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1 
INTRODUCTION 

The term radar is an acronym for the phrase RAdio Detection And Ranging, and is 
used to describe systems that use electromagnetic energy to detect distant objects and 
determine other characteristics such as direction and range. 

Thomas Edison filed a patent in 1885 for what appears to be the earliest form of 
radar designed to avoid collisions at sea [1]. Interest was again excited in the concept 
of transmitting electromagnetic waves over the surface of the earth in 1901 when 
Marconi demonstrated the transmission of electromagnetic signals across the Atlantic 
[2]. The British were pioneers in radar, realising the potential of the science during 
the lead up to World War II [3] during which operational radar systems were 
successfully employed to assist with navigation and target detection. Interestingly, the 
field of radar-related electronic warfare (EW) was also born during this era as both 
German and British engineers developed the earliest forms of chaff (called window 
by the British and düppel by the Germans). Radar theory and techniques continue to 
develop rapidly from these early beginnings. 

Radar is superior to the human eye in several ways. Firstly, radar can “see” in 
conditions associated with poor human visibility, including darkness, fog, and cloud. 
Some radar is even able to penetrate rain. Radar can also “see” distances well in excess 
of the human eye and provide more precise measures of target range, relative target 
velocity and target direction (in both azimuth and elevation). 

The human eye has some advantages over radar, however. The eye has far better 
resolution than radar systems in that it can resolve (or discriminate) two targets even 
if they are very close together, where radar systems may only see one extended target. 
Human eyes can also gather much more detailed visual information on a specific 
target such as shape, and texture, allowing targets not only to be detected, but also to 
be recognised and identified. Of course, human eyes are also able to see in colour 
whereas radar cannot. The gap between radar and human eyes in terms of resolution 
is closing as advanced signal processing techniques associated with modern radars 
push radar performance to new heights. 

1.1 EXAMPLES OF RADAR APPLICATIONS 

Radar technology is used in a host of applications across both civilian and military 
domains. 

Perhaps the most visible application of radar is in civilian air traffic control 
where radar is used to support the management of aircraft approach and departure 
from busy airports, aircraft separation whilst on-route, and management of flight 
planning changes to account for unforeseen issues such as severe weather or aircraft 
emergencies. Air traffic control makes use of both primary radar and secondary radar 
to perform these roles. We investigate these types of radar later. 

Weather bureaus around the world use weather radar to detect rain and classify 
its intensity. This helps with weather prediction and severe weather warnings to allow 
people time to make adequate preparation for events such as cyclones and severe 
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storm. The intensity of the rain is estimated by measuring the intensity of the radar 
reflections off the rain and the knowledge that radar reflection intensity is a function 
of the size and quantity of the rain drops and whether the drops are in liquid form 
(rain) or solid form (hail). Weather radar also measures the speed with which rain 
events are travelling towards or away from the radar site. Rain, as it falls, normally 
moves with the wind. Weather radar uses the Doppler effect to extract and measure 
this speed. We investigate the Doppler effect in some detail later. 

The automotive industry is becoming an increasingly heavy user of radar-related 
technology. Examples include driver-assistance technology like collision avoidance 
and adaptive cruise control, and autonomous car technology.   

Another visible (albeit sometimes unpopular) use of radar technology in the 
civilian domain is illustrated in Figure 1.1. Radar is used to detect the speed of 
vehicles and provide that speed to either human operators or computer systems that 
are monitoring statutory speed limits. Just like weather radar, police speed radars 
make use of the Doppler effect caused whenever there is relative motion between the 
target (motorists) and the radar. 

Military operators around the world are heavy users of radar technology. Radar 
is used to search for and track both surface and airborne targets for a host of military 
ends. This information may be used to control or support the (friendly) contacts, avoid 
or interrogate the (unknown) contacts, or to engage the (enemy) contacts. Radar is 
also used to search for, track, and locate the sources of incoming fire from weapons 
like artillery and mortars. In these cases, the radar system is sufficiently sensitive to 
detect small targets like mortar rounds and measure their location as they travel to 
their target. Computer systems are then able to work backwards with this information 
to locate the source of the round. Very small radar systems are in guided weapons like 
missiles to guide the missiles onto their intended targets. Similarly, very small and 
simple radar systems may be used as a component of proximity fuses in artillery 
rounds. When the radar detects the presence of a target, the proximity fuse detonates 
the rounds and sprays the target with shrapnel. 

 

 

Figure 1.1. A policewoman monitors the speeds of motorists using radar technology 
(courtesy of the United States Air Force [4]). 
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Both the military and civilian sectors make use of radar technology to support 
navigation across the earth by both aircraft and surface vehicles (most commonly, 
ships). Radar may be used to detect known features on the earth such as rivers, 
shorelines, mountaintops, and so on to correlate the radar “picture” with a map and, 
in doing so, determine location. Radar may also be used to measure speed across the 
ground to support some form of dead-reckoning navigation. Distance from a known 
starting point can be determined by multiplying speed across the ground by travel 
time. When distance is combined with the direction of travel, it is possible to 
determine location relative to the known starting point. 

1.2 BASIC RADAR OPERATION 

The basic operation of a radar system is shown in Figure 1.2. Radar operates by firstly 
transmitting electromagnetic energy through an antenna system in the direction of the 
target. This is sometimes called the incident energy. The incident energy travels 
through the atmosphere, intercepts the target, and is reflected and scattered from the 
target in various directions. 

Some of the incident energy is reflected in the direction of the radar’s receiving 
antenna. The amount of energy that is reflected in the direction of the receiver is a 
function of a target attribute that is called the radar cross section. That reflected 
energy travels through the atmosphere before arriving at the receiving antenna. The 
receiving antenna gathers the reflected energy and directs the energy into the radar 
receiver. The receiver electronics then analyse the reflected energy and produce the 
appropriate output on the radar display. 

For the sake of illustration, Figure 1.2 shows a separate transmitter and receiver. 
This configuration is known as a bi-static radar system. In monostatic radars, the same 
antenna may be used for both transmitting and receiving. The various possible types 
of radar system are explained further in Section 1.3. 

 

Figure 1.2. Basic radar operation. 
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1.2.1 Measuring Target Range 

The range to the target is determined by measuring the time lapse between 
transmitting the electromagnetic energy towards the target and receiving the reflected 
energy back at the receiver. 

It is well known that distance travelled is the product of speed and time. This 
relationship holds true for radar systems. The electromagnetic energy travels through 
free space at the speed of light (3108 ms–1). If the time taken is measured by the radar 
system, the distance to the target can then be calculated. 

1.2.2 Determining Target Direction 

Target direction is derived from the direction in which the antenna is pointing at the 
time of transmission or receipt. 

In some applications, the target direction is only provided as either elevation or 
bearing information. For example, radar systems designed to provide information on 
target altitudes (so-called height-finders) only need to determine elevation 
information to perform their role. Radars designed to assist ships navigate around 
coastlines (navigation radars) may only require range and bearing information to 
perform their role. 

Other radars designed to detect and track aircraft need to determine target 
location in three dimensions (range, bearing and elevation). These radars are known 
as 3-dimensional (3D) radars. 

1.2.3 Calculating Relative Speed 

Calculating changes in a target’s location over time can provide information on the 
motion or track of a target relative to the radar. A more common technique in radar 
involves the comparison of transmitted and received energy. By comparing the 
transmitted signal with the received signal, differences can be highlighted and 
analysed to determine relative speed. This approach makes use of a well-known 
Doppler effect where differences between the transmitted and received energy can be 
used to determine relative speed. The Doppler effect was discovered in the 1800s by 
Christian Doppler; an Austrian physicist and mathematician born in Salzburg, Austria 
in 1803. 

1.3 BASIC RADAR TYPES 

This section examines the major categories of radar systems and draws its definitions 
and descriptions from IEEE Std 686-2017 [5] to further the aim of that standard in 
promoting clarity and consistency in the use of radar terminology. 

1.3.1 Primary Radar 

Primary radar systems receive reflections of their own transmitted signals as returned 
signals from the target. The reflected energy is used to determine the target 
information. Conventionally, the term primary is dropped when referring to primary 
radar systems as this is considered the normal method of radar operation. The 
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exception to this convention comes when making a distinction between primary and 
secondary radar systems (see Section 1.3.2).  

There are three major types of primary radar; monostatic, bi-static and 
multistatic radar. This text concentrates on monostatic radar systems as these 
represent most operational radars. A monostatic radar system transmits and receives 
its energy through the same antenna system or through collocated antennas. An 
example of a monostatic radar system is shown in Figure 1.3. 

A bistatic radar system uses different antennas for transmission and reception, 
and the antennas are separated sufficiently to ensure that the angles or ranges from the 
antenna locations to the target are significantly different. 

A multistatic radar system uses two or more transmitting or receiving antennas 
with all antennas separated by large distances (compared to the antenna size). 

1.3.2 Secondary Radar 

A secondary radar system is a cooperative target identification and communication 
system in which the interrogator transmits an encoded signal to a target. The 
transmitted signal is intercepted and received by the target. The target has a 
transponder on board that interprets the encoded signal and transmits an encoded reply 
back to the interrogator. The secondary radar system receives and interprets the 
target's encoded signal. An example of a typical secondary radar system is shown in 
Figure 1.4. 

 

Figure 1.3. AN/SPS-49 long range air-search radar (author’s photograph). 
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The identification friend or foe (IFF) system is a military mode of operation of 
secondary radar that is in wide use in the military environment. This mode of 
operation involves military-grade encryption equipment in addition to a transponder 
in order to guarantee the authenticity of the responses. More correctly, IFF 
functionality is provided by either Mode 4 or Mode 5 SSR operation. 

A great deal of valuable information over and above identity can be provided to 
the secondary radar by the target’s transponder. Modern transponders operating on 
commercial aircraft for example provide a host of information about the aircraft’s 
location, altitude and airspeed. These transponders also use a unique identifying code 
that enables the secondary radar system to correlate responses with flight planning 
systems to look up additional details about the aircraft including origin and 
destination, flight number, aircraft type, and even the numbers of personnel on board. 
This detailed information is not available from a primary radar system. 

A brief description of secondary surveillance radar is provided in Chapter 10. 
 

 

Figure 1.4. RSM 970 S monopulse secondary surveillance radar (courtesy of Thales 
Nederland). 
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1.4 ELECTROMAGNETIC PROPAGATION FUNDAMENTALS 

Before moving onto the detail of radar operation, it is worth briefly reviewing some 
fundamental knowledge that is assumed in the remainder of the text. 

Radar systems transmit, receive and process electromagnetic energy. This energy 
contains sinusoidal components at one or more frequencies, each of which is 
characterised by their amplitude, frequency (or wavelength) and phase as follows: 

 a t   Asin(  t ) (1.1) 

where a(t) is the instantaneous signal amplitude, A is the peak amplitude,  is the 
angular frequency of the sinusoidal signal, t is time, and  is the phase of the signal. 

The relationship between angular frequency and frequency is: 

   2  f  (1.2) 

where  is the angular frequency of the sinusoidal signal in radians per second, and f 
is the frequency in hertz. It is more common to express the frequency of a signal in 
hertz and this text continues that convention. 

As mentioned earlier, the speed at which electromagnetic energy propagates 
through free space is equal to the speed of light which is 3108 ms–1. With this speed 
in mind, the relationship between wavelength and frequency is: 

 c  f    (1.3) 

where c is the speed of light in metres per second, f is the frequency of the 
electromagnetic energy in hertz, and  is the wavelength of the energy in metres. 
Expression (1.3) is used repeatedly throughout the text to convert frequency to 
wavelength and wavelength to frequency. 

 

Example 1.1. If a radar is operating at 3 GHz, what is the wavelength of the 
electromagnetic energy being transmitted? 

 
c  f  

 
c

f


3108

3109
 0.1 m

 

 

The following figures show examples of sinusoidal signals and their amplitude, 
wavelength and phase. 

Figure 1.5 (a) shows the amplitude, wavelength and frequency of a single 
sinusoidal signal. Figure 1.5 (b) compares a high-amplitude, low-frequency signal 
with a low-amplitude, high-frequency signal. Figure 1.5 (c) shows two signals of 
identical amplitude and frequency but with different phases. 

Note that this book does not attempt to explore fundamental engineering and 
physics concepts such as electromagnetic transmission. If required, readers should 
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seek this sort of information in engineering or physics texts or in the texts referenced 
at the end of each chapter. 

 

 

 

 

Figure 1.5. Examples of sinusoidal signals. 
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Table 1.1. Radar frequency band designators. 

ITU radar-frequency letter band 
nomenclature 

NATO radar and EW band 
designators 

Band designation Frequency (GHz) Band designation Frequency (GHz) 
HF 0.003–0.03 A Up to 0.25 

VHF 0.03–0.3 B 0.25–0.5 
UHF 0.3–1 C 0.5–1 

L 1–2 D 1–2 
S 2–4 E 2–3 
C 4–8 F 3–4 
X 8–12 G 4–6 
Ku 12–18 H 6–8 
K 18–27 I 8-10 
Ka 27–40 J 10–20 
V 40–75 K 20–40 
W 75–110 L 40–60 

  M 60–100 

1.5 RADAR BAND DESIGNATION 

Radar operating frequency is often specified using a code or band designator to allow 
convenient and unclassified conversations about radars to take place. There are two 
main designation systems in existence today, which can cause some confusion 
regarding radar operating frequencies. One system is based on the designations 
developed by the International Telecommunications Union (ITU) and the other 
system originates from the United States Department of Defense and has since been 
adopted by North Atlantic Treaty Organization (NATO) and allied countries. The 
bands and their corresponding frequency ranges are shown in Table 1.1 [6, 7]. 

The co-existence of two designations has the potential to cause confusion 
especially when the same codes exist in both designators but correspond to completely 
different frequencies. For example, C-band radar operates at 4–8 GHz under the ITU 
system and 0.5–1 GHz under the NATO system. 

To avoid confusion, whenever a radar band is mentioned in this text, it refers to 
the NATO designators, as this system appears to be the most widely accepted and 
used. 

1.6 ELECTRONIC WARFARE TAXONOMY 

Electronic warfare (EW) plays an important role in military operations and is 
particularly relevant to radar systems. EW is divided into three broad categories; 
electronic support (ES), electronic attack (EA), and electronic protection (EP). This 
text considers the three categories of EW from the perspective of the radar system so 
that ES deals with detection, identification and location of radar emissions; EA deals 
with attacking the radar system with a view to hampering its performance; and EP 
deals with protecting the radar from EA. 
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1.7 REVISION QUESTIONS 

1. Explain how radar is superior to the human eye when applied to surveillance 
tasks. 

2. In what regards is radar inferior to the human eye? 

3. List and explain three applications of radar technology. 

4. Differentiate between primary and secondary radar. 

5. List and explain the three main types of primary radar. 

6. What range of wavelengths could a D-band radar system produce? (0.15–0.3m) 
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