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Communication Transmission Systems Course 
 

1.1 Introduction:  
 Optical fibers use light to send information through the optical medium. Thus, 

a glass/plastic fiber to guide light along its length by the principal of total 

internal reflection. 

 Modulated light transmissions are used to transmit the signal.  

 Two or more fibers are enclosed in the same cable for increased bandwidth 

and redundancy in case one of the fibers breaks. 

 It is easier to build a full-duplex system using two fibers, one for transmission 

in each direction 

 It’s used in fiber-optic communications due to that: 

o It permits digital transmission over longer distances 

o It allows higher data rates than the electronic communications 

 The index of refraction of the cladding is less than that of the core, causing 

rays of light leaving the core to be refracted back into the core.   

 

 As a history: 

o 1
st
 demonstration for light for the light-guiding principle in Victorian 

times. 

o Modern optical fiber was developed beginning in the 1950’s. 

o Become practical for use in communication in the late 1970’s. 

 

 Optical fiber cable construction: 

o  FO Cable may have 1 to over 1000 fibers 

o Contains one or several glass fibers at its core 

o Surrounding the fibers is a layer called cladding 

 

 



Part III: Optical Fiber Systems  

Page 2 of 14                                                                                                               Dr. Omar R. Daoud 

 

 Advantages over wire cables: 

o Thinner 

o Higher carrying capacity/ greater BW 

o Less signal degradation 

o Light signal  

o Low power 

o Flexible 

o Non-flammable/ no electrical hazards 

o Lightweight  

o Immune to crosstalk 

 Disadvantages: 

o It is more expensive per meter than copper 

o It cannot be joined together as easily as copper cable.   

o It requires training and expensive splicing and measurement 

equipment. 

o It has little mechanical strength, so it must be enclosed in a protective 

jacket. 

 The Loss of Fiber Optics 

o Material absorption and scattering: attenuation in the material itself 

and from scattering, which causes some light to strike the cladding at 

less than the critical angle (the minimum angle of incidence at which a 

light ray may strike the interface of two media and result in an angle of 

refraction of 90𝑜 or greater ) 

o Fiber bending: Bending the optical fiber too sharply can also cause 

losses by causing some of the light to meet the cladding at less than the 

critical angle 

o Fiber coupling loss  

o Losses vary greatly depending upon the type of fiber 

 Plastic fiber may have losses of several hundred dB per 

kilometer 

 Graded-index multimode glass fiber has a loss of about 2–4 dB  

per kilometer 

 Single-mode fiber has a loss of 0.4 dB/km or less 
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 Common Fiber Connectors: 

o Coupling the fiber to sources 

and detectors creates losses as 

well, especially when it 

involves mismatches in 

numerical aperture or in the size 

of optical fibers 

o Good connections are more 

critical with single-mode fiber, 

due to its smaller diameter and 

numerical aperture 

o A splice is a permanent 

connection and a connector is 

removable 

 

 

1.2 Fiber Media Types:                                 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑎𝑛𝑔𝑙𝑒 ( 𝑠𝑖𝑛𝜃𝑐 =
𝑛2

𝑛1
⁄ ), 𝑛1 > 𝑛2 

 Light travels through the optical media by the way of total 

internal reflection. It only takes place when both of the 

following two conditions are met: 

o Refractive index: the ratio of the velocity of 

propagation of a light ray in free space to the 

velocity of its propagation in a given material 

(𝑛 =
𝑐

𝑣
). 

o The light is in the denser medium and approaching 

the less dense medium.  

o The angle of incidence is greater than the so-called critical angle. 

o The angle of refraction at the interface between two media is governed 

by Snell’s law: 𝑛1 sin(𝜃1) = 𝑛2 sin(𝜃2) 

 Numerical Aperture (NA): 

o It is closely related to the critical angle and is 

often used in the specification for optical fiber 

and the components that work with it.  

o The numerical aperture is given by the formula: 
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𝑁𝐴 = √𝑛1
2 − 𝑛2

2 

o The angle of acceptance (𝜃𝑖𝑚𝑎𝑥
): The maximum angle in which 

external light rays may strike the air/glass interface and still propagate 

down the fiber. 

𝜃𝑖𝑚𝑎𝑥
= 𝑠𝑖𝑛−1(

√𝑛1
2 − 𝑛2

2

𝑛𝑜
) 

𝑛𝑜: the refractive index of air, where c = v. 

 

 It is normally chosen to be twice than the NA. 

 

 

 How Does fiber optic transmit light 

o When light enters the area between 2 difference materials it will 

produce two different indexes of refraction.   

o The light will either entirely reflected or a portion of it will be 

refracted depending on the angle.    

o If the light can be kept at an angle where it is entirely reflected, it will 

become trapped inside and transmitted along the fiber. 

 

 

 

 

 

 

 

 

 

 

 

 

 Basic components of optical fiber systems: 

 

 

 

 

 

 

 

 

o Optical/Light Sources: Operate on the idea that electromagnetic 

energy can only appear in a discrete amount known as a quantum. 

These quanta are called photons when the energy is radiated 

 Energy in one photon varies directly with the frequency 

 Typical optical emitters include: 

 Light-emitting diodes (LED): 

o  It is form of junction diode that is operated with forward 

bias 
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o Instead of generating heat at the PN junction, light is 

generated and passes through an opening or lens 

o LEDs can be visible spectrum or infrared 

o has a lower bandwidth, or information capacity than ILD 

 

 

 Laser diodes (LD)/Injection LD (ILD): 

o It generates coherent, intense light of a very narrow 

bandwidth 

o A laser diode has an emission linewidth of about 2 nm, 

compared to 50 nm for a common LED 

o Laser diodes are constructed much like LEDs but operate 

at higher current levels 

o Has a higher output potential and coupling efficiency, 

they are suited for long distance transmissions. 

 

o Optical/Light Detectors 

 Positive Intrinsic Negative (PIN) Diode: It is an 

advancement of normal PN junction diode. It is a 3-layer 

device in which an intrinsic layer i.e., undoped 

semiconductor is sandwiched between P and N regions. 

o The most common optical detector used with fiber-optic 

systems is the PIN diode 

o The PIN diode is operated in the reverse-bias mode 

o As a photodetector, the PIN diode takes advantage of its 

wide depletion region, in which electrons can create 

electron-hole pairs 

o The low junction capacitance of the PIN diode allows for 

very fast switching 

o A PIN can be operational with voltage as low as 5v 

 

 Avalanche Photodiode (APD): It is operated in the 

reverse-bias mode 

o The creation of electron-hole pairs due to the absorption 

of a photon of incoming light may set off avalanche 

breakdown, creating up to 100 more pairs 

o This multiplying effect gives an APD very high 

sensitivity 

o The APD require a large bias between 100v to 300v 
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o Optical Fibers/ Fiber Media:  
 Optical fibers are the actual media that guides the light. 

 If a fiber is of large diameter, light entering at different angles 

will excite different modes while narrow fiber may only excite 

one mode. 

 Multimode propagation will cause dispersion, which results in 

the spreading of pulses and limits the usable bandwidth 

 Fiber optic cable can be categorized based on modes as: 

 Single Mode Fiber (SMF):  

o Single-mode fibers are relatively free from 

dispersion except for intramodal dispersion 

(material dispersion because it depends upon 

the material of the core). 

o More expensive to produce.  

o Has a small size, together with the fact that its 

smaller NA. 

o Has a diameter of 8.3 to 10 microns., fairly 

narrow diameter 

o It will propagate typically 1310 or 1550nm 

o Used for long-distance telephony, CATV, and 

packet-switched networks.  

o higher transmission rate (up to 50 times more 

distance than multimode) 

o More difficult to couple to light sources 

o SMF types:  

 Standard single-mode fiber (SSMF): 

Most of the installed fiber falls in this 

category. It was designed to support 

early long-haul transmission systems, 

and it has zero dispersion at 1310 nm. 

 Non-zero dispersion fiber (NZDF): This 

fiber has zero dispersion near 1450 nm. 

 Negative dispersion fiber (NDF): This 

type of fiber has a negative dispersion in 

the region 1300 to 1600 nm. 

 Low water peak fiber (LWPF): The peak 

in the attenuation curve at 1385 nm is 

known as the water peak. With this new 

type of fiber this peak is eliminated, 

which allows the use of this region. 

 Multimode Fiber (MMF):  

o Has a relatively large source to fiber aperture. 

o Inexpensive and simple to be manufactured 

o Has a diameter in the 50 to 100 micron range 

o Multiple paths of light which can cause signal 

distortion at the receiving end 

o Has unclear or incomplete data transmission.  

o BW and rates are less than the possible with the 

other types. 
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o They are used in LANs and more recently in 1 

Gigabit Ethernet and 10 Gigabit Ethernet. 

 As a comparison based on: 

o Light coupling:  SMSI<MMGI<MMSI. 

o Distortion: SMSI<MMGI<MMSI. 

 

 Fiber optic cable can be categorized based on the material  as: 

 Glass Optic Fiber 

 Plastic Optic Fiber (POF): 

o POF is strong and very difficult to bend. 

o POF is not suitable for long-distance 

transmission 

o POF transmits very little infrared light 

o It can used for cold lighting or lighting displays 

of artwork 

o They can be easily installed by an untrained 

person. 

o The core has a very large diameter, and it is 

about 96% of the diameter of the cladding 

o Plastic optic fibers find use in digital home 

appliance interfaces,  home networks, and cars 

 

 Fiber optic cable can be categorized based on the refractive 

index  as: 

 Step Index: the index of refraction changes radically 

between the core and the cladding 

 

 

 

 

 

 

 Graded Index: the index of refraction gradually 

decreases away from the center of the core. 

o Has less dispersion than a multimode step-index 

fiber. 
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 Optical Fiber Impairments: The transmission of light through an optical 

fiber is subjected to optical effects, known as impairments 

o There are: 

 linear impairments (These impairments are called linear 

because their effect is proportional to the length of the fiber) 

 Attenuation: 

o Attenuation is the 

decrease of the optical 

power along the length 

of the fiber.  

𝐴 = 10𝑙𝑜𝑔10(
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
)  

𝑃(𝐿) = 10
−𝐴𝐿
10 𝑃(0) 

𝐿𝑚𝑎𝑥 =
10

𝐴
[𝑙𝑜𝑔10(

𝑃(𝑟)

𝑃(0)
)] 

𝑃(0): Power at the Transmitter 

𝐴: Fiber Attenuation constant   

𝐿: Distance (km) 

𝑃(𝑟): Receiver sensitivity  

 

 Dispersion:  

o Dispersion is the distortion of the shape of a pulse. 

o It happens due to : 

 Modal dispersion:  

* In multi-mode fibers some modes travel a 

longer distance to get to the end of the fiber 

than others 

* In view of this, the modes have different 

delays, which causes a spreading of the output 

pulse  

* It could be eliminated using MMGI or 

completely eliminated using SMSI. 

* It is often expressed as Bandwidth-Length over 

Distance-Product (
𝐵𝐿

𝐷𝑃
)   

* Optical fiber Bandwidth could be defined as: 

𝐵𝑊 = [
(

𝐵𝐿
𝐷𝑃)

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
⁄ ] 

* Maximum Data rate (𝑓𝑏(𝑏𝑝𝑠)): 

𝑓𝑏(𝑏𝑝𝑠) =
1

∆𝑡 × 𝐿
 

∆𝑡: Pulse spreading constant. 

𝐿: Total fiber length (km) 

 

 Chromatic dispersion:  

* It is due to the fact that the refractive index of 

silica is frequency dependent. In view of this, 
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different frequencies travel at different speeds, 

and as a result they experience different delays.  

* These delays cause spreading in the duration of 

the output pulse. 

* Chromatic dispersion can be corrected using a 

dispersion compensating fiber (a spool of 15 

km of dispersion compensating fiber is 

placed for every 80 km of transmission fiber) 

* Dispersion compensating fiber introduces 

attenuation of about 0.5 dB/km. 

 Polarization mode dispersion (PMD):  

* It is due to the fact that the core of the fiber is 

not perfectly round.  

* In an ideal circularly symmetric fiber the light 

gets polarized and it travels along two 

polarization planes which have the same speed.  

* When the core of the fiber is not round, the 

light traveling along the two planes may travel 

at different speeds.  

* This difference in speed will cause the pulse to 

break 

 non-linear impairments. 

 They are due to the dependency of the refractive index 

on the intensity of the applied electrical field.  

 Such as:  

o self-phase modulation  

o  four-wave mixing.  

o stimulated Raman scattering  

o stimulated Brillouin scattering.  

 Optical Modulation: 

o Modulation is the addition of information on a light stream 

o This can be realized using the on-off keying (OOK) scheme, whereby 

the light stream is turned on or off depending whether we want to 

modulate a 1 or a 0.  

 WDM and dense WDM (DWDM). 

 Optical Amplifier:  

o The optical signal looses its power as it propagates through an optical 

fiber, and after some distance it becomes too weak to be detected.  

o Optical amplification is used to restore the strength of the signal 

o Prior to optical amplifiers, the optical signal was regenerated by first 

converting it into an electrical signal, then apply  

 1R (re-amplification),  or 

 2R (re-amplification and re-shaping) or  

 3R (re-amplification, re-shaping, and re-timing) 

and then converting the regenerated signal back into the optical 

domain. 
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 Fiber Optic Applications:  

o Long distance communications 

o Local telephone networks 

o Cable TV 

o Internet and data communications 

o Military Applications 

o Sensors. 

1.3 Optical Fiber System Link Budget:  

1.3.1 Link Power Budget 
 

 Link budgets are generally calculated between a light source and a light 

detector. 

 Losses typically include the followings: 

o Cable losses (𝛼𝑓) 

o Connector losses (𝑙𝑐)  

o Coupling loss = −10𝑙𝑜𝑔10(𝑁𝐴2) 

o Source-to-cable interface losses 

o Cable-to-light detector interface losses 

o Splicing losses (𝑙𝑠𝑝) 

o Cable bends losses 

𝑃𝑟 = 𝑃𝑡 − 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 
 

 For optimum link power budget an optical power loss model is to be studied 

as: 

 
 

𝑃𝑙𝑜𝑠𝑠𝑇
= 2𝑙𝑐 + 𝛼𝑓 × 𝐿 + 𝑃𝑚 

 

𝑃𝑚: System Margin 

 

 Example 1: 

Design an optical fiber link for transmitting 15Mbps of data for a distance of 

4km with BER of 10
-9

. It has: 

 Splicing loss of 0.5 dB/slice 

 Connector loss of 1.5 dB  

 System link powr margin of 8 dB 

 Fiber attenuation of 6 dB/km 

 LED (820nm) optical source with 10dBm power 

 PIN-FER optical detector with -50dBm sensitivity 
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Solution:  

 

 Selecting optical fiber:  

 

Bandwidth × Length = 15Mbps×4km= 60Mbpskm 

 

Thus, Multimode Step index (MMSI) fiber is suitable since it 

has a bandwidth-length of 100 Mbpskm. 

 

 Actual total loss:  

 

𝑃𝑙𝑜𝑠𝑠𝑇
= 2 × 1.5 + 6 × 4 + 8 = 35 dB 

 

 Maximum allowable system loss:  

 

𝑃𝑚𝑎𝑥 = 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 − 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 
 

𝑃𝑚𝑎𝑥 =  −10 − (−50) = 40 𝑑𝐵𝑚  
 

Since actual losses in the system are less than the allowable loss, hence the system 

is functional. 

 

 Example 2: 

A transmitter has an output power of 0.1 mW. It is used with a fiber having 

NA= 0.25, attenuation of 6 dB/km and length 0.5 km. The link contains two 

connectors of 2 dB average loss. The receiver has a minimum acceptable 

power (sensitivity) of –35 dBm. The designer has allowed a 4 dB margin. 

Calculate the link power budget. 

 

Solution:  

 

 Source Power = 0.1mW=-10dBm 

 Receiver sensitivity (𝑷𝒎𝒊𝒏)=-35dBm 

 Coupling loss= −𝟏𝟎𝒍𝒐𝒈𝟏𝟎(𝑵𝑨𝟐) = 12dB 

 Total fiber loss=𝜶𝒇 × 𝑳=𝟔 × 𝟎. 𝟓 =3dB 

 Connector losses= 𝟐 × 𝐥𝐜=4dB  

 Design margin/system margin =4dB 

 Maximum allowable system loss:  

 

𝑃𝑜𝑢𝑡 = 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 − 𝑠𝑢𝑚 (𝑙𝑜𝑠𝑠𝑒𝑠) 
 

𝑃𝑜𝑢𝑡 =  10 − (12 + 3 + 4 + 4) = −33 𝑑𝐵𝑚  

 

Since actual output power is greater than the receiver sensitivity (𝑃𝑜𝑢𝑡 > 𝑃𝑚𝑖𝑛), 

hence the system is functional. 

 

 

 

 



Part III: Optical Fiber Systems  

Page 12 of 14                                                                                                               Dr. Omar R. Daoud 

 

 Example 3: 

In a fiber link the laser diode output power is 5 dBm, source-fiber coupling 

loss = 3 dB, connector loss of 2 dB and has 50 splices of 0.1 dB loss. Fiber 

attenuation loss for 100 km is 25 dB, compute the loss margin for  

i) APD receiver with sensitivity –40 dBm  

ii) ii) Hybrid PINFET high impedance receiver with sensitivity -32 dBm 

 

 

Solution:  

 

 Source output Power = 5dBm 

 Receiver sensitivity (𝑷𝒎𝒊𝒏)=-32dBm, -40dBm 

 Coupling loss= 3dB 

 Fiber attenuation=𝟐𝟓dB 

 Connector losses= 𝟐 + 𝟓=7dB  

 Maximum allowable system loss:  

 

𝑃𝑜𝑢𝑡 = 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑠𝑜𝑢𝑟𝑐𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑤𝑒𝑟 − 𝑠𝑢𝑚 (𝑙𝑜𝑠𝑠𝑒𝑠) 
 

𝑃𝑜𝑢𝑡 =  5 − (3 + 25 + 7) = −30 𝑑𝐵𝑚  

 

 APD receiver loss margin = -40dBm-(-30dBm)=10dBm  

 H-PINFET receiver loss margin = -32dBm-(-30dBm)=2dBm 

 

1.3.2  Rise Time Budget 
 

 Rise time gives important information for initial system design. Rise-time 

budget analysis determines the dispersion limitation of an optical fiber link.  

 Total rise time of a fiber link is the root-sum-square of rise time of each 

contributor to the pulse rise time degradation.  

 The link components must be switched fast enough and the fiber dispersion 

must be low enough to meet the bandwidth requirements of the application 

adequate bandwidth for a system can be assured by developing a rise time 

budget.  

 As the light sources and detectors has a finite response time to inputs. The 

device does not turn-on or turn-off instantaneously. Rise time and fall time 

determines the overall response time and hence the resulting bandwidth.  

 Connectors, couplers and splices do not affect system speed, they need not be 

accounted in rise time budget but they appear in the link power budget.  

 Four basic elements that contributes to the rise-time are,  

o Transmitter rise-time (𝑡𝑡𝑥)  

o Group Velocity Dispersion (GVD) rise time (𝑡𝐺𝑉𝐷)  

o Modal dispersion rise time of fiber (𝑡𝑚𝑜𝑑) 

o Receiver rise time (𝑡𝑟𝑥) 

 

 Receiver Rise time is 

𝑡𝑠𝑦𝑠 = √𝑡𝑡𝑥
2 + 𝑡𝑚𝑜𝑑

2 + 𝑡𝐺𝑉𝐷
2 + 𝑡𝑟𝑥

2  
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𝑡𝑠𝑦𝑠 = √𝑡𝑡𝑥
2 + (

440𝐿 × 𝑞

𝐵𝑜
)2 + (𝐷2𝜎𝜆

2𝐿2)2 + (
350

𝐵𝑟𝑥
)2 

 Rise time due to modal dispersion is given as 

 

𝑡𝑚𝑜𝑑 =
440

𝐵𝑀
=

440𝐿 × 𝑞

𝐵𝑜
 

𝐵𝑀: Bandwidth (MHz) 

𝐵𝑜: Reference bandwidth at a distance of 1km 

𝐿: Optic Fiber length (km) 

𝑞: Parameter ranging between 0.5 and 1 
 

 Rise time due to group velocity dispersion is 

𝑡𝐺𝑉𝐷 = 𝐷2𝜎𝜆
2𝐿2 

𝐷: Dispersion (
𝑛𝑠

𝑛𝑚.𝑘𝑚
) 

𝜎𝜆: The half power spectral width 

𝐿: Optic Fiber length 

 

 Receiver front-end rise-time in nanoseconds is 

𝑡𝑟𝑥 =
350

𝐵𝑟𝑥
 

𝐵𝑟𝑥: 3-dB Bandwidth of the receiver (MHz) 

 

 The system bandwidth is given by 

 

𝐵𝑊 =
0.35

𝑡𝑠𝑦𝑠
 

 Example 1: 

For a multimode fiber following parameters are recorded. 

 LED with drive circuit has rise time of 15 ns 

 LED spectral width = 40 nm 

 Material dispersion related rise time degradation =21 ns over 6 km 

link. 

 Receiver bandwidth = 235 MHz 

 Modal dispersion rise time = 3.9 nsec 

Calculate system rise time 

 

Solution:  

 

 Transmitter rise time 𝑡𝑡𝑥 = 15ns 

 Modal dispersion rise time  𝑡𝑚𝑜𝑑= 3.9ns 

 Receiver front-end rise-time 

 

𝑡𝑟𝑥 =
350

25
= 14 𝑛𝑠  

 

𝑡𝑠𝑦𝑠 = √𝑡𝑡𝑥
2 + 𝑡𝑚𝑜𝑑

2 + 𝑡𝐺𝑉𝐷
2 + 𝑡𝑟𝑥

2 = √(15)2 + (3.9)2 + (21)2 + (14)2 

= 29.61 𝑛𝑠 
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 Example 2: 

A fiber link has the following data 

 

Component BW Rise time (𝑡𝑟) (nsec) 

Transmitter 200 MHz 1.75 

LED (850 nm) 100 MHz 3.5 

Fiber cable 90 MHz 3.89 

PIN detector 350 MHz 1 

Receiver 180 MHz 1.94 

 

Calculate system rise time and bandwidth. 

 

Solution:  

 

𝑡𝑠𝑦𝑠 = √(1.75)2 + (3.5)2 + (3.89)2 + (1)2 + (1.94)2 = 5.93 𝑛𝑠 

 

𝐵𝑊 =
0.35

𝑡𝑠𝑦𝑠
=

0.35

5.93 𝑛𝑠
= 59 𝑀𝐻𝑧 

 

 

 

 

 


