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COMMUNICATION SYSTEM: 

The purpose of communication systems is to communicate information; the four most common 

sources of information are: speech (or sound), video and data.  Regardless of the source, the 

information that is transmitted and received in a communication system consists of a signal, encoding 

the information in some appropriate fashion.  

 

Figure 1.1: General layout of a communication system 

Figure 1 depicts the general layout of a communication system: an input transducer (e.g., a 

microphone) converts the input message into a message signal (e.g., a time varying voltage) that is 

transmitted over a channel, and converted by a receiver into an output signal.  An output transducer 

(e.g.,  a  loudspeaker) converts the received signal into an output message (e.g.: sound).  The 

transmitter performs a very important function on communication signals by encoding the signals in 

some fashion making use of a carrier signal.  The information is contained in a so-called modulating 

signal that modulates a carrier signal. Table summarized the frequency band allocation and typical 

applications in each frequency band.   

There are two principal reasons for the use of a very broad spectrum of carrier frequencies.  The first 

is that allowing for a broad spectrum permits many simultaneous users  to  broadcast  information  at  

different  frequencies  without  interference  among different transmissions; the second is that 

depending on the frequency of the carrier, the electromagnetic waves that are transmitted have 

different propagation characteristics. Thus, different carrier frequencies are better suited for 

propagating over long distances than others.  



Table 1 summarizes the frequency spectrum allocations  
 

Table 1   Frequency bands  
Frequency 

Band 
Name medium Applications 

3-30 kHz Very Low Frequency 
(VLF) 

Wire pairs Long-range navigation, sonar. 

30-300 kHz Low Frequency (LF) Wire pairs Navigational aids, radio 
beacons. 300-3000 

kHz 
Medium 

Frequency 
(MF) 

Coaxial 
Cable 

Maritime radio, 
direction 

finding, Coast Guard, 
commercial AM 

radio. 

3-30 MHz High Frequency (HF) Coaxial 
Cable 

Search and rescue, 
aircraft 

communications with 
ships, telegraph, 

telephone and facsimile. 30-300 
MHz 

Very High Frequency 
(VHF) 

Coaxial 
Cable 

VHF television channels, 
FM 

radio, private aircraft, air 
traffic control, taxi cabs, 

police. 

0.3-3 GHz Ultra High 
Frequency 

(UHF) 

Coaxial 
Cable 

Waveguide 

UHF television 
channels, 

surveillance radar, 
satellite 

communications. 

3-30 GHz Super High 
Frequency (SHF) 

Waveguide Satellite 
communications, 

airborne radar, approach 
radar, weather radar, land 

mobile. 
30-300 GHz Extremely High 

Frequency (EHF) 
Waveguide Railroad service, radar 

landing 
systems, 

experimental. 
> 300  GHz Optical frequencies Optical 

fiber 
Wideband data, 
experimental. 

 

Classification of communication system 

  Communication systems can be classified into two basic families, based on the nature  of  the  message        

signal:  analog  communication  systems  and  digital communication system 

Another classification may be made based on the type of transmission: light wave vs. radio frequency, or 

RF transmission, A third classification is that of carrier vs. direct baseband transmission system.   This 

latter classification is based on whether the signal of interest is directly transmitted (e.g., as in the case of 

the telegraph), or whether the signal modulates a carrier wave, as in the case of AM and FM radio 

transmission. 

Communication  channels 

The modulated transmitted signal can reach the receiver in a number of ways. In some cases, 

communication systems are hard wired.  Examples of this configuration are local area computer 

networks, local telephone systems and local cable TV networks. Depending on the frequency range, the 

transmitted signal can be carried by twisted wire pair, coaxial cable, waveguides, or optical fiber. However, 

in most communications systems, after the signal had been carried over a wire or cable, it is eventually 

broadcast over air by an antenna, to be received by a similar antenna elsewhere 

The information-carrying capacity of an optical fiber is far greater than it is for its competitors: wires, 

coaxial cables, and microwave links. In addition, optical fibers are inexpensive to produce, do not conduct 

electricity (which makes them immune to disturbance by lightning storms, and other electromagnetic 

signals – except nuclear radiation), do not corrode, and are of small size. The primary reason that optical 

fibers have very much larger information-carrying capacity than other media, is that they carry light: this 

might seem a trivially obvious observation but it has fundamental significance. The frequency of the light 

beams that travel along optical fibers is in the vicinity of two hundred trillion cycles per second (Hz). 

comparison between the optical fiber communication (OFC) and the other available communication 

technologies



If  we  take  transmission  media  into  consideration,  we  invariably  have  the  

 

 

 
 

 
 

following basic transmission media: Twisted pair, Coaxial Cable and Waveguides. 
 

TWISTED PAIR (point-to-point) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.2: Twisted pair 
 
A twisted pair of conductors consists of a pair of insulated conductors as shown in figure 1.2 that are 

mechanically twisted along, throughout their length. Twisted pair cables are used at low operating 

frequencies such as in telephone lines. They have a low date rates of about few tens of Kbps and very 

high electromagnetic interference (EMI). Twisted pair of conductors becomes extremely lossy at radio 

frequencies (RF). 

 
COAXIAL CABLE (point-to-point) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.3: Coaxial Cable 
 

Coaxial Cables have a cylindrical inner conductor and a coaxial outer conductor surrounding 
the inner conductor with some separation between the two. The space between the two 
conductors is filled with dielectric material. This arrangement is shown in figure 1.3 above. 
Electromagnetic energy propagates between the two conductors along the length of the wires. 
Coaxial cables are used within a frequency range of about 30 MHz – 3 GHz. Although they have a low 
electromagnetic interference and show moderate loss, their bandwidths are low and data rates are 
only upto a few Mbps. Coaxial cables are used as Local Area Network (LAN) cables, Television 
channel distribution cable, laboratory microwave experiments, etc. 



 

 

 

 
 

 
 

MICROWAVE LINK (point-to-point) 
 

As we further increase the operating frequencies coaxial cables too show considerable 
losses and hence cannot be used for a reliable communication. We then emerge with point-to-
point wireless kind of link unlike the twisted pair and the coaxial cable which are wired links. This 
new link is called the microwave link since the operating frequencies lie in the microwave range. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.4: Microwave Link 
 

Microwave link has large bandwidths of about a few hundred Megahertz and can be used for 
long distance communication. The only drawback of this system is that communication takes place 
almost along a straight line because for a directional antenna the radiation is almost along a straight 
line. So the two antennas have to be carefully aligned so as to trans-receive along this straight line 
called the line-of-sight. A microwave link is shown in figure 1.4. The signal from antenna 1 travels 
along the line-of-sight to antenna 2 in the form of electromagnetic waves and vice-versa. Due to 
the use of free-space as the medium of transmission, there is a very high free- space loss in this 
kind of link. Another limitation of this link is that, due to the curvature of the earth surface, 
the transmitting and receiving antennas have to be mounted high so as to form the line-of-sight. 
But for a reliable communication, this may be one of the options which have a very large bandwidth. 

 

SATELLITE COMMUNICATION (point-multipoint) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1.5: Satellite Communication 
 

Another wireless link that has large bandwidth is the satellite communication technology. A 
notable point in this technology is the type of this link. This is a point- 



 

 

 

 

 

to-multipoint type link. In other words this link is a broadcast type of communication and so is used 
in broadcast applications like radio television broadcasts. One or more ground station antennas 
transmit a signal to the satellite and the satellite then broadcasts this signal to all or selected base 
station antennas. Hence, based on the antenna selectivity it can also be used for point-to-point 
transmission too. Satellite communication operates on microwave frequencies and hence has large 
bandwidths of about few Gigahertz. The signal, which was transmitted by the ground station 
antenna(s) to the satellite is also transmitted back to the transmitting antenna and is received by it. 
This function allows a data monitoring capability in satellite communication. This reduces errors in 
the transmission. This functionality is absent in other point-point communication links. One of the 
drawbacks of satellite communication is its large delays in signal transmissions. Delays are introduced 
because the transmitted signals from the ground antennas and from the satellite have to travel 
the distance from the antenna to the satellite, twice in every transmission. The satellites are 
generally geo-stationary satellites which revolve around  the  earth  at  very  high  altitudes  and  so  
this  distance  is  large  thereby increasing the signal delays. One of the significant advantages of 
satellite communication is that it gives the user the freedom to be mobile. In the other modes of 
communication once the antennas are installed or once the cables are laid, there is no mobility. But 
satellite communication being a broadcast mode of link allows the user to be mobile within the area 
of electromagnetic illumination by the satellite. Satellite communication has a moderate lifetime 
which is lower than the lifetime of the other modes of communication. This is due to the moderate 
lifetime of a satellite itself which may be typically ranging from 7 to 8 years. 

 
So, if we now look for a broadband medium for transmission we find that the two 

technologies viz. optical communication and the satellite communication may compete  with  each  
other.  Let  us  have  a  comparative  study  of  these  two technologies. 

 
Satellite Communication Fiber Optics 

Point-to-multipoint technology Point-to-point 
technology 

Bandwidth ~ GHz Bandwidth ~ THz 

Maintenance-Free Needs Maintenance 

Short Life (7 to 8 Years) Long Life 

No Upgradeability Upgradeable 

Has Mobility capability. User can be mobile, may be on land, 
in water or air. 

No mobility. 

 
 

This comparative study clearly shows that the two technologies do not compete but are 
rather complementary to each other. Some advantages like wide bandwidth, Long life, 
upgradeability, etc. are not possible with satellite communication, whereas other advantages like 
broadcasting, low maintenance, mobility, etc. are difficult to be achieved with fiber optic 
technology. These two technologies will always co-exist due to their complementary nature. 



 

 

 

 

Hence, a combination of both satellite and fiber optic technology gives the best possible data 
communication  system  of  transmission  of  very  high  quality  information  over incredibly large 
distances. 
 

Conventionally,  light  energy  is  always  expressed  in  terms  of  wavelength rather than 
frequency. Though there is no scientific explanation for doing so, yet we shall  adopt  the  same  
conventionality  and  shall  talk  about  light  in  terms  of wavelength. For example, red light has a 
wavelength of 7000 Å, blue light has a wavelength of about 4000 Å. So, in this course too we shall 
talk about light in terms of its wavelength rather than specifying its frequency. The unit of wavelength 
that we shall use will be in terms of micrometres and not the one given above for red and blue 
lights. 

 
1000 Å= 1micrometer (µm) 

 
 

So, when we shall talk about sources of light, we shall characterize them in terms of 
wavelengths measured in micrometers. 
  

   Optical sources: 

In our day-to-day lives we come across a number of different sources of light that we have 

using for a very long time. These may be electric bulbs, incandescent sources, halogen lamps, etc. Yet 

all these very common sources of light do not qualify to be used as optical sources in optical 

communication system. There are many reasons behind this disqualification. Many of these 

everyday sources have very large spectral widths and also they cannot be switched at optical 

frequencies and, hence, cannot be modulated. 

             For a source of light energy to qualify as a source in optical communication systems, the source 

should possess certain basic and necessary characteristics. These characteristics are listed below: 
 

 The wavelength of the light emitted by these sources must lie within the low loss windows 

of optical communication  

 The  optical  source  should  have  a  narrow  spectral  width.  The  dispersion caused in an 

optical fiber is directly proportional to the spectral width of the source and so, to have low 

dispersion, the optical source should have very narrow spectral widths. 

 The optical source should be capable of coupling enough optical energy into the optical 

fiber. In other words, this point refers to the requirement of a highly collimated nature of the 

output light beam produced by the source. 

 Coupling of the source of light to the optical fiber must be possible with great 

ease. That is, even if there is a multiple connection/de-connection of the source to the optical 

fiber, there should be no change in light coupling capability of the source. 

 The source of light should provide a great ease to be modulated and in case of linear 

modulation scheme, the source should be able to be linearly modulated. 

 The optical source should possess high modulating speeds that correspond to optical 

frequencies. 

 The source of light should be highly reliable. 

 It should be rugged enough to be able to be put to field use. There must be very negligible 

or no variations in the characteristics with respect to environmental factors such as 

temperature, pressure, humidity etc. 
 

There is a very limited number of optical sources which more or less satisfy almost all the 

above requirements. Note here that, fulfilment of these requirements is only relative to all other 

available light sources. These sources can be broadly placed under two main heads: 



 

 

 

 

 

 

 

 

 

 
(a) Gas Sources 

Gas sources produce high power optical output and have very narrow spectral widths. The 

optical output produced by a gas source is highly directional, i.e. the 

optical output has high optical intensity and optical directivity. An example of a gas source is a gas 

LASER. In view of the first two characteristics of an optical source, gas sources seem to be very 

appropriate and promising sources to be used as optical sources in optical communication 

systems. But, if we look from the view-point of ease of coupling and other characteristics, these 

sources lag behind the next category of optical sources explained below. 
 

(b) Semiconductor sources 

Semiconductor sources have low optical power output and have large spectral widths too. The 

output power too, does not have good directivity. Though these sources seem to be rather 

unsatisfactory with respect to the first two requirements of an optical source, but in connection to the 

ease of optical coupling and the other practical parameters, they provide us with good quality optical 

sources. Examples of semiconductor sources may be light emitting diodes (LEDs), injection LASER 

diodes (ILDs) etc. In most of the practical applications, semiconductor sources are preferred over gas 

sources due to the above considerations. 

OPTICAL DETECTORS (PHOTO-DETECTORS) 
 

Optical detectors or photo-detectors are devices that perform the exact opposite function to 

that of an optical source i.e. they receive the optical signal available to them from the output end of 

the optical fiber and convert it to electrical signal.  An  optical  detector  may  be  hence  termed  as  an  

optical  transducer.  In similarity with our discussion on optical sources, we shall first see the necessary 

characteristics that need to be possessed in order to qualify as a good optical detector 

 
             For a detector  of light energy to qualify as a detector  in optical communication systems, the 

source should possess certain basic and necessary characteristics. These characteristics are listed below: 

 
1)  Like any  other  transducer,  photo-detectors  must  possess  high  sensitivity. 

Optical power output from an optical fiber usually ranges in the order of microwatts.  Hence,  

the  detector  must  be  able  to  detect  even  such  tiny amounts of power. 

2) The photo-detector should have a fast response in order to have a faithful reproduction of the 

transmitted signal on the received side. In other words, the response time of the detector 

even to the slightest variation in the output optical signal characteristic must be very low. 

3) In contrast to optical sources, optical detectors must have wide response bandwidth. This is 

because, unlike the transmitter there are no such stringent requirements of narrow spectral 

width to be met optical detectors and also, a wideband detector enables the same detector to 

be used from different transmission wavelengths. 

4)  The optical detector must be immune to different environmental factors such as 



 

 

 

 

 

 

temperature, pressure etc. 

5)  The internal noise generated by the detector should be as low as possible. 

6)  Needless to say, the detector must be compatible with the fiber dimensions. 

7)  The device should be cost effective. 

8)  The optical detector should be durable i.e. it should have long operating life. 
 
 

Similar to the availability of various types of optical sources, there are many photo-sensitive 

devices that satisfy one or the other requirements mentioned below such as photo-multiplier, photo-

conductors, LDRs etc. However, semiconductor based photo-detectors known as photo-diodes serve 

as more effectively than any other type of detector. 

As the name suggests, the photo-diode is in fact a p-n junction put to the exact opposite 

use as the LED. In this device light is made incident onto the device and used for generation of 

electron-hole pairs at the junction thereby varying the current. The variation in current is a function of 

the incident light. It is, however, interesting to note that the same p-n junction used for photo-

generation, can also be used for photo-detection. Different materials have different photo-responsive 

properties both- quantitatively and qualitatively. The photo-responsivities of different materials that 

can be used as material for photo-diodes are given in figure 1.7 below. 

 

 

                           Figure 1.7  Photo-diode responsivities 
In the photo-diode we make use of the stimulated absorption of light by the semiconductor 

material for the generation of electron-hole pairs. The energy of the absorbed photons is used to 

transfer the electrons from the ground to the excited state where they contribute to the variation 

in circuit current. The energy of the absorbed photon must atleast be equal to the band-gap of the 

material for the material to respond to the incoming photons. That is why, in the above figure we see 

that,  Silicon  cannot  be  used  as  a  material  beyond  wavelengths  of  about  1µm because those 

wavelengths correspond to energies less than the forbidden band. But the modern day optical 

communications (as already discussed) occur between wavelengths of 1.3 to 1.55µm. The 

semiconductor materials responsive at these wavelengths are germanium (Ge), Indium Gallium 

Arsenide (InGaAs), etc. as shown in the above figure. However, one should also note the fact that for 

the purpose of detection the direct band-gap nature of the material is not necessary. From the 

above figure, it can be easily seen that InGaAs is more preferable to Ge, not only because of its high 

reaponsitvity but also due to the wideband nature of the material near the desired region of operation 

so that the same detector can be used for multiple wavelengths of operations in the future. 

 

 



 

 

 

 
 

 
  

 

 

Basic laws of optics: 

Reflection and Refraction: 
 

We begin our study of basic geometrical optics by examining how light reflects and refracts at smooth, 
plane interfaces. Figure 1.8 a shows ordinary reflection of light at a plane surface, and Figure 3-1b 
shows refraction of light at two successive plane surfaces. In each instance, light is pictured simply in 
terms of straight lines, which we refer to as light rays. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) 
 

Figure 1.8 Light rays undergoing reflection and refraction at plane surfaces 
 
 

After a study of how light reflects and refracts at plane surfaces, we extend our analysis to smooth, 
curved surfaces, thereby setting the stage for light interaction with mirrors and lenses— the basic 
elements in many optical systems. 

 
In this module, the analysis of how light interacts with plane and curved surfaces is carried out with light 
rays. A light ray is nothing more than an imaginary line directed along the path that the light follows. It is 
helpful to think of a light ray as a narrow pencil of light, very much like a narrow, well-defined laser 
beam. For example, earlier in this module, when you observed the passage of a laser beam in a fish tank 
and visually traced the path of the beam from reflection to reflection inside the tank, you were, in effect, 
looking at a “light ray” representation of light in the tank. 

 
 

Light rays and light waves: 
Before we look more closely at the use of light rays in geometrical optics, we need to say a brief word 
about light waves and the geometrical connection between light rays and light waves. For most of us, 
wave motion is easily visualized in terms of water waves—such as those created on 
a quiet pond by a bobbing cork. See Figure 1.9 a. The successive high points (crests) and low points 
(troughs) occur as a train of circular waves moving radially outward from the bobbing cork. Each of the 
circular waves represents a wave front. A wave front is defined here as a locus of points that connect 
identical wave displacements—that is, identical positions above or below the normal surface of the quiet 
pond



 

 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Waves from a bobbing cork 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                                b) Light rays and wave fronts 

(c) Changing wave fronts and bending light rays             
 

Figure 1.9 Waves and rays 

 

In Figure 1.9 b, circular wave fronts are shown with radial lines drawn perpendicular to them 

along several directions. Each of the rays describes the motion of a restricted part of the wave 

front along a particular direction. Geometrically then, a ray is a line perpendicular to a series of 

successive wave fronts specifying the direction of energy flow in the wave. 
 

Figure 1.9 c shows plane wave fronts of light bent by a lens into circular (spherical in three 

dimensions) wave fronts that then converge onto a focal point F. The same diagram shows the 

light rays corresponding to these wave fronts, bent by the lens to pass through the same focal 

point F. Figure 1.9c shows clearly the connection between actual waves and the rays used to 

represent them. In the study of geometrical optics, we find it acceptable to represent the 

interaction of light waves with plane and spherical surfaces—with mirrors and lenses—in terms 

of light rays. 
 

With the useful geometric construct of a light ray we can illustrate propagation, reflection, and 

refraction of light in clear, uncomplicated drawings. For example, in Figure 3-3a, the propagation 

of light from a “point source” is represented by equally spaced light rays emanating from the 

source. Each ray indicates the geometrical path along which the light moves as it leaves the 

source. Figure 3-3b shows the reflection of several light rays at a curved mirror surface, and 

Figure 3-3c shows the refraction of a single light ray passing through a prism. 



 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) (b) (c) 
 

Figure 1.10 Typical light rays in (a) propagation, (b) reflection, and (c) refraction 
 
 
 

 Reflection of light from optical surfaces 
When light is incident on an interface between two transparent optical media—such as between air and 
glass or between water and glass—four things can happen to the incident light. 

 
•  It can be partly or totally reflected at the interface. 

•  It can be scattered in random directions at the interface. 

•  It can be partly transmitted via refraction at the interface and enter the second medium. 

•  It can be partly absorbed in either medium. 
 

In our introductory study of geometrical optics we shall consider only smooth surfaces that give rise to 
specular (regular, geometric) reflections (Figure 1.11a) and ignore ragged, uneven surfaces that give rise 
to diffuse (irregular) reflections (Figure 1.11b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Specular reflection (b) Diffuse reflection 
 

Figure 1.11 Specular and diffuse reflection 
 
 

In addition, we shall ignore absorption of light energy along the path of travel, even though 
absorption is an important consideration when percentage of light transmitted from source to 
receiver is a factor of concern in optical systems. 



 

 

 

 
 

 
 

 
 

 
 

 
 

     Reflection from plane surface: 
When light reflects from a plane surface as shown in Figure 1.12 the angle that the reflected ray 
makes with the normal (line perpendicular to the surface) at the point of incidence is always equal to 
the angle the incident ray makes with the 

       same normal. Note carefully that the incident ray, reflected ray, and normal always lie in the same 

       plane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.12 Law of reflection: Angle B equals angle A. 
 

The geometry of Figure 1.12  reminds us that reflection of light rays from a plane, smooth surface is like 
the geometry of pool shots “banked” along the wall of a billiard table. 

 
With the law of reflection in mind, we can see that, for the specular reflection shown earlier in Figure 
1.11a each of the incident, parallel rays reflects off the surface at the same angle, thereby remaining 
parallel in reflection as a group. In Figure 3-4b, where the surface is made up of many small, randomly 
oriented plane surfaces, each ray reflects in a direction different from its 
neighbor, even though each ray does obey the law of reflection at its own small surface segment. 

 

Reflection from a curved surface: 
With spherical mirrors, reflection of light occurs at a curved surface. The law of reflection holds, since at 
each point on the curved surface one can draw a surface tangent and erect a normal to a point P on the 
surface where the light is incident, as shown in Figure 1.13 One then applies the law of reflection at 
point P just as was illustrated 
in Figure 1.12 with the incident and reflected rays making the same angles (A and B) with the normal 
to the surface at P. Note that successive surface tangents along the curved surface in Figure 3-6 are 
ordered (not random) sections of “plane mirrors” and serve—when smoothly connected—as a 
spherical surface mirror, capable of forming distinct images. 



 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Figure 1.13 Reflection at a curved surface: Angle B equals angle A. 
 
 

Since point P can be moved anywhere along the curved surface and a normal drawn there, we can 
always find the direction of the reflected ray by applying the law of reflection. We shall apply this 
technique when studying the way mirrors reflect light to form images. 

 
 
Refraction of light from optical interfaces 
When light is incident at an interface—the geometrical plane that separates one optical medium from 
another—it will be partly reflected and partly transmitted. Figure 1.14 shows a 
three-dimensional view of light incident on a partially reflecting surface (interface), being reflected 
there (according to the law of reflection) and refracted into the second medium. The bending of light 
rays at an interface between two optical media is called refraction. Before we examine in detail the 
process of refraction, we need to describe optical media in terms of an index of refraction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1.14 Reflection and refraction at an interface 
 
 

1. Index of refraction. The two transparent optical media that form an interface are distinguished 

from one another by a constant called the index of refraction, generally labeled with the symbol n. The 
index of refraction for any transparent optical medium is defined as the ratio of the speed of light in a 



 

 

 

vacuum to the speed of light in the medium, as given in 

 
 
 
 
 
 
where c = speed of light in free space (vacuum) 

v = speed of light in the medium 
n = index of refraction of the medium 

 
The index of refraction for free space is exactly one. For air and most gases it is very nearly one, so in 
most calculations it is taken to be 1.0. For other materials it has values greater than one. Table 1.2lists 
indexes of refraction for common materials. 
 

Table 1.2 Indexes of Refraction for Various Materials at 589 nm  
 

Substance n Substance n 

Air 

Benzene 

Carbon Disulfide 

Corn Syrup 

Diamond 

Ethyl Alcohol 

Gallium Arsenide (semiconductor) 

Glass (crown) 

Zircon 

1.0003 

1.50 

1.63 

2.21 

2.42 

1.36 

3.40 

1.52 

1.92 

Glass (flint) 

Glycerin 

Polystyrene 

Quartz (fused) 

Sodium Chloride 

Water 

Ice 

Germanium 

Silicon 

1.66 

1.47 

1.49 

1.46 

1.54 

1.33 

1.31 

4.1 

3.5  

 
The greater the index of refraction of a medium, the lower the speed of light in that medium and the 
more light is bent in going from air into the medium. Figure 1.15 shows two general cases, one for light 
passing from a medium of lower index to higher index, the other from higher index to lower index. Note 
that in the first case (lower-to-higher) the light ray is bent toward the normal. In the second case 
(higher-to-lower) the light ray is bent away from the normal. It is 
helpful to memorize these effects since they often help one trace light through optical media in a 
generally correct manner. 

 

 

 

 

 

 

 

(a) Lower to higher: bending toward normal 

 
 

 



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

          (b)  Higher to lower: bending away from normal 
 
 

Figure 1.15 Refraction at an interface between media of refractive indexes n1 and n2 
 
 

2. Snell’s law. Snell’s law of refraction relates the sines of the angles of incidence and refraction at an 

interface between two optical media to the indexes of refraction of the two media. The law is named 
after a Dutch astronomer, Willebrord Snell, who formulated the law in the 17th century. Snell’s law 
enables us to calculate the direction of the refracted ray if we know the refractive indexes of the two 
media and the direction of the incident ray. The mathematical expression of Snell’s law and an 
accompanying drawing are given in Figure : 
 
 

 
 

 Fig: Snell’s law formula and geometry 

 Note carefully that both the angle of incidence (i) and refraction (r) are measured with respect to 
the surface normal. Note also that the incident ray, normal, and refracted ray all lie in the same 
geometrical plane. 

 
In practice Snell’s law is often written simply as 

 
ni sin i = nr sin r   

 

Now let’s look at an example that make use of Snell’s law. 
 
 



 

 

 

 
 

 
 

 
3. Critical  angle and total internal  reflection. When light travels from a medium of higher index 

to one of lower index, we encounter some interesting results. Refer to Figure 1.15, where we see four 
rays of light originating from point O in the higher-index medium, each incident on the interface at a 
different angle of incidence. Ray 1 is incident on the interface at 

90° (normal incidence) so there is no bending. 
 

 

 

 

 

 

 

Figure 1.15 Critical angle and total internal reflection 
 

The light in this direction simply speeds up in the second medium (why?) but continues along the same 
direction. Ray 2 is incident at angle i and refracts (bends away from the normal) at angle r. Ray 3 is 
incident at the critical angle ic, large enough to cause the refracted ray bending away from the normal 

(N) to bend by 90°, thereby traveling along the interface between the two media. (This ray is trapped in 
the interface.) Ray 4 is incident on the interface at an angle 
greater than the critical angle, and is totally reflected into the same medium from which it 
came. Ray 4 obeys the law of reflection so that its angle of reflection is exactly equal to its angle of 
incidence. We exploit the phenomenon of total internal reflection when designing light propagation in 
fibers by trapping the light in the fiber through successive internal reflections along the fiber. We do this 
also when designing “retroreflecting” prisms. Compared with ordinary reflection from mirrors, the 
sharpness and brightness of totally internally reflected light beams is enhanced considerably. 

 
The calculation of the critical angle of incidence for any two optical media—whenever light is incident 
from the medium of higher index—is accomplished with Snell’s law. Referring to Ray 
3 in Figure 3-10 and using Snell’s law in Equation 3-2 appropriately, we have 

 
ni sin ic = nr sin 90° 

where ni  is the index for the incident medium, ic is the critical angle of incidence, nr is the index for the 

medium of lower index, and r = 90° is the angle of refraction at the critical angle. Then, since sin 90° = 1, 

we obtain for the critical angle, 

 
  

 

 

 

 



 

 

 

 


