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Introduction

• Small-scale fading is used to describe the rapid fluctuation 
of the amplitude of a radio signal over a short period ofof the amplitude of a radio signal over a short period of 
time or travel distance.

• Fading is caused by interference between two or more 
versions of the transmitted signal which arrive at the 

i li h l diff ireceiver at slightly different times.

M lti th i f l b f l• Multipath waves consists of a large number of plane 
waves having randomly distributed amplitudes, phases, 
and angles of arrival that causes the signal to distort orand angles of arrival. that causes the signal to distort or 
fade.



Small-Scale Multipath Propagation

M lti th t ll l f di ff t hMultipath creates small-scale fading effects such as:

1. Rapid changes in signal strength over a small travel 
distance or time interval

2. Random frequency modulation due to varying Doppler 
shifts on different multipath signals.

3. Time dispersion caused by multipath propagation 
delays.





The Doppler shift

• The shift in received signal frequency due to motion

• is directly proportional to the velocity and direction 
of motion of the mobile with respect to the direction p
of arrival of the received multipath wave.



Illustration of Doppler effect



Doppler Shift

•The equation relates the Doppler shift to the mobile velocity and the spatial angle
between the direction of motion of the mobile and the direction of arrival of the wave. 



• The Doppler shift is positive (i.e., the apparent pp p ( , pp
received frequency is increased), if the mobile is 
moving toward the direction of arrival of the wave.

• The Doppler shift is negative (i.e. the apparent 
received frequency is decreased) if the mobile isreceived frequency is decreased), if the mobile is 
moving away from the direction of arrival of the wave. 

• multipath components from a CW signal which arrive 
from different directions contribute to Doppler pp
spreading of the received signal, thus increasing the 
signal bandwidth.









4 2 Impulse Response Model of a Multipath Channel4.2 Impulse Response Model of a Multipath Channel

• To show that a mobile radio channel may beTo show that a mobile radio channel may be 
modeled as a linear filter with a time varying 
impulse response consider the case whereimpulse response, consider the case where 
time variation is due strictly to receiver motion 
in space. 















Power Delay Profile





4.4 Parameters of Mobile Multipath Channels

M l i h h l d i d f h• Many multipath channel parameters are derived from the 
power delay profile. 

• Depending on the time resolution of the probing pulse and 
the type of multipath channels studied, researchers oftenthe type of multipath channels studied, researchers often 
choose to sample at spatial separations of a quarter of a 
wavelength and over receiver movements no greater than 6 

i td h l d t th 2 i i dm in outdoor channels and no greater than 2 m in indoor 
channels in the 450 MHz - 6 GHz range. This small-scale 
sampling avoids averaging bias in the resulting small-scalesampling avoids averaging bias in the resulting small scale 
statistics. 

• Figure 4.9 shows typical power delay profile plots from 
outdoor and indoor channels, determined from a large 

b f l l l d i t t filnumber of closely sampled instantaneous profiles.











• Table 4.1 shows the typical measured values of rms delay spread.

• Typical values of rms delay spread are on the order of 
microseconds in outdoor mobile radio channels and on the order 
of nanoseconds in indoor radio channels. 

• It is important to note that the rms delay spread and mean excess 
delay are defined from a single power delay profile which is the 
temporal or spatial average of consecutive impulse response p p g p p
measurements collected and averaged over a local area. 







Power delay Profile
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Example (Power delay profile)
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Inter Symbol Interference
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Symbol time > 10* σ --- No equalization requiredSymbol time  10 στ No equalization required

Symbol time < 10* στ --- Equalization will be required to 
deal with ISI

In the above example, symbol time should be more than 14µs to avoid ISI.
Thi th t li k d t b l th 70Kb ( )This means that link speed must be less than 70Kbps (approx)
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Fading  Distributions

D ib h h i d i l li d h• Describes how the received signal amplitude changes 
with time. 

R b th t th i d i l i bi ti f• Remember that the received signal is combination of 
multiple signals arriving from different directions, phases 
and amplitudes. 

• With the received signal we mean the baseband signal, 
namely the envelope of the received signal (i.e. r(t)). 

• Its is a statistical characterization of the multipath• Its  is a statistical characterization of the multipath 
fading. 

• Two distributions• Two distributions
– Rayleigh Fading
– Ricean Fading



Rayleigh and Ricean DistributionsRayleigh and Ricean Distributions

• Describes the received signal envelope
distribution for channels, where all the ,
components are non-LOS: 

• i e there is no line-of–sight (LOS) componenti.e. there is no line of sight (LOS) component. 

• Describes the received signal envelope
di t ib ti f h l h f thdistribution for channels where one of the 
multipath components is LOS component. 

• i.e. there is one LOS component. 



Rayleigh
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σ2 is the time average power of the received signal before envelope detection. 
σ is the rms value of the received voltage signal before envelope detection

Remember: 2
rmsVP ∝ power) (average (see end of slides 5)



Rayleigh

The probability that the envelope of the received signal does not exceed a

∫
−R R2

The probability that the envelope of the  received signal does not exceed a 
specified value of R is given by the CDF: 
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Rayleigh PDF
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Ricean Distribution

• When there is a stationary (non-fading)  LOS 
signal present, then the envelope distribution is g p , p
Ricean.  

• The Ricean distribution degenerates to• The Ricean distribution degenerates to 
Rayleigh when the dominant component fades 
away.



How do systems handle fading problem? How do systems handle fading problem? 

Analog 
•Narrowband transmissionNarrowband transmission 

GSM
•Adaptive channel equalization 
•Channel estimation training sequence 

DECT
U th h d t l i ll ll ith ll d l d•Use the handset only in small cells with small delay spreads 

•Diversity and channel selection can help a little bit (pick a channel 
where late reflections are in a fade)where late reflections are in a fade) 

IS95 Cellular CDMA
•Rake receiver separately recovers signals over paths with excessive 
delays 

Digital Audio Broacasting 
•OFDM multi carrier modulation: The radio channel is split into•OFDM multi-carrier modulation: The radio channel is split into 
many narrowband (ISI- free) subchannels 


