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UNIT - IV 

FREQUENCY MODULATED CONTINUOUS WAVE (FMCW) RADAR 

 
4.1 Introduction 
 
The inability of the simple CW radar to measure range is related to the relatively narrow 
spectrum (bandwidth) of its transmitted waveform. Some sort of timing mark must be 
applied to a CW carrier if range is to be measured. The timing mark permits the time of 
transmission and the time of return to be recognized. The sharper or more distinct the 
mark, the more accurate the measurement of the transit time. But the more distinct the 
timing mark, the broader will be the transmitted spectrum. This follows from the 
properties of the Fourier transform. Therefore a finite spectrum must of necessity be 
transmitted if transit time or range is to be measured. 
 
The spectrum of a CW transmission can be broadened by the application of modulation, 
either amplitude, frequency, or phase. An example of an amplitude modulation is the pulse 
radar. The narrower the pulse, the more accurate the measurement of range and the 
broader the transmitted spectrum. A widely used technique to broaden the spectrum of CW 
radar is to frequency-modulate the carrier. The timing mark is the changing frequency. The 
transit time is proportional to the difference in frequency between the echo signal and the 
transmitter signal. The greater the transmitter frequency deviation in a given time interval, 
the more accurate the measurement of the transit time and the greater will be the 
transmitted spectrum. 
 
4.2. Range and doppler measurement.  
 
In the frequency-modulated CW radar (abbreviated FM-CW), the transmitter frequency is 
changed as a function of time in a known manner. Assume that the transmitter frequency 
increases linearly with time, as shown by the solid line in Fig. 4.1. If there is a reflecting 
object at a distance R, an echo signal will return after a time T = 2R/c. The dashed line in 
the figure represents the echo signal. If the echo signal is heterodyned with a portion of the 
transmitter signal in a nonlinear element such as a diode, a beat note fb will be produced. If 
there is no doppler frequency shift, the beat note (difference frequency) is a measure of the 
target's range and fb = fr where fr  is the beat frequency due only to the target's range. If the 
rate of change of the carrier frequency is df0/dt the beat frequency is 

 
In any practical CW radar, the frequency cannot be continually changed in one direction 
only. Periodicity in the modulation is necessary, as in the triangular frequency -modulation 
waveform shown in Fig. 4.1b. The modulation need not necessarily be triangular; it can be 
saw tooth, sinusoidal, or some other shape. The resulting beat frequency as a function of 
time is shown in Fig. 4.1 for triangular modulation. The beat note is of constant frequency 
except at the turn-around region. If the frequency is modulated at a rate fm over a range  Δf 
the beat frequency is 
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Thus the measurement of the beat frequency determines the range R. 
 

 
Figure 4.1 Frequency-time relation-ships in FM-CW radar. Solid curve represents 

transmitted signal; dashed curve represents echo. (a) Linear frequency modulation; 
(b) triangular frequency modulation;    (c) beat note of (b) 

 
 
 
4.3. Block diagram of FM-CW Radar 
 
A block diagram illustrating the principle of the FM-CW radar is shown in Fig. 4.2. A portion 
of the transmitter signal acts as the reference signal required to produce the beat 
frequency. It is introduced directly into the receiver via a cable or other direct connection. 
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Figure 4.2 Block diagram of FM-CW radar. 

 
Ideally. the isolation between transmitting and receiving antennas is made sufficiently 
large so as to reduce to a negligible level the transmitter leakage signal which arrives at the 
receiver via the coupling between antennas. The beat frequency is amplified and limited to 
remove any amplitude fluctuations. The frequency of the amplitude-limited beat note is 
measured with a cycle-counting frequency meter calibrated it in distance. 

 
In the above, the target was assumed to be stationary. If this assumption is not applicable, a 
doppler frequency shift will be superimposed on the FM range beat note and an erroneous 
range measurement results. The doppler frequency shift causes the frequency-time plot of 
the echo signal to be shifted up or down (Fig. 4.3 a). On one portion of the frequency-
modulation cycle. the beat frequency (Fig. 4.3 b) is increased by the doppler shift, while on 
the other portion, it is decreased. If for example, the target is approaching the radar, the 
beat frequency fb(up) produced during the increasing, or up, portion of the FM cycle will be 
the difference between the beat frequency due to the range fr and the doppler frequency 
shift fd Similarly, on the decreasing portion, the beat frequency fb(down) is the sum of the 
two. 

 

fb(up)= fr + fd 

fb(down)= fr  -  fd 

The range frequency fr may be extracted by measuring the average beat frequency; that is, 
fr = ½ [ fb(up)+ fb(down)] 

 
If fb(up and fb(down) are measured separately, for example, by switching a frequency 
counter every half modulation cycle, one-half the difference between the frequencies will 
yield the doppler frequency. This assumes fr > fd . If, on the other hand,  fr < fd, such as might 
occur with a high-speed target at short range, the roles of the averaging and the difference-
frequency measurements are reversed; the averaging meter will measure Doppler velocity, 
and the difference meter, range. If it is not known that the roles of the meters are reversed 
because of a change in the inequality sign between fr  and  fd,  an incorrect Interpretation of 
the measurements may result. 
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Figure 4.3 Frequency-time relationships in FM-CW radar when the received signal is 
shifted in frequency by the doppler effect  

(a) Transmitted  (solid curve) and echo (dashed curve) frequencies;  
(b) beat frequency. 

 
When more than one target is present within the view of the radar, the mixer output will 
contain more than one difference frequency. If the system is linear, there will be a 
frequency component corresponding to each target. In principle, the range to each target 
may be determined by measuring the individual frequency components and applying to 
each. To measure the individual frequencies, they must be separated from one another. 
This might he accomplished with a bank of narrowband filters, or alternatively, a single 
frequency corresponding to a single target may be singled out and continuously observed 
with a narrow band tunable filter. But if the motion of the targets were to produce a 
Doppler frequency shift, or if the frequency-modulation waveform were nonlinear, or if the 
mixer were not operated In its linear region, the problem of resolving targets and 
measuring the range of each becomes 
more complicated. 

 
If the FM-CW radar is used for single targets only, such as in the radio altimeter, it is not 
necessary to employ a linear modulation waveform. This is certainly advantageous since a 
sinusoidal or almost sinusoidal frequency modulation is easier to obtain with practical 
equipments than are linear modulations. Any reasonable-shape modulation waveform can 
be used to measure the range, provided the average beat frequency is measured. If the 
target is in motion and the beat signal contains a component due to the -doppler frequency 
shift, the range frequency can be extracted, as before, if the average frequency is measured. 
To extract the doppler frequency, the modulation waveform must have equal upsweep and 
downsweep time intervals. 

 
4.4. FM-CW Altimeter  
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The FM-CW radar principle is used in the aircraft radio altimeter to measure height above 
the surface of the earth. The large backscatter cross section and the relatively short ranges 
required of altimeters permit low transmitter power and low antenna gain. Since the 
relative motion between the aircraft and ground is small, the effect of the doppler 
frequency shift may usually be neglected. The band from 4.2 to 4.4 GHz is reserved for 
radio altimeters. The transmitter power is relatively low and can be obtained from a CW 
magnetron, a backward-wave oscillator, or a reflex klystron, but these have been replaced 
by the solid state transmitter. 
 
The altimeter can employ a simple homodyne receiver, but for better sensitivity and 
stability the super-heterodyne is to be preferred whenever its more complex construction 
can be tolerated. A block diagram of the FM-CW radar with a sideband super-heterodyne 
receiver is shown in Fig. 4.4. below. 

 
Figure 4.4 Block diagram of FM-CW radar using sideband  

super-heterodyne receiver. 
 
A portion of the frequency-modulated transmitted signal is applied to a mixer along with 
the oscillator signal. The selection of the local-oscillator frequency is a bit different from 
that in the usual super-heterodyne receiver. The local-oscillator frequency fIF should be the 
same as the intermediate frequency used in the receiver, whereas in the  conventional 
super-heterodyne the LO frequency is of the same order of magnitude as the RF signal. The 
output of the mixer consists of the varying transmitter frequency fo(t) plus two sideband 
frequencies, one on either side of fo(t) and separated from fo(t) by the local-oscillator 
frequency fIF  the filter selects the lower sideband , fo(t) - fIF  and rejects the carrier and the 
upper sideband. The sideband that is passed by the filter is modulated in the same fashion 
as the transmitted signal. The sideband filter must have sufficient bandwidth to pass the 
modulation, but not the carrier or other sideband. The filtered sideband serves the function 
of the local oscillator. 
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When an echo signal is present, the output of the receiver mixer is an IF signal of frequency 
. fIF + fb , where fb is composed of the range frequency fr, and the doppler velocity frequency 
fd. The IF signal is amplified and applied to the balanced detector along with the local-
oscillator signal fIF. The output of the detector contains the beat frequency (range 
frequency and the doppler velocity frequency), which is amplified to a level where it can 
actuate the frequency-measuring circuits. 
 
In Fig. 4.4, the output of the low-frequency amplifier is divided into two channels: one 
feeds an average-frequency counter to determine range, the other feeds a switched 
frequency counter to determine the doppler velocity (assuming fr > fd ). Only the averaging 
frequency counter need be used in an altimeter application, since the rate of change of 
altitude is usually small. 
 
The echo signal from an isolated target varies inversely as the fourth power of the range, as 
is well known from the radar equation. With this as a criterion, the gain of the low 
frequency amplifier should be made to increase at the rate of 12 dB/octave. The output of 
the amplifier would then be independent of the range, for constant target cross section. 
Amplifier response shaping is similar in function to sensitivity time control (STC) employed 
in conventional pulse radar. 
 
4.5. Transmitter leakage.  
 
The sensitivity of FM-CW radar is limited by the noise accompanying the transmitter signal 
which leaks into the receiver. Although advances have been made in reducing the AM and 
FM noise generated by high-power CW transmitters, the noise is usually of sufficient 
magnitude compared with the echo signal to require some means of  minimizing the 
leakage that finds its way into the receiver. The techniques described previously for 
reducing leakage in the CW radar apply equally well to the FM-CW radar. Separate 
antennas and direct cancellation of the leakage signal are two techniques which give 
considerable isolation. 
 
 
4.6. Possible source of errors n Radio Altimeter 
 
Following are the possible source of errors that can affect the accuracy of the Radio 
Altimeter. 
 

(a) Variations in the transmitted frequency. 
(b) Variations in modulation frequency. 
(c) Processing delays in circuitry and propagation delays in transmission lines may 

cause residual errors. 
(d) Multiple reflections from the ground. 
(e) Reflections from landing gear of the aircraft. 

 
4.7. Multiple Frequency CW Radar 
 
Although it has been said in this chapter that CW radar does not measure range, it is 
possible under some circumstances do so by measuring the phase of the echo signal 
relative to the phase of tile transmitted signal.  
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Consider a CW radar radiating a single-frequency sine wave of the form = sin 2πf0t 
 
The echo signal received  = sin 2πf0 (t-T) 

Where T= 2R/c 

 
The phase difference between transmitted and echo will be = ∆Ф 

∆Ф = 2πf0T = 4πf0R/c 
  

𝑹 =
∆Ф 𝑐

𝟒𝝅𝒇𝟎
  =   

λ ∆Ф 

𝟒𝝅
 

  
Therefore the Range can be measured without ambiguity if ∆Ф < λ/2 
 
Runamb = λ/2  which is too small a quantity at microwave frequencies. 
 
Eg:  for f= 1.0 GHz, λ= 0.3 m,   Runamb = 0.15 m 

 

The problem of small unambiguous range can be overcome by utilizing two separate 

frequencies. We can see that incase of usage of two separate frequencies f1 and f2 the 

unambiguous range can be increased. 

 Runamb  = λdiff /2   

Where  λdiff  = c/ ∆f       and   ∆f = f1 ~ f2 

Eg: For f1= 1000.0 MHz,   f2 = 1000.001 MHz, ∆f = f1 ~ f2 = 0.001 MHz 

λdiff  = c/ ∆f   = 3 x 108 /0.001 x 106=  3x105 m  = 300 km  

Runabm = λdiff /2  = 150 km, Therefore the range can be increase by two separate frequencies 

but with narrow difference.  

4.7.1. Range analysis using two separate frequencies 

Let the transmitted wave consists of two continuous sinusoidal signals S1(t) and S2(t)  at 

frequencies 

S1(t) = sin (2πf1t + Ф1) 

S2(t)  = sin (2πf2t + Ф1) 

Where Ф1 and Ф1 are arbitrary phase angles.  

The echo signal corresponding two above transmitted signals ( E1r and E2r)  will vary in 

phase depending upon  the target range and its relative velocity.  

E1r  = sin { 2π(f1±fd1)t + 
4πf1R0

c
  + Ф1} 
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E2r =  sin { 2π(f2±fd2)t + 
4πf1R0

c
  + Ф1} 

Where fd1 and fd2 are doppler frequency shifts corresponding to transmitted frequencies f1 

and  f2. 

R0 is the range of the target at a particular time t = t0 or range that would be measured if 

the target is not moving.  

Since f1 and  f2.are chosen so that they are closed to each other,  

we can assume fd1= fd2 = fd 

The expressions for  E1r and E2r can be rewritten as  

E1r(t)  = sin { 2π(f1±fd)t + 
4πf1R0

c
  + Ф1} 

E2r(t) =  sin { 2π(f2±fd)t + 
4πf1R0

c
  + Ф1} 

If the transmitted and echo signals are heterodyned the resulting signals S1D and S2Dcan be 

written as 

S1D = S1(t) ~ E1r(t)  = sin { ±2πfdt - 
4πf1R0

c
 } 

S2D = S2(t) ~ E2r(t)  = sin { ±2πfdt - 
4𝜋𝑓2𝑅0

𝑐
 } 

In such case the phase difference between S1D and S2D can be written as  

∆Фd = 
4πf2R0

c
 - 

4πf1R0

c
 = 

4π(f2−f1)R0

c
 = 

4π∆𝑓 R0

c
 

Therefore      R0 = 
𝐜 

𝟒𝛑
. 

∆Ф𝒅

∆𝒇
 

As ∆Фd →2π,    R0 →R unamb(max) 

            R unamb   =  
𝐜 

𝟒𝛑
. 

2π

∆𝒇
   =  

𝐜

𝟐∆𝒇
 

It can be seen from above that maximum unambiguous range is inversely proportional to 

∆𝒇. However the accuracy of the range is proportional to ∆𝒇. Therefore ∆f   needs to 

selected as a compromise between the range and its accuracy.     

4.7.2. Using more than two separate frequencies 

 

Both accurate and unambiguous range rneasurement can be achieved by transmitting 

three or more frequencies instead of just two. For example, if the three frequencies f1 , f2  

and f3  are such that f3 - f1 = k (f2 - f1), where k is a factor of the order of 10 or 20, the pair of 

frequencies f3 and f1 gives an ambiguous but accurate range measurement while the pair of 

frequencies f2 and f1are chosen close to resolve the ambiguities in the f3 and f1 
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measurement. Likewise, if further accuracy is required a fourth frequency can be 

transmitted and its ambiguities resolved by the less accurate but unambiguous 

measurement obtained from the three frequencies f1 , f2  and f3 .  

Solve Problems 
 
1. For an unambiguous range of 81 nautical miles (1 nautical mile = 1852 m) in a two 

frequency CW radar. Determine f2 and Δf when f1 = 4.2 kHz. Derive the expression to 
solve his problem. [ JNTU May 2009] 

Solution 
R unamb = 81 x 1.852 km = 150.012 km 

               R unamb   =    
𝐜

𝟐∆𝒇
 = [3x108] / [2x ∆𝒇] 

∆𝒇 = [3x108] / [2 x 150.012 x 103] = 1 k Hz 
f2 =  f1 + ∆𝑓 = 4.2 + 1 = 5.2 k Hz 

 

Essay type questions 
 
1. What are the limitations of CW Radar? How are the limitations overcome in CW IF 

Radar? [JNTU May 2013] 
2. Write short notes on Multiple Frequency CW Radar. [JNTU May 2013] 
3. Explain how a multiple frequency CW radar technique is used for the accurate 

measurement of distance in surveying and in missile guidance? [JNTU May 2012] 
4. What is FM altimeter? Explain how it works and what are the applications of it? [JNTU 

May 2012] 
5. What are the various unwanted signals which cause errors in FM altimeter? [JNTU May 

2012] 
6. Explain the two frequency CW technique for measuring the Radar range. [JNTU May 

2012] 
7. Why the step error and quantization errors which occur in cycle counter are used for 

frequency measurement in FMCW Radar. [JNTU May 2012] 
8. Draw the block diagram of sinusoidally modulated FMCW radar and explain the 

function of each block. [JNTU May 2012] 
9.  What is the beat frequency? How it is used in FMCW radar? [JNTU May 2012] 
10.  Explain how the multipath signals produce error in FM altimeter? [JNTU May 2012] 
11. What are the various unwanted signals which cause errors in FM altimeter? [JNTU May 

2011] 
12. Explain the two frequency CW technique for measuring the Radar range? [JNTU May 

2011] 
13. Draw the block diagram of FMCW radar and explain each block. ? [JNTU May 2011] 
14.  Explain how a multiple frequency CW radar can be used to measure unambiguous 

range?  [JNTU May 2011] 
15. Why Beat frequency amplifier is used in CW Radar? Explain its principle of working 

with frequency response characteristics. [JNTU May 2011] 
16. Draw the block diagram of sideband super heterodyne CW Radar receiver and explain 

each block. [JNTU May 2011] 
17. Explain how a multiple frequency CW radar technique is used for the accurate 

measurement of distance in surveying and in missile guidance? [JNTU May 2011] 
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18.  What is FM altimeter? Explain how it works and what are the applications of it? [JNTU 
May 2011] 

19. Derive an expression for the Range of a multiple frequency CW radar. Determine its 
maximum unambigous range and explain the limitations.[JNTU May 2010] 

 

20. Explain how FM-CW radar is used to find the height of the aircraft above the surface of 
the earth? Also discuss about the measurement errors involved in finding height? [JNTU 
Jan 2010] 

21. Draw the block diagram of FM-CW radar and explain its operation principles? Write 
about Doppler navigation used in aircrafts? [JNTU Jan 2010] 

22. Write necessary equations to measure range and Doppler frequency in FM-CW radar?  
b) Compare FM-CW radar with pulse radar? [JNTU Jan 2010] 

23. What are the major drawbacks of a simple CW radar?  Write about multiple frequency 
CW radar? [JNTU Jan 2010] 

24. Explain the principle of operation of FMCW altimeter with suitable diagram. Explain 
how the noise signals are limiting the performance of FMCW altimeter. [JNTU May 
2009] 

25. Explain the operation of sinusoidally modulated FMCW radar extracting the third 
harmonic with neat block diagram. [JNTU May 2009] 

26. Explain how range and Doppler measurements are performed using FMCW radar. b) 
Discuss about measurement errors. [JNTU May 2009] 

 
 

 

Objective type questions 
 

   
1. In a CW-FM radar the type of modulation used is [   ] 
 A. Pulse amplitude modulation B. Pulse width modulation  
 C. Frequency modulation D. Pulse position modulation  
2 The most common application of CW radar is  [   ] 
 A. Radio altimeter B. Surveillance radar  
 C. Tracking radar D. None of the above  
   
3 In a CW-FM radar the range of a moving target depends upon [   ] 
 A. Doppler frequency shift B. Difference in the frequency of 

transmitted & received 
frequency 

 

 C. Target Cross sectional area D. Both A & B above  
4. The significant limitation of single frequency CW-FM radar is [   ] 
 A. Small unambiguous range B. Poor range resolution  
 C. Can’t detect moving targets D. Can detect one target at a 

time 
 

   
5. If the upbeat & down beat frequencies of a CW radar are 100 Hz and 300 

Hz respectively, the doppler frequency shift is 
[   ] 

 A. 400 Hz B. 100 Hz  
 C. 200 Hz D. 600 Hz  
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Answers 

 
Q.No. Answer 

  1 C 

2 A 

3 D 

4 A 

5 B 

6 B 

7 B 

  

  

 
 

***** 

6. The maximum unambiguous range of a CW radar operating at two 
frequencies separated by 1 kHz is 

[   ] 

 A. 100 km B. 150 km  
 C. 200 km D. 300 km  
   
7. The upper frequency cutoff of Doppler filter of FM-CW radar is 

determined by the  
[   ] 

 A. Clutter strength B. Maximum radial velocity 
expected of moving targets 

 

 C. Minimum radial velocity 
expected of moving targets 

D. Carrier frequency of the 
radar 

 

   


