Mobile Radio Propagation:

Small-Scale Fading and
Multipath



Introduction

o Small-scale fading is used to describe the rapid fluctuation
of 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
receiver at slightly different times.

« 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 or
fade.




Small-Scale Multipath Propagation

Multipath 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 physical factors leading to these eftects are:

2 The presence of objects in the propagation path (buildings,
signs, trees and plants, fixed and moving vehicles, etc.)
reflects and/or scatters the incident electromagnetic energy
leading to multipath.
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rise to doppler effects.

2 Movement of surrounding objects also gives rise to

doppler effects.

> The bandwidith of the channel, especially if the channel
bandwidth 1s less than the signal bandwidth, leads to time
dispersion.



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
of arrival of the received multipath wave.




Illustration of Doppler effect




Doppler Shift

Consider a mobile moving at a constant velocity v, along a path segment
having length d between points X and Y, while it receives signals from a remote
source S, as 1llustrated in Figure 4.1. The difference in path lengths traveled by
the wave from source S to the mobile at points X and Y isiﬁl = dcosB = vAtcosH,
where At is the time required for the mobile to travel from X to Y, and 0 1s
assumed to be the same at points X and Y since the source is assumed to be very
far away. The phase change in the received signal due to the difference in path

lengths is therefore
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and hence the apparent chang‘e in frequency, or Doppler shift, is given by [,

where

|
'?:rr‘/_\x

~

(4.2)

*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 (l.e., the apparent
recelved frequency Is increased), If the mobile is
moving toward the direction of arrival of the wave.

e The Doppler shift is negative (i.e. the apparent
received 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
spreading of the received signal, thus increasing the
signal bandwidth.




Example 4.1

Consider a transmitter which radiates a sinusoidal carrier frequency of 1850
MHz. For a vehicle moving 60 mph, compute the received carrier frequency if
the mobile is moving (a) directly towards the transmitter, (b) directly away
from the transmitter, {¢) in a direction which is perpendicular to the direction
of arrival of the transmitted signal.

Solution to Example 4.1
Given:
Carrier frequency /, = 1850 MHz
3% 10°
1850 x 10°
Vehicle speed v = 60 mph = 26.82 m/s

Therefore, wavelength A = ¢/f_ = = 0.162m

(a) The vehicle is moving directly towards the transmitter.
The Doppler shift in this case is positive and the received frequency 1s given
by equation (4.2)

= o+ f, = 1850 107 + 2252 1850.00016 MH
_ e ld ™ ™ To16: ' ’

(b) The vehicle is moving directly away from the transmitter.
The Doppler shift in this case is negative and hence the received frequency
is given by




26.82

0.162

(¢) The vehicle 1s moving perpendicular to the angle of arrival of the transmit-
ted signal.
In this case, 8 = 90°, cos® = 0, and there is no Doppler shift.

The received signal frequency is the same as the transmitted frequency of
1850 MHz.

f=f-f;=1850x10" - = 1849.999834 MHz
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e To show that a mobile radio channel may be
modeled as a linear filter with a time varying
Impulse response, consider the case where

time variation is due strictly to receiver motion
In space.




_.
spatial position

Figure 4.2

The mobile radio channel as a function of time and space.

In Figure 4.2, the receiver moves along the ground at some constant veloc-
ity v. For a fixed position d, the channel between the transmitter and the receiver
can be modeled as a linear time invariant system. However, due to the different
multipath waves which have propagation delays which vary over different spa-
tial locations of the receiver, the impulse response of the linear time invariant
channel should be a function of the position of the receiver. That is, the channel
impulse response can be expressed as|A(d,t).| Let x(t) represent the transmitted
signal, then the received signal y(d,t) at position d can be expressed as a convo-
lution of x () with h(d,¢).




It is useful to discretize the multipath delay axis 1 of the impulse response
into equal time delay segments called excess delay bins, where each bin has a
time delay width equal tot;, - 1,, where 1, is equal to 0, and represents the
first arriving signal at the receiver. Letting i = 0, it is seen that t, - 7, is equal to
the time delay bin width given by At. For convention, 1, = 0, 1, = AT, and
T = {At, for i = 0 to N-1, where N represents the total number of possible
equally-spaced multipath components, including the first arriving component.

Any number of multipath signals received within the i th bin are represented by
a single resolvable multipath component having delay 1,. This technique of

quantizing the delay bins determines the time delay resolution of the channel
model, and the useful frequency span of the model can be shown to he 1/(2A1) |
That is, the model may be used to analyze transmitted signals having band-
widths which are less than 1/(2A1) . Note that 1, = 0 is the excess time delay




of the first arriving multipath component, and neglects the propagation delay
between the transmitter and receiver| Excess delay 1s the relative delay of the

( th multipath component jas compared to the first arriving component and is

given he maximum excess delay of the channel is given by NAt.
Since the received signal in a multipath channel consists of a series of

attenuated, time-delayed, phase shifted replicas of the transmitted signal, the
baseband impulse response of a multipath channel can be expressed as

N -1

hi(t, 1) = Z a;(t, T)explj2nf T(6) + d,(t, 1)]d(T-1,(¢)) (4.12)

=)
where ,(f,1) and 1,(¢) are the real amplitudes and excess delays, respectively,
of ith multipath component at time ¢ [Tur72]. The phase term
2nf 1.(t) +0,(2,1)1n (4.12) represents the phase shift due to free space propaga-
tion of the i th multipath component, plus any additional phase shifts which are
encountered in the channel. In general, the phase term is simply represented by




encountered in the channel, In general, the phase term is simply represented by
a single variable 9.(¢,1) which lumps together all the mechanisms for phase
shifts of a single multipath component within the ith excess delay bin. Note that
some excess delay hins may have no multipath at some time ¢ and delay 1.,
since «(t,7) may be zero. In equation (4.12), N 1s the total possible number of
multipath components (hing), and 8(¢) is the unit impulse function which deter-
mines the specific multipath bins that have components at time { and excess

delays 1. Figure 4.4 illustrates an example of different snapshots of
hy (¢, 1), where ¢ varies into the page, and the time delay bins are quantized to
widths of AT,
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Figure 4.4
An example of the time varying discrete-time impulse response model for a multipath radio channel.



[f the channel impulse response is assumed to be time invariant, or 1s at
least wide sense stationary over a small-scale time or distance interval, then the

- channel impulse response may be simplified as

Noi

hy(t) = Za,-exp (-70.)8(t—1;) (4.13)
1 =10
When measuring or predicting h,(t), a probing pulse p (¢) which approxi-
mates a delta function is used at the transmitter. That is,

p(t)y=d(t—-1) (4.14)
13 used to sound the channel to determine A, (1).



Power Delay Profile

For small-scale channel modeling, the :oower delay profile pf the channel is

found by taking the spatial average of |, (¢:1) |2 over a local area. By making

several local area measurements of |h , (t;1)|" in different locations, it is possible

to build an ensemble of power delay profiles, each one representing a possible
small-scale multipath channel state [Rap91al.

Based on work by Cox [Cox72], [Cox75], if p (¢) has a time duration much
smaller than the impulse response of the multipath channel, p (¢) does not need
to be deconvolved from the received signal r(¢) in order to determine relative
multipath signal strengths. The received power delay profile in a local area 1s
given by

P(tit) ~klh, (t)] (4.15)

and many snapshots of 1hb(t;r)f are typically averaged over a local (small-
scale) area to provide a single time-invariant multipath power delay profile
P{(t). The gain % in equation (4.15) relates the transmitted power in the prob-
ing pulse p (t) to the total power received in a multipath delay profile.







4.4 Parameters of Mobile Multipath Channels

* Many multipath channel parameters are derived from the
power delay profile.

e Depending on the time resolution of the probing pulse and
the type of multipath channels studied, researchers often
choose to sample at spatial separations of a quarter of a
wavelength and over recelver movements no greater than 6
m 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-scale
statistics.

o Figure 4.9 shows typical power delay profile plots from
outdoor and indoor channels, determined from a large
number of closely sampled instantaneous profiles.



4.4.1 Time Dispersion Parameters

In order to compare different multipath channels and to develop some gen-
eral design guidelines for wireless systems, parameters which grossly quantify
the multipath channel are used. The mean excess delay, rms delay spread, and
excess delay spread (X dBJ are multipath channel parameters that can be deter-
mined from a power delay profile. The time dispersive properties of wide band
multipath channels are most commonly quantified by their mean excess delay
(7) and rms delay spread (o_). The mean excess delay is the first moment of the
power delay profile and is defined to be

Z“;Tk ZP(Tk} T,
- k — &
Zai ZP (1)
k k

The rms delay spread is the square root of the second central moment of the
power delay profile and is defined to be

o = At - (9)° (4.36)

T (4.35)

where

= £ _ (4.37)
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Figure 4.9

Measured multipath power delay profiles

a) From a 900 MHz cellular system in San Francisco [From [Rap90] © IEEE].
b) Inside a grocery store at 4 GHz [From [Haw91] © IEEE].



The maximum excess delay (X dB) of the power delay prolfai_lé is defined to be
the time delay during which multipath energy falls to X dB below the maxi-

mum. In other words, the maximum excess delay is defined as 1, - 1,, where 1,
is the first arriving signal and 1, is the maximum delay at which a multipath
component is within X dB of the strongest arriving multipath signal (which does
not necessarily arrive at 1 ). Figure 4.10 illustrates the computation of the max-
imum excess delay for multipath components within 10 dB of the maximum. The
maximum excess delay (X dB) defines the temporal extent of the multipath that
is above a particular threshold. The value of 1y is sometimes called the excess
delay spread of a power delay profile, but in all cases must be specified with a
threshold that relates the multipath noise floor to the maximum received multi-
path component.




e 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.

|t 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
measurements collected and averaged over a local area.




Table 4.1 Typical Measured Values of RMS Delay Spread

Environment [Frequency | RMS Delay
(MHz) Spread (c.) Notes Reference
Urban 910 1300 ns avg. New York City [Cox75]
600 ns st. dev.
3500 ns max.
Urban 892 10-25 us Worst case San Francisco [Rap90]
Suburban 910 200-310 ns Averaged typical case [Cox72]
Suburban 910 1960-2110 ns Averaged extreme case [Cox72]
Indoor 1500 10-50 ns Office building [Sal87]
25 ns median
Indoor 850 270 ns max. Office building [Dev90a)
Indoor 1900 70-94 ns avg. Three San Francisco [Sei92a]

1470 ns max.

buildings
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Figure 4.10

Example of an indoor power delay profile; rms delay spread, mean excess delay, maximum excess
delay (10 dB), and threshold level are shown.
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Example 4.4
Calculate the mean excess delay, rms delay spread, and the maximum excess
delay (10 dB) for the multipath profile given in the figure below. Estimate the
50% coherence bandwidth of the channel. Would this ¢hannel be suitable for

AMPS or GSM service without the use of an equalizer?

P.(t)
M
0dB + Y
'10 dB S * #
-20 dB +
3
-30 dB
>
0 1 2 a T
(us)

Figure E4.4



Solution to Example 4.4
The rms delay spread for the given multipath profile can be obtained using
equations (4.35) — (4.37). The delays of each profile are measured relative to
the first detectable signal. The mean excess delay for the given profile
(D) {5) + (0.1 (1) + (0.1) (2) + (0.01) (0
tT [0.115-30.120_]1“] =) = 438us
The second moment for the given power delay profile can be calculated
as

22 (MG ) 17+ 00) ()% (001) (0)
1.21

= 21.07us’

Therefore the rms delay spread, o, = Jﬁ 1.07 — (4.38) " - 1.37us
The coherence bandwidth is found from equation (4.39) to be

1 1
B T — = =
°" 50 5(137ps) 146 kHz

Since B, is greater than 30 kHz, AMPS will work without an equalizer. How-
ever, GSM requires 200 kHz bandwidth which exceeds B_, thus an equalizer
would be needed for this channel.




Example (Power delay profile)

P.(7) 4.38 Us
< . 1.37 us
0dB— . A
-10dB A A
-20dB ¢
-30 dB .
0 1 2 5 (us)

- (1)(5)+(0.1)(1)+(0.1)(2)+(0.01)(0) _
[0.01+0.1+0.1+1]
> ()(B)°+(0.1)(1)°+(0.1)(2)*+(0.01)(0)?

.
[0.01+0.1+0.1+1]

4.38 us

=21.07 52

o =+/21.07—(4.38)% =1.37s



Inter Symbol Interference

Symbol time P(t) 4.38 ys
) > ) : .| 1.37 ps
! 0dB S
|
-10dB+ Ao  a
|
-20dB
] G, -30 dB .
12 15 (k) o 1 2 "5 (us)
4.38
Symbol time > 10* G --- No equalization required
Symbol time < 10* G  --- Equalization will be required to
deal with ISI

In the above example, symbol time should be more than 14us to avoid ISI.
This means that link speed must be less than 70Kbps (approx)
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Figure P4.2: Two channel responses for Problem 4.2
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2.5 Multipath Delay Spread

Multipath occurs when signals arrive at the receiver directly from the transmit-
ter and, indirectly, due to transmission through objects or reflection. The
amount of signal reflection depends on factors such as angle of arrival, carrier
frequency, and polarization of incident wave. Because the path lengths are dif-
ferent between the direct path and the reflected path(s), different signal paths
could arrive at the receiver at different times over different distances. Figure 2.3
illustrates the concept. An impulse is transmitted at time 0; assuming that there
are a multitude of reflected paths present, a receiver approximately 1 km away
should detect a series of pulses, or delay spread.

[f the time difference Ar is significant compared to one symbol period,
intersymbol interference (ISI) can occur. In other words, symbols arriving signifi-
cantly earlier or later than their own symbol periods can corrupt preceding or
trailing symbols. For a fixed-path difference and a given delay spread, a higher
data rate svstem is more likelv to suffer [SI due to delav spread. For a fixed data
rate system, a propagation environment with longer path differences (and thus
higher delay spread) is more likely to cause ISI.

By: Dr.Mohab Mangoud




Fading Distributions

« Describes how the received signal amplitude changes
with time.

* 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)).

 [ts Is a statistical characterization of the multipath
fading.
e Two distributions

— Rayleigh Fading
— Ricean Fading



Ravleigh 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) component.

» Describes the received signal envelope
distribution for channels where one of the

multipath components Is LOS component.
e I.e. there is one LOS component.




Rayleigh

Rayleigh distribution has the probability density function (PDF) given by:

p(r) =1 52 -

o2 is the time average power of the received signal before envelope detection.
o iIs the rms value of the received voltage signal before envelope detection

Remember: p (average power) V2, (see end of slides 5)



Rayleigh

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

R2

P(R)=P.(r<R)= jp(r)dr_1 g 20°

[ oan = E[T] :jrp(r)dr = G\/% =1.25330
0

rmedian

=1.1770 found by solvmg 1 = j p(r)dr

0

medlan

rrms — \/EG
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Ricean Distribution

* \When there Is a stationary (non-fading) LOS

signal present, then the envelope distribution Is
Ricean.

* The Ricean distribution degenerates to

Rayleigh when the dominant component fades
away.



How do systems handle fading problem?

Analog
*Narrowband transmission

GSM
«Adaptive channel equalization
*Channel estimation training sequence

DECT
*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)

1S95 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
many narrowband (1SI- free) subchannels



