
Agenda

Radio wave propagation phenomena
• Reflection

• Refraction

• Diffraction

• Scattering 

Signal attenuation
• Attenuation and fading 

• Path loss

• Hata model

Indoor propagation 

More on fading 



Fading

� In addition to propagation loss, attenuation may also fluctuate with geographical 
position, time and frequency which is referred as “fading” and usually modelled as 
random process.

� Propagation fluctuates around mean value

� Fading describes this signal fluctuation around mean value 

� Primary cause of fading is signal traversing multiple path. Another reason is the 
shadowing from large objects along the wave propagation

Fading can be described in three ways:

• Multipath

• The statistical distribution of the received signal envelope (e.g. Rayleigh)

• Duration of fading (e.g. long-term, short-term)



Multipath fading

� Signal leaves the transmitting antenna and can take different paths to reach the receiver (due to 
reflection, diffraction, scattering etc.)

� Receiver gets superposition of the multiple transmitted signal, each taking different path

� Each copy will experience differences in attenuation, delay and phase shift after reaching at 
receiver



Multipath fading

Signal components arrive at receive antenna are independent of each other

• Hence, signal received at the antenna can be expressed as the vector sum of the signal components 

Assuming Rx stationary & no direct path exists (Tx-Rx), the received signal er(t):
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Multipath fading

Instead of using sum of delayed components, received signal can also showed using phasor notation:
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Multipath fading

Resulting signal is the random summation of different signals (cosine shaped signals)

• Leads to a random variation depending on the relative phase between signal components 

• Creates constructive and destructive summation



Rayleigh Model 

� X and Y are independent and identically 
distributed Gaussian random variable

� Under this condition envelop of the received 
signal A, given by (X2+Y2)1\2, will be 
Rayleigh distributed 
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φ Probability density function (pdf) of 
Rayleigh distribution is given by-

Power of received signal will be 
exponential distribution-

Where        is the variance of random 
variable X (or Y) and U (.) is the Unit Step 
Fuction.



Rayleigh Model 

� Rayleigh distribution represents worst case fading 
as no LOS is considered.

� This is the most used signal model in wireless 
communication.



Rayleigh Model 

A typical radio signal received in Rayleigh faded channel is shown below

� Variation can be 20 dB (factor of 100)

� Received signal is random even without considering noise. This is due to multipath and 
randomness of phase.



Outage

� Every receiver is designed to operate at an acceptable level only if a certain minimum 
power, Pthr, is being received

� The receiver will be in outage whenever power goes below this threshold value. Also 
termed as “deep fade”.

� Outage is the implication of fading; following system goes into outage if the threshold is 
set to -20 dB of relative power



Outage

The outage probability is given by-

Where       is the average power and given by 

� One of the adverse consequence of 
fading is the existing of outage

� When outage occurs, the performance of 
the wireless system becomes 
unacceptable



Outage (2)

Example 2.5

If the minimum required power for acceptable performance is 25 micro watt, what is 
the outage probability in a Rayleigh channel with an average received power of 100 
micro watt?



Multipath and Intersymbol interference 

� So far we discussed about the fluctuations of received signal due to fading but-

� Fading may affect the shape of the received signal pulse

� Figure: four different paths, pulse arrives at four different times at the receiver

� Envelope of the overlapping pulse showed a broadened pulse – leads to intersymbol 
interference (ISI)



Multipath and Intersymbol interference 

• Intersymbol interference (ISI) occurs if the delay spread of the channel exceeds the symbol 

time (or the sampling interval)

• Cancellation of ISI is done via an equalizer at the receiver

1. Delay spread

BS

MU
Direct

Reflected



Impulse response

Impulse corresponding to multiple paths arrive at the receiver at different times and with different 
power depending on the nature of the channel (e.g. reflection, defraction, scattering etc.)

These arrival times of signal with different powers can be used to define the impulse response of 
the channel

Figure: 

• rural areas – due to fewer tall structure, multiple paths are closed to each other

• Urban areas – multiple paths are more diversed and received signals are spread out



Impulse response

Figure shows  an Impulse response of a 
multipath fading channel where Pi is the power 
and       is the delay of i component.

rms delay spread is given 
by-

Where, average delay is-

Mean square delay is-

Example 2.6



Symbol rate and bandwidth

There is a direct correlation between symbol rate, R (symbol/s) and information bandwidth, Bs 
(Hz) in a radio connection: 

Means,

High symbol rate (bit rate) -> high bandwidth (broadband)

Low symbol rate (bit rate) -> low bandwidth (narrowband)

The channel bandwidth is given by-

This channel bandwidth can be identified as the coherence bandwidth of the channel.

Large spreading of signal � small channel bandwidth

Small spreading of signal � high channel bandwidth



Flat fading channel

If the channel bandwidth Bc is larger than message bandwidth Bs, all the frequecy components 
in the message will arrive at the receiver with little or no distortion

ISI will be neligible

The channel will be defined as flat fading channel

Rural areas can be characterized as nearly flat fading channel



Frequency selective channel

If the message bandwidth Bs is larger than channel bandwidth Bc,  different frequecy 
components in the message will arrive at the receiver at different time

Resulting pulse broadening – ISI

The channel is classified as frequency selective channel

The flat fading channel can become frequency selective channel if the information is transmitted 
with higher and higher bandwidth



Doppler effect

So far, we assumed mobile phone being stationary

The motion of the mobile unit results a doppler shift in the frequency of the received signal

The maximum doppler shift is expressed as,
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Doppler effect

This leads to two effects:
• A level of variation at a rate that depends on the speed of the mobile 

• A frequency distortion resulting from the doppler shift of the individual multi-path 
components (arriving at different angle)



Doppler effect

Taking all the direction into account, the instantaneous frequency of the doppler shifted signal 
is:

Coherenc Time:

Slow and fast fading can be also explained by 
coherence time, Tc-

• If pulse duration is smaller than Tc, then it is 
unlikely to undergo distortion� slow fading

• If pulse duration is larger than Tc, then will be 
distorted� fast fading



Slow and Fast Fading

Symbol period is smaller than coherence time, Ts < Tc

• Slow fading

• Symbol doesn’t experience distortion

Symbol period is larger than coherence time, Ts > Tc

• Fast fading

• Symbol undergoes distortion



Frequency dispersion versus Time dispersion

• Fading can occur in frequency domain 
(due to multipath) and in time domain 
(due to movement of MU)

• At low data rate and when MU has low 
mobility then channel is slow and flat

• If data rate is high but MU is moving 
slowly then channel is slow but 
frequency selective

• If however, data rate is high and MU is 
moving at high speed then channel will 
be both fast and frequency selective. 
Channel will be both time and 
frequency dispersive.



Rician Model 

� Rician model considers a LOS path in the received signal in addition to number of random 
paths

� This LOS adds a deterministic component in the received signal and makes Gaussian 
random variable of nonzero mean and Rician distributed envelope.

The power distribution fucntion (pdf) of Rician distribution is given by-

Where Ao is the component from LOS part and Io(.) is the modified Bessel 
function.



Rician Model 

� Rician probability distribution function is characterized by the power of ratio of direct 
component to the power of other random paths (diffuse component), K(dB):

� For             there is no direct path and the 
Rician distribution becomes Rayleigh 
distribution

� For higher and higher value of K, the Rician 
distribution becomes almost Gaussian

� In general, Rician distribution has less signal 
variation compare to Rayleigh because of 
existence of LOS component and reduces 
the effect of fading



Rayleigh and Rician Model 

� Rayleigh fading model assumes there is no line of sight (LOS) or most 

applicable when there is no dominant propagation along the LOS.

� Rician fading occurs when one of the paths, typically a line of sight signal is 

much stronger than the others. That means it assumes a LOS

� Hence, Rayleigh model can be also considered a special case of Rician 

model



Lognormal fading

� Fading described so far falls under “short-

term” fading. However, received signal also 

undergoes “long-term” fading as discussed 
earlier

� Long-term fading occurs where 
propagation takes place in an environment 

with tall structures (e.g. trees, building)

� Under these conditions, the signal likely to 

have multiple reflected and scattered 

before taking multiple paths to the receiver

� Long-term fading is also referred as 

“shadowing”.



Summary of Fading



Problems

Chapter-2: Propagation characteristics of wireless channel 

� Problem 2
� Problem 11

� Problem 14

� Problem 16



Summary

• Attenuation is a result of reflection, scattering, diffraction and refraction of the signal by 
natural and man-made structure

• The received power  of radio signal is inversely proportional to the (distance)^v, where v 
is the loss parameter (2 for free space and 2-4 for other environments)

• The loss in outdoor can be modeled by Hata Model

• Indoor propagation models are based on the characteristics of interior of building, 
materials and other factors and described in terms of various zone model

• The random fluctuations in the received power are due to fading

• Multipaths and Dopper effect contribute to short-term fading and multiple reflections, 
scattering lead to long-term fading (shadowing)

• Short-term fading can be described using Rayleigh distribution if no direct paths exists 
between the transmitter and receiver

• Short-term fading can be described using Rician distribution if there is a direct paths 
exists between the transmitter and receiver



Summary

• Short-term fading due to multipath not only causes random fluctuations in the received 
power, but also distorts the pulses carrying the information

• If bandwidth of the channel is higher than the bandwidth of the message, the signal is 
characterized by “flat fading” and no pulse distortion. In opposite case, the result is 
“frequency selective fading” channel.

• If there is relative motion between transmitter and receiver the result is Dopper  fading.

• In general, worst case fading occurs when it is both fast and frequency selective fading

• Both short-term and long-term fading leads to outage. The system goes outage when the 
SNR or received signal goes below a certain level or threshold.


