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The velocity of light in free space is
299,792,458 metres per second, but
who is timing? For the purposes of the
calculations in this book, we will call it
300,000 kilometres per second or
3 x 108 metres per second. 

Maxwell’s theories of electro-
magnetism were confirmed by the
experiments of Heinrich Hertz. These
show that all forms of electromagnetic
radiation travel at the speed of light in
free space. This applies equally to long
wave radio transmissions, microwaves,
infrared, visible and ultraviolet light
plus X-rays and Gamma rays.

Maxwell showed that the velocity of
light in a vacuum in free space is given
by the expression :
Examples :-

The original cavity magnetron had
a wavelength of 9.87 centimetres.
This corresponds to a frequency of
3037.4 MHz (3.0374 GHz).

The frequency of a pulse radar
level transmitter may be 26 GHz
or 26 x 108 metres per second. 
The wavelength is 1.15 centimetres.

The electromagnetic waves have an
electrical vector E and a magnetic vec-
tor B that are perpendicular to each
other and perpendicular to the direction
of the wave. This will be discussed and
illustrated further in the section on
polarization. The electrical vector has
the major influence on radar applica-
tions.

2. Physics of radar

Fig 2.1
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λ direction of wave

Electromagnetic waves

c velocity of electromagnetic
waves in metres / second

f frequency of wave in second -1

λ wavelength in metres

[Eq. 2.1]

[Eq. 2.2]

co

c

)
1

=

=

(µo x εo

f x λ

The velocity of an electromagnetic
wave is the product of the frequency
and the wavelength.

co velocity of electromagntic wave
in a vacuum in metres / second

µµo the permeability of free space    
(4 π x 10 -7 henry / metre)

εεo the permittivity of free space
(8.854 x 10 -12 farad / metre)
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108 107 106 105 104 103 102 101 100 10-1 10-2 10-3 10-4
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100 MHz 1 GHz 10 GHz 100 GHz

3 m 0.3 m 3 cm 3 mm

4 105 106 107 108 109 1010 1011 1012

infraradio waveselectric waves

The microwave frequencies of the electromagnetic spectrum.
Radar level transmitters range between 5.8 GHz (5.2cm) and 26 GHz (11.5mm)

The Electromagnetic spectrum
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2. Physics of radar

10-5 10-6 10-7 10-8 10-9 10-10 10-11 10-12 10-13 10-14 10-15 10-16 m

1013 1014 1015 1016 1017 1018 1019 1020 1021 1022 1023 1024 Hz

gamma raysX raysultra violetred

Fig 2.2  Electromagnetic spectrum.
All electromagnetic waves travel at the speed of light in free space. This spectrum
shows the range of frequencies and wavelengths from electric waves to
gamma rays



Permittivity
In electrostatics, the force between

two charges depends upon the magni-
tude and separation of the charges and
the composition of the medium
between the charges. Permittivity ε is
the property of the medium that effects
the magnitude of the force. The higher
the value of the permittivity, the lower
the force between the charges. The
value of the permittivity of free
space (in a vacuum) εo, is calculated
indirectly and empirically to be:
8.854 x 10-12 farad / metre.

Relative permittivity or
dielectric constant εεr

The ratio of the permittivity of a
medium to the permittivity of free
space is a dimensionless property
called ‘relative permittivity’ or ‘dielec-
tric constant’. For example, at 20° C
the relative permittivity of air is close
to that of a vaccum and is only about
1.0005 whereas the relative permittivi-
ty of water at 20° C is about 80.
(Dielectric constant is also widely
known as DK.)

The value of the dielectric constant
of the product being measured is very
important in the application of radar to
level measurement. In non-conductive
products, some of the microwave ener-
gy will pass through the product and
the rest will be reflected off the surface. 

This feature of microwaves can be
used to advantage or, in some circum-
stances, it can create a measurement
problem. 

Permeability µ and relative
permeability µr

The magnetic vector, B, of an elec-
tromagnetic wave also has an influence
on the velocity of electromagnetic
waves. However, this influence is neg-
ligible when considering the velocity in
gases and vapours which are non-mag-
netic. The relative permeability of the
product being measured has no signifi-
cant effect on the reflected signal when
compared with the effects of the rela-
tive permittivity or dielectric constant.
For the non-magnetic gases above the
product being measured, the value of
the relative permeability, µr = 1.

Frequency, velocity and wave-
length

As we have already stated, the fre-
quency (f), velocity (c) and wavelength
(λ) of the electromagnetic waves are
related by the equation c = f x λ.

The frequency remains uninfluenced
by changes in the propagation medium.
However, the velocity and wavelength
can change depending on the electrical
properties of the medium in which they
are travelling. The speed of propaga-
tion can be calculated using equation
2.3.
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c velocity of electromagnetic wave
in the medium in metres/second

co velocity of electromagnetic
waves in free space

µ r the relative permeability
(µ medium / µo)

εεr the relative permittivity

[Eq. 2.3]

c
)

co

=
(µr x εr



2. Physics of radar

Changes in the wavelength and
velocity of microwaves are apparent in
certain radar level applications.
Changes in temperature, pressure and
gas composition have a small effect on
the running time of microwaves
because the dielectric constant of the
propagation medium is altered to a
greater or lesser extent. This is dis-
cussed in detail later.

Radar level transmitters can be used
to measure conductive liquids through
low dielectric ‘windows’ such as glass,
polypropylene and PTFE. The opti-
mum thickness of the low dielectric
window is a half wavelength or multi-
ple of half wavelength.

For example, polypropylene has a
dielectric constant εr of 2.3 and the
half wavelength at a frequency of 5.8
GHz is 17 mm compared with a half
wavelength of about 26 mm in a vacu-
um. It follows that the speed of

microwaves in polypropylene is about
two thirds of the speed in air.

As with low dielectric windows,
non-conductive, low dielectric constant
liquids may absorb more power than
they reflect from the surface. The
velocity of the microwaves within the
liquid is slower than in the vapour
space above.

For example, if there is about 0.5
metres of solvent in the bottom of a
metallic vessel, a radar level transmitter
may see a larger echo from the vessel
bottom than from the product. This
large echo will appear to be further
away than it really is because the run-
ning time within the solvent is slower.
For this reason, special considerations
must be made within the echo process-
ing software to ensure that the radar
follows the solvent level and does not
follow the vessel bottom as it apparent-
ly moves away!

Empty vessel: large echo
from metal
bottom

As the vessel fills with
solvent two echoes
are received. The
echo from the vessel
bottom appears
further away because
the running time of
the microwaves in
solvent is slower

Fig 2.3 - Effect of dielectric constant on the running time of a microwave radar

solvent echo

17
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Effects on the propagation
speed of microwaves

Microwave radar level transmitters
can be applied almost universally
because, as a measurement technique,
they are virtually unaffected by process
temperature, temperature gradient, vac-
uum and normal pressure variations,
gas or vapour composition and move-
ment of the propagation medium. 

However, changes in these process
conditions do cause slight variations in
the propagation speed because the
dielectric constant of the propagation
medium is altered. 

Calculating the propagation
speed of microwaves

The temperature, pressure and the
gas composition of the vapour space all
have an effect on the dielectric constant
of the propagation medium through
which the microwaves must travel.
This in turn affects the propagation
speed or running time of the instru-
ment. 

The dielectric constant or relative
permittivity can be calculated as
follows :

The same effect can be experienced when looking at interface detection using
guided microwave level transmitters to detect oil and water or solvent and aqueous
based liquids.

reference echo
(water without oil)

water echooil echo

εεr calculated dielectric constant
(relative permittivity)

εεrN dielectric constant of gas/vapour
under normal conditions 
(temperature 273 K, pressure 1 bar
absolute)

θN temperature under normal
conditions, 273 Kelvin

PN pressure under normal
conditions, 1 bar absolute

θ process temperature in Kelvin

P process pressure in bar absolute

Fig 2.4  Oil/water interface
detection using a
guided microwave
level transmitter. Note
that the water echo
has a reduced ampli-
tude and appears to be
further away. The
running time of
microwaves in oil is
slower than in air

εr = + x1 θN x P

θ x PN

(εrN - 1)
[Eq. 2.4]



2. Physics of radar

From equation 2.4 and equation 2.3,
we can calculate the percentage error
caused by variations in the dielectric
constant of different gases and vapours
and the relative effects of changes in
process temperature and pressure. 

Gases and vapours
By definition, the dielectric constant

in a vacuum is equal to 1.0. The dielec-
tric constants of the gases and vapours
that may be present above the product

differ but they have only a very small
effect on the accuracy of radar. 

Radar level transmitters are usually
calibrated in air. For this reason, the
following tables show

1. Dielectric constant of different gases
at normal temperature and pressure
(273K, 1 Bar A) 

2. Percent error in the running time in
the gases compared with air

Gas / Vapour
εεrN  (dielectric

constant at normal
conditions)

% Error from air (at
normal temperature

and pressure)

Vacuum 1.0000 + 0.0316
Air 1.000633 0.0

Argon 1.000551 + 0.0041

Ammonia / NH 3 1.006976 + 0.3154

Hydrogen Bromide HBr 1.002994 - 0.1178
Hydrogen Chloride HCl 1.004078 - 0.1717

Carbon Monoxide / CO 1.000692 - 0.00295
Carbon Dioxide / C0 2 1.000985 - 0.0176

Ethane / C 2H6 1.001503 - 0.0434

Ethylene / C 2H4 1.001449 - 0.0407
Helium 1.000072 + 0.0280

Hydrogen / H 2 1.000275 + 0.0179

Methane / CH 4 1.000878 - 0.0122
Nitrogen / N 2 1.000576 + 0.00285

Oxygen / O 2 1.000530 + 0.0052

Table 2.1 The dielectric constants under normal conditions, εεrN and the error caused by
the dielectric constant of typical process gases under normal conditions

19
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Temperature

Fig 2.5  Temperature effect on radar measurement of air at a constant pressure of 1 BarA

High temperature or large temperature gradients have very little effect on the
transit time of microwaves within an air or vapour space. At a temperature of
2000° C the variation is only 0.026% from the measurement value at 0° C. Radar
level transmitters with air or nitrogen gas cooling are used on molten iron and steel
applications.
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2. Physics of radar

Fig 2.6  The influence of pressure on radar measurement in air at a constant temperature
of 273 K

Pressure does have a small but more significant influence on the velocity of
electromagnetic waves. At a pressure of 30 Bar, the error is only 0.84%. However
this becomes more significant and at a pressure of 100 Bar there is a velocity
change of 2.8%. If the pressure is varying constantly between atmospheric pressure
and 100 Bar, the velocity variations can  be compensated using a pressure transmit-
ter.
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In the preceding equations, we have
assumed that the microwaves are
travelling in ‘free space’ in a vacuum.
However, in practice the proximity
of metallic vessel walls and other
structures will have an influence on
the propagation velocity of the
microwaves. This is particularly true
when microwave radar level transmit-
ters are fitted inside bypass tubes or
stilling tubes or when a horn antenna is
fitted with a waveguide extension.

When microwaves are propagating

within a metallic tube the running time
appears to slow down because the
microwaves travel further bouncing
off the inside wall of the tube and
currents are set up on the inside surface
of the tube. 

This effect is discussed in more
detail in the chapters on antennas and
mechanical installations. The wave-
guide effect can be compensated during
calibration and the use of stilling tubes
and bypass tubes can be beneficial in
some level applications.

Conductive products
Using a spark gap transmitter,

Heinrich Hertz demonstrated that elec-
tromagnetic waves could be reflected
off metallic objects and objects with a
relatively high dielectric constant. 

In the same way, radar can easily
measure conductive aqueous liquids
such as acids and caustic and other
conductive products ranging from
molten metal to saturated spent grain in
the brewing process.

When microwaves from a radar hit a
conductive surface the electrical field E
is short circuited. The resultant current
in the conductive product causes the
microwaves to be re-transmitted or
reflected from the surface.

Radar level transmitters have no
problem in measuring conductive liq-
uids and solids because the microwaves
with frequencies between 5.8 GHz and
26GHz are readily reflected off a con-
ductive surface producing relatively
large echoes.

Non-conductive products
If a liquid or solid is non-conductive,

the value of the dielectric constant (rela-
tive permittivity εr) becomes more
important. The theoretical amount of
reflection at a dielectric layer can be cal-
culated using equation 2.5

Waveguides, stilling tubes & bypass tubes

Reflection of electromagnetic waves

Electromagnetic waves exhibit the same properties as light.

· Reflection · Refraction
· Polarization · Interference
· Diffraction 
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2. Physics of radar

Toluene
Solvent with a low dielectric constant,

εr = 2.4

Acetone
Solvent with a dielectric constant,
εr = 20

Fig 2.7  Reflected radar power depends upon the dielectric constant of the product
being measured

Transmitted power: W1

Reflected power: W2

Dielectric constant: εr
Then the percentage of reflected
power at the dielectric layer, 
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1 +  εr( )2

Typical examples are as follows:

4.46% power is reflected 40 % power is reflected
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Dielectric constant, εr
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In radar level measurement the reflected energy from a product surface becomes
more critical at a dielectric constant (εr) of less than 5. The following graph shows
this important region.

Most electrically conductive products or products with a dielectric constant of
more than 1.5 can be measured using microwave radar level transmitters. Stilling
tubes can be used to concentrate the microwaves for lower dielectric constant
products.

Fig 2.8 Reflected radar power depends upon the dielectric constant of the product being
measured. This graph shows the critical region where care must be taken over
choice of radar antenna
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2. Physics of radar

Electromagnetic waves have an
electrical vector E and magnetic vector
B that are in phase but perpendicular to
each other. The direction of propaga-
tion of the waves is perpendicular to
the electrical and magnetic vectors as
shown in the diagram below.

Polarization defines the orientation
of the electromagnetic waves and refers
to the direction of the electrical vector
E. Most process radar level transmitters
exhibit linear polarization as in the dia-

gram. The direction of the linear polar-
ization is set by the orientation of the
signal coupler from the microwave
module. The properties of the polariza-
tion of microwaves can be important in
the application of radar to level mea-
surement. 

In television and microwave com-
munications, linear polarization is also
referred to as horizontal or vertical
polarization depending on the relative
orientation of the aerials or antennas.

Fig 2.10 Diagram showing linear polarization and the relative orientation of the electric
vector E, the magnetic vector B and the direction of propagation of the
microwaves

direction of wave

E

B

Polarization

25
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Fig 2.11 Circular polarization involves rotation of the electrical and magnetic vectors
through 360° within a wavelength

Another form of polarization is
elliptical polarization. A specific form
of elliptical polarization is circular
polarization where the electrical vector
E and magnetic vector B rotate through
360° within the space of a single wave-
length, when a linear or circular polar-
ized signal is reflected the direction of
polarization is reversed. With circular
polarization it is possible to use the
reversal of polarization to distinguish
between a direct echo and an echo that
has made two reflections. 

Circular polarization can also be
used in search radars to separate the
reflections from aircraft or ships from
interference echoes from rain. The
almost spherical shape of the rain drops
causes a definite reversal of polariza-
tion which can be easily rejected by the
receiving antenna. However, the scat-
tered reflections from the ship or air-
craft provide roughly equal amounts of
reversed and un-reversed energy that
enables detection.

λλ
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2. Physics of radar

The linear polarization that is com-
mon with process radar level transmit-
ters can be used to minimise the effects
of false echo returns from the internal
structure of a process vessel. These
false echoes could be reflected from
probes, welds, agitators and baffles. 

In some applications, the effect of
false echoes within a vessel can be sig-
nificantly reduced by rotating the radar
in the connection flange or boss. The
principle is illustrated below and
detailed in the section on mechanical
installations in Chapter 6.

Fig 2.12 If a metallic or high dielectric object is orientated in the same plane as the
electrical vector of the polarized microwaves, the radar level transmitter will
receive a large amplitude echo

Fig 2.13 If the same object is orientated at right angles to the plane of the electrical vector,
the received echo will have a smaller amplitude

Large echo

Small echo

Direction of wave

E

B

Polarization can be used to reduce the amplitude of false echoes

Direction of wave

B

E



Beam angle is often discussed in
relation to radar transmitters. This can
give the impression that the radar
antenna can direct a finely focused
beam towards the target. Unfortunately
this is not the case.

In practice, although they are
designed to produce a directed beam, a
radar antenna radiates some energy in
all directions. As well as the main lobe

which accounts for most of the radiated
power, there are also weaker side lobes
of energy. This phenomenon is caused,
in part, by diffraction. In addition to
this, destructive interference causes the
null points or notches that form the
characteristic side lobes.

Chapter 5 provides a detailed expla-
nation of beam angles, side lobes and
types of antennas.

Fig 2.14  The lobe structure of antenna beams is caused by diffraction and destructive
interference

Fig 2.15  Refraction & reflection

Refraction
In the same way as light is refracted

at an air/glass or air/water interface,
microwaves are refracted when they
encounter a change in dielectric. This 
could be a low dielectric window
(PTFE/glass/polypropylene) or a non-
conductive low dielectric liquid such as
a solvent.

The angle of refraction depends on
the angle of the incident wave and also
on the ratio of the dielectric constants
at the interface.

It is possible to utilise the refractive
properties of electromagnetic waves to
construct a dielectric lens that will
focus microwaves.

Diffraction

main lobeside lobes

antenna

a a

B

microwave

interface

refracted 
energy

dielectric window / product

reflected 
energy
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2. Physics of radar

Problematic interference effects are caused primarily by the inadvertent mixing
of signals that are out of phase. The microwave signals have a sinusoidal wave-
form. 

Fig 2.16   In this illustration both of the sine waves have an identical frequency and
amplitude but the second wave has a 45° phase lag

Interference - Phase

Phase angle

45°

Interference can be ‘constructive’ where in-phase signals produce a signal with a
higher amplitude or it can be destructive where signals that are 180° out of phase
effectively cancel each other out.

signals in-phase

180° out of phase

constructive interference

destructive interference

Fig 2.17  Illustration of constructive and destructive interference
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Microwaves can manifest interfer-
ence effects in exactly the same way as
light. Potentially this can cause mea-
surement problems. The causes of
interference should be understood and
avoided by design and installation con-
siderations.

The wrong choice of antenna, instal-
lation of an antenna up a nozzle, posi-
tioning transmitters too close to vessel
walls or other obstructions can all lead

to interference of the signal. The chap-
ter on mechanical installation should
help a radar level user to avoid this
potential problem. 

However, we use destructive inter-
ference to our advantage when we
apply pulse radar level measurement
through a low dielectric ‘window’ to
measure conductive or high dielectric
liquids.

Interference

Fig 2.18  Interference caused by positioning an antenna too close to the vessel wall. If a
radar level transmitter is installed too close to the vessel wall it is possible that
interference will occur. With indirect reflection A B’ B’’ C, the phase may be
altered by 180° when compared with the direct reflection A B C. For this reason
the microwaves may partially cancel out due to destructive interference

+ =

C

A

B’

B B”
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2. Physics of radar

The thickness of the dielectric win-
dow must be a half wavelength of the
window material. When the half wave-
length is used, there is destructive inter-
ference between the reflection off the
top surface of the window and the
reflection off the internal second surface
of the window.

There is a 180° phase shift between
these reflections and they cancel each

other out. This type of installation
is explained more fully in Chapter 6
on the mechanical installations of
radar level transmitters together with
a table showing the optimum thickness
of most important plastics and glasses
which are suitable for penetration with
radar sensors.

Fig 2.19  Destructive interference is a benefit when using pulse radar to measure through
a low dielectric window. The reflection from the top surface and the reflection
from the internal second surface cancel each other if the thickness is a half
wavelength

emitted wave
reflection with
phase shift from top
surface

plastic vessel ceiling

reflection without
phase shift from
internal surface

D

emitted wave

reflection with phase shift off
top surface of window

reflection without phase shift
off internal face of window




