phase of a random sine wave relative to a particular origin of time.

The constant K is found from the following
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Hence for the phase of a random sine wave
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The average value for a uniform PDF
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Gaussian (Normal) PDF)
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An example of normal PDF is thermal noise; we have for the Normal PDF
m1 = x0
m2 = x20 + σ2 

σ2 = m2 - x20
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Central Limit Theorem: 

The PDF of the sum of a large number of independent, identically distributed random
quantities approaches the Normal PDF regardless of what the individual distribution might
be, provided that the contribution of anyone quantities’ not comparable with the resultant
of all the others.
For the Normal distribution, no matter how large a value of x we may choose, there is always a finite probability of finding a greater value. Hence if noise at the input to a threshold detector is normally distributed there is always a chance for a false alarm.


Rayleigh (voltage) PDF:
Examples of a Rayleigh PDF are the envelope of noise output from a narrowband band pass filter (IF filter in super heterodyne receiver), also the cross section fluctuations of certain types of targets and also many kinds of clutter and weather echoes. 
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Rayleigh (power) or exponential
The parameter x might represent a voltage, and (x2), the mean, or average, value of the voltage squared.
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This is the exponential probability-density function, but it is sometimes called the Rayleigh-power probability-density function.
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Another mathematical description of statistical phenomena is the probability distribution
function P(c) defined as tile probability that the value x is less than some specified value
                    [image: image41.png]P =1 pde o p= 0 pe)



.

In some cases, the distribution function may be easier to obtain from an experimental set of
data than the density function. The density function may be found from the distribution
function by differentiation.
SIGNAL-TO-NOISE RATIO:
Here we will obtain the SNR at the output of the IF amplifier necessary to achieve a specific probability of detection without exceeding a specified probability of false alarm.
The output SNR is then substituted into equation 2.6 to obtain Smin, the minimum detectable signal at the receiver input.
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                     Figure. Envelope detector
Here BV > BIF/2 in order to pass all video modulation.
The envelope detector may be either a square law or linear detector.
The noise entering the IF amplifier is Gaussian
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Here ψ0 is the variance, the mean value is zero. 

If Gaussian noise were passed through a narrowband IF filter-one whose bandwidth is small compared with the mid-frequency-the probability density of the envelope of the noise voltage output is shown by Rice to be
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Here R is the amplitude of the envelope of the filter output 

Now the probability that the noise voltage envelope will exceed a voltage threshold VT (false alarm) is:
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The average time interval between crossings of the threshold by noise alone is the false alarm time: Tfa
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Here Tk is the time between crossings of the threshold by noise when the slope of the Prossing is positive. Now the false alarm probability Pfa is also given by the ratio of the time that the envelope is above the threshold to the total time.
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Equating both equations given in above
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Example:
for BIF = 1 MHz and required false alarm rate of 15 minutes, above equation gives
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Note: the false alarm probabilities of practical radars are quite small. This is due to their narrow bandwidth
Note: False alarm time Tfa is very sensitive to variations in the threshold level VT due to the exponential relationship.

Example: for BIF = 1 MHz we have the following:
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Note: If the receiver is gated off for part of the time (e.g. during transmission interval) the Pfa be increased by the fraction of the time that the receiver is not on. This assumes that Tfa remains constant. The effect is usually negligible. 
Integration of Radar pulses:.
Many pulses (echoes) are usually returned from any particular target and can be used to improve detection the number of pulses nB as the antenna scans is
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Where
θB = antenna beam width (deg) fP = PRF (Hz) θS = antenna scan rate (deg/sec)

ωm = antenna scan rate (rpm)

Example: For a ground based search radar having

θB = 1.5 ˚ fP = 300 Hz θ˙S = 30˚/s (ωm = 5 rpm)
The number of hits from a point target in each scan nB = 15
The process of summing radar echoes to improve detection is called integration. All integration techniques employ a storage device. The simplest integration method is the CRT display combined with the integrating properties of the eye and brain of the operator. 
For electronic integration, the function can be accomplished in the receiver either before the second detector (in the IF) or after the second detector (in the video).  
· Integration before detection is called predetection or coherent detection. 
Integration after detection is called postdetection or noncoherent integration. 
Predetection integration requires the phase of the echo signal to be preserved. Postdetection integration can not preserve RF phase. 

For predetection
SNRintegrated = n SNRi where SNRi is the SNR for a single pulse and n is the number of pulses integrated. For postdetection, the integrated SNR is less than the above since some of the energy is converted to noise in the nonlinear second detector. Postdetection integration, however, is easier to implement.
Integration efficiency is defined as  
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Where n = number of pulses integrated, 

(S ⁄ N)1 = value of SNR of a single pulse required to produce a given probability of detection, and 
(S ⁄ N)n is the value of SNR per pulse required to produce the same probability of detection when n pulses are integrated. 

Note: for postdetection integration, the integration improvement factor is Ii = nEi( n )

for ideal postdetection, Ei( n) = 1 and hence the integration improvement factor is n.

When there are many pulses integrated (small S/N per pulse) the difference is pronounced. The radar equation with n pulses integrated is
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Here (S/N)n is the SNR of one of n equal pulses that are integrated to produce the required Pd for a specified Pfa. Using above equations 
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RADAR CROSS SECTION OF TARGETS:

The radar cross section of a target is the (fictional) area intercepting that amount of power which when scattered equally in all directions, produces an echo at the radar equal to that from the target; or in other terms,
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Where R = distance between radar and target
Er = reflected field strength at radar
Ei= strength of incident field at target
The most common types of radar targets such as aircraft, ships, and terrain, the radar cross section does not necessarily bear a simple relationship to the physical area, except that the larger the target size, the larger the cross section is likely to be.
The scattered field is defined as the difference between the total field in the presence of the object and the field that would exist if the object were absent (but with the sources unchanged). 
The diffracted field is the total field in the presence of the object. 
· With radar backscatter, the two fields are the same (since the transmitted field has disappeared by the time the received field appears). 
The radar cross section can be determined by solving Maxwell's equations with the proper boundary conditions applied, only for the most simple of shapes, and solutions valid over a large range of frequencies are not easy to obtain. 
The radar cross section of a simple sphere is shown in Fig. as a function of its circumference measured in wavelengths 2na/λ, where ‘a’ is the radius of the sphere and ‘λ‘ is the wave length.
When (2πa/λ << 1) (the Rayleigh region), the scattering from a sphere can be used for modelling rain drops.
Since σ varies as λ-4 in the Rayleigh region, rain and clouds are invisible for long wavelength radars.
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Figure: Radar cross section of the sphere. a = radius; λ = wavelength
The usual radar targets are much larger than raindrops and hence the long λ operation does not reduce the target σ.
When 2πa/λ >>1, the σ approaches the optical cross section πa2.
Note: in the Mie (resonance region) σ can actually be 5.6 dB greater than the optical value or 5.6 dB smaller.
Note: For a sphere the σ is not aspect sensitive as it is for all other objects, and hence can be used for calibrating a radar system.

Backscatter of a long thin rod (missile) is shown. Where the length is 39λ and the diameter λ/4, the material is silver.
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Figure:  Backscatter cross section of a long thin rod
Here θ = 0˚ is the end on view and σ is small since the projected area is small. However at near end on (θ ≈ 5˚) waves couple onto the rod, travel the length of the rod and reflect from the discontinuity at the far end ⇒ large σ.


The Cone Sphere: 
                                                        SHAPE  \* MERGEFORMAT 



Here the first derivatives of the cone and sphere contours are the same at the point of joining.
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Figure: Radar cross section of a cone sphere with 15" half angle as a function of the diameter in wavelengths.
Note: In above figure the σ for θ near 0˚ (-45˚ to +45˚) is quite low. This is because scattering occurs from discontinuities. Here the discontinuities are small: the tip, the join and the base of the sphere which allows a creeping wave to travel around the sphere. When the cone is viewed at a particular incidence (θ = 90 - α, where α is the cone half angle) a large secular return is contained.  From the rear, the σ is approximately that of a sphere. The nose on σ
for f above the Rayleigh region and for a wide range of α , has a max of 0.4 λ2  and a min of 0.01 λ2. This gives a very low backscatter (e.g. at λ = 3 cm, σ= 10-4 m2). 
Example: σ at S band for 3 targets having the same projected area: 

Corner reflector:


1000 m2
Sphere




1m2
Cone sphere 



10-3 m2
In practice, to achieve a low σ with a cone sphere, the tip must be sharp, the surface smooth and no holes or protuberances allowed.
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[image: image64.png]Figure Mecasured radar cross section (o/A% given in dB) of a large cone-sphere with 12.5° half angle
and radius of base = 10.41. (a) horizontal (perpendicular) polarization, (b) vertical (parallel) polarization.




A comparison of nose-on σ for several cone shaped objects is given in figure bellow.
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Figure: Radar cross section of a set of 400 cones, double-backed cones, double rounded cones, cone-spheres, and circular o gives a function of diameter in wavelengths.
Note: the use of materials such as carbon fibre composites can further reduce

Complex Targets: The σ can be computed using GTD (Geometric Theory of Diffraction), measured experimentally or found using scale models. A complex target can be considered as being composed of a large number of independent objects, which scatter energy in all directions. The relative phases and amplitudes of the echo signals from the individual scatterers determine the total σ. If the separation between individual scatterers is large compared to λ the phases will vary with the viewing angle and cause a scintillating echo. An example of the variation of σ with aspect angle is shown in Fig. 2.16. The σ can change by 15dB for an angular change of 0.33˚. Broadside gives the max σ since the projected area is bigger and is relatively flat (The B-26 fuselage had a rectangular cross-section). This data was obtained by mounting the actual aircraft on a turntable above ground and observing its σ with radar.
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Figure: Experimental cross section of the B-26 two-engine bomber at IO-cm wavelength as a function of azimuth angle. 
A more economical method is to construct scale models. an example of a model measurements is given in Fig. by the dashed lines. The solid lines are the theoretical (computed using GTD) data. The computed data is obtained by breaking up the target into simple geometrical shapes. and then computing the contributions of each (accounting for shadowing). The most realistic method for obtaining σ data is to measure the actual target in flight. The US Naval Research Lab has such a facility with L, S, C, and X band radars. The radar track data establishes the aspect angle. Data is usually averaged over a 10˚ x 10˚ aspect angle interval. A single value cross section is sometimes given for specific aircraft targets for use in the range equation. This is sometimes an average value or sometimes a value which is exceeded 99% of the time.

Examples of radar cross sections for various targets (in m2):

Conventional, unmanned winged missile


0.5 

Small, single engine aircraft




1 

Small fighter, or 4-passenger jet



2 

Large fighter






6 

Medium bomber or medium jet airliner


20

Large bomber or large jetliner
40

Jumbo jet






100

Small open boat





0.02

Small pleasure boat





2

Cabin cruiser






10

Pickup truck






200

Car







100

Bicycle






2

Man







1

Bird







0.01

Insect







10-5.
Note: even though single values are given there can be large variations in actual σ for any target.
e.g. the AD 4B, a propeller driven aircraft has a σ of 20 m2 at L band but its σ at VHF is about 100 m2 This is because at VHF the dimensions of the scattering objects are comparable to λ and produce a resonance effect. For large ships, an average crosses section taken from port, a starboard and quarter aspect yields.
Cross-Section Fluctuations:
The echo from a target in motion is almost never constant. Variations are caused by meteorological conditions, lobe structure of the antenna, equipment instability and the variation in target cross section. Cross sections of complex targets are sensitive to aspect. One method of dealing with this is to select a lower bound of σ that is exceeded some specified fraction of the time (0.95 or 0.99). This procedure results in conservative prediction of range. Alternatively, the PDF and the correlation properties with time may be used for a particular target and type of trajectory.

The PDF gives the probability of finding any value of σ between the values of σ and σ + dσ. The correlation function gives the degree of correlation of σ with time (i.e. number of pulses) - the power spectral density of σ is also important in tracking radars. It is not usually practical to obtain experimental data for these functions. It is more economical to assess the effects of fluctuating σ is to postulate a reasonable model for the fluctuations and to analyze it mathematically. Swirling has done this for the detection probabilities of 5 types of target.
Case 1: Echo pulses received from the target on any one scan are of constant envelope throughout the entire scan, but are independent (uncorrelated) scan to scan. This case ignores the effect of antenna beam shape. 
The assumed PDF is: 
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Case 2: Echo pulses are independent from pulse to pulse instead of from scan to scan. 
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Case 3: Same as case 1 except that the PDF is 
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Case 4: Same as case 2 except that the PDF is
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Case 5: Non fluctuating cross section

The PDF assumed in cases 1 and 2 applies to complex targets consisting of many scatterers (in practice 4 or more).

The PDF assumed in cases 3 and 4 applies to targets represented by one large reflector with other small reflectors. For all cases the value of σ to be substituted in the radar equation is σave.
Transmitter Power :

Pt in the radar equation is the peak power. This is not the instantaneous peak power of the carrier sine wave. It is the power averaged over a carrier cycle which occurs at the maximum of a pulse. The average radar power, Pav is the average transmitter power over the PRI.
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Here τ = pulse width         
Tp= PRI          
fp = PRF
The ratio Pav/Pt, τ/TP, or τ fp is called the duty cycle of the radar. The typical duty cycle for a surveillance radar is  0.001.

Thus the range equation in terms of average power is
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Here (Bnτ) are grouped together since the product is usually of the order of unity for pulse radars.  If the transmitted waveform is not a rectangular pulse, it is sometimes more convenient to express the radar equation in terms of the energy Et = Pav,/ fp contained in the transmitted waveform.
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In this form, the range does not depend explicitly on either the wavelength or the pulse
repetition frequency. The important parameters effecting range  are the total transmitted
energy nEt, the transmitting gain G, the erective receiving aperture Ae, and the receiver noise
figure Fn.
Pulse Repetition Frequency and Range Ambiguities:
PRF is determined primarily by the maximum range at which targets are expected. Echoes received after an interval exceeding the PRI are called “multiple-time-around” echoes. These can result in erroneous range measurements. 
Consider three targets A, B and C. here A is within the maximum unambiguous range Runambig, B is between Runambig and 2Runambig and C is between 2Runambig and        3Runambig. 
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Figure: Multiple-time-around echoes that give rise to ambiguities in range. (a)Three targets A, B and C, where A is within Runambig, and B and C are multiple-time-around targets; (b) the appearance of the three targets on the A-scope; (c) appearance of the three targets on the A-scope with a changing prf.
One way of distinguishing multiple time around targets is to operate with a varying prf. The echo from an unambiguous target will appear at the same place on each sweep; however echos from multiple time around target will spread out. The number of separate PRFs will depend on the degree of multiple time targets. Second time around targets need only 2 separate PRFs to be resolved. Alternative methods to mark successive pulses to identify multiple time around targets include changing. Amplitude, pulse width, frequency, phase or polarization from pulse to pulse. These schemes are not very successful in practice. One limitation is the fold over of nearby targets (e.g. nearby strong ground targets, clutter) which can mask weak multiple time around targets. 

A second limitation is increased processing requirement to resolve ambiguities 

The range ambiguity in multiple PRF radar can be conveniently decoded by use of the Chinese remainder theorem.
































































































































































































































































































































































































