Spread Spectrum Communications and Jamming
Prof. Debarati Sen
G S Sanyal School of Telecommunications
Indian Institute of Technology, Kharagpur

Lecture — 47
Concept of Fading for Wireless Communications

Hello students, today we will go little bit of bit and we will apart from the; we will
deviate ourselves from the spread-spectrum communications. And we will today learn
the fundamentals of wireless communication. The concept of wireless channel how do
they be, how do does it we have, and what happens when signal is released from the
transmitting antenna to a wireless channel, how the characteristics of a typical channel
gets changed over the air, and how do we receive it in the frontend of the receiving

antenna.

The aim of this class is to open you up about the fundamentals of wireless
communication. And then with after gathering the knowledge of channel and the
propagation characteristics of a wireless communication, we will be able to implement
the spread-spectrum communication on the top of this wireless communication and
hence we will be actually well iterate to design the transceiver spread-spectrum
communication transceiver for wireless environment. And that is the final target, because
this theory and all the learning over the spread-spectrum communications fundamentally
need to be implemented in a practical situation where the communication between

transmitter and receiver will be happening over a wireless channel.

So, it is a very important part to understand, how wireless communication happens
between a transmitter and receiver. Today, we will concentrate behind that. We will also
learn some very fundamental parameters associated to the wireless channel. And the
probability in terms of probability also, we will try to learn actually the different models

and their character this is the parameters of those models all that.
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We will start with the fundamentals, this is a transmitting the figure says about there is a
transmitting antenna, and there is a receiving antenna, some distance apart from each
other. And the antennas are such that for this communication the signal will be released
from the transmitting antenna in the expected to travel over the wireless channel, and it
will be received by the receiving antenna. All the blocks that we have learned inside the
receiver they come after this signal reception by the receiving antenna; also the all
transmitter blocks base band blocks including the RF circuits that we have only do learn
for the spread-spectrum communication transmitter, transceivers, they are all residing
inside this transmitting blocks. So, transmitter blocks whatever you have learnt is inside
this block box. Whatever the receiving blocks you have learnt till now they are inside

suppose there inside this receiving block.

Remember when we talk about wireless channel, technically there are two different kind
of the channels that we considered for our discussion and for our analysis. One is the
propagation channel. The propagation channel is the channel in between the transmitting
antenna and the receiving antenna. | mean excluding any other in excluding any R X
circuitry and the and the antenna itself incorporated in it. But when you talk about a radio
channel, radio channel incorporates the propagation channel and in the air that you see
and also includes the antenna and the antenna parameters as well as a little bit about a
backup circuit of this antenna. So, that until the signal can they circuit that are helpful to

just release the electromagnetic waves. So, this is the radio channel, we will see that is



random several times you will utilize the terms as radio channels, and some time you

will talk about the propagation channel, the difference between the image like this.

So, what happens when a electromagnetic wave is released from a transmitting antenna.
The wave once it is released, he actually traverse it is if it is a Omni-directional antenna
the wave will be released over 360 degree angle. And remember the part of this energy
only will be travailing towards the line direct line of sight path and we will be receiving
will be reached to the receiving antenna like this. So, if | think that | can draw the
electromagnetic rays, so this is a direct ray that is reaching from the transmitting antenna

to the receiving antenna we call it a line of sight path.

And what happens to is there any other paths available it is yeah, it is there. And over the
yeah in the wireless channel you will see that lot of the scatters | mean if it is outdoor
communication going on, then lot of the high rise and all other elements on the scatters
present in the environment, they will be actually responsible to give you the reflected
rays after when the electromagnetic waves hit them. And they are sent by them the

scatters and like this.

So, there are several scatters, and for each and every scatters there are the scattering rays
scattered rays coming actually from each of them from each of their points and over
multiple scatters there are multiple scatters is present in the environment. You are
expected to get that huge number of the multiple paths to arrive in the receiver frontend.
So, thing is that you released suppose one symbol, and now you are with respect to that
symbol you are continuously going to receive the related electromagnetic waves for
corresponding to that signal over multiple paths. So, the same symbol getting received in

the receiver over after travailing over multiple paths.

It is unique phenomena that is happening inside the wireless channel. And this basic
propagation, we call it the propagation of the waves - electromagnetic waves, and this
basic propagation is basically controlled by the reflection, the diffraction and scattering,
these are the three fundamental phenomena that happens and they create the multiple
path due to the communication system. And remember all the paths which are not
coming via the direct way we call it the non line of sight paths, they are NLOS paths.

And these are called also the multiple paths.



And remember for all these paths to exist in practice, we have obviously the time that is
associated over each and every path for the signal to traverse from the transmitter to
receiver are not same. It is obvious that the time elapsed over the line of sight paths to for
a signal to reach from a transmitter to receiver will be the least. And say if it is tau 1 time
then for the next one say, for another path, it may be tau 2 after this delay this is a time
elapse for the path for the wave to reach from the transmitter to receiver after scattering.
And like that each and every path is associated with their corresponding delay associated
to it.

And that is | can see actually the replica of the same symbol getting received in the
receiver frontend over a multiple delay. So, it is a replica of the same signal continuously
coming over the different delay to the receiver frontend. And if I try to plot H in the
receiver frontend, we call it and we try to see how the power is getting received here in
the receiver frontend. So, it is expected that after tau 1, | will receive one path after tau 2;
I will receive one path after tau 3, | will try to receive, | will receive another multiple

path.

As the delay is varying as the same way the power that you are getting received, the
power will also vary. The maximum power it is expected to receive by this direct path
and whenever depending upon the characteristics of the scatters and angle also the angle
of your direction of arrival to the scatters and the direction of departure from them, based
on all that phenomena your amount of the power that you are going to receive by that
where different multiple paths that will be different. So, if | try to plot the received
power, so the tau 1, if it is the line of sight path power, so | will have maximum power at
that moment. Followed by the next immediate multiple path who is arriving and he may
have a relatively small of power and then the third-one and it will go on like this.

So, if I try to see the profile then this is a power received power. So, we call it a power
delay profile where actually in the x-axis, you are plotting the delay of arrival all
multiple paths, and you are plotting their corresponding power values. You will see that
the power will be exponentially having exponentially decaying profile in a wireless
communication channel. Most of the cases, we will see that, but it is not the only profile
that we find in a wireless environment, we see lot of other profiles also. But most general
cases, we see where the line of sight path is there; this is kind of the profile for the power

received power in the receiver frontend.



Now, the power that we have received here, so if there is a free space supposed in the
free space how the power will be received, it was given by frees. And according to him if
the transmitter and the receiver is having a distance of d, the received power in the free
space the frontend of the receiver will be given by this formula. Where actually the P t is
the transmitted power, G t is the gain of the antenna transmitting antenna. G r is the again
of the receiving antenna, it is the wavelength of the transmission. And lambda is equal to
obviously ¢ by f. And this is a constant parameter; d is the distance between transmitter
and receiver; and capital L is the lost associated with the R f frontend that it has nothing
to do with the propagation. But the propagation all other parameters that are involved to
decide the received signal level they are these are the parameters. So, see actually the
received power is the function of the transmitted not only that transmit power, it is a
function of the transmit antenna gain receive antenna gain, the frequency of transmission

and the distance between transmitter and receiver.

And let us come back again inside the channel, and if | see this channel can be
mathematically modeled by lot of ways. Usually when the signal is a propagating
through a channel, we understood that because of reflection, diffraction and scattering,
because of this three phenomena lot of changes are expected into happen over the signal
property. It is not only that the power is decaying. Power is decaying it means the
amplitude of the signal of the received signal is differing from the transmitted signal. So,
there is a change in the amplitude of the signal; there is also a change over the phase of

the signal.

So, remember the phase with which you are releasing it that would not be the same after
scattering over the multiple paths. So, there is a phase change happening inside the
channel. Also if the transmitter and receiver they are moving with respect to each other
because of the movement the Doppler effect will come into picture; and it is expected
that there will be a change over the frequency also. So, there is a there are lot of things
happening over the signal; the signal is getting disparaged over that time because a
multiple replicas are expected to come. So, the same signal is now getting is spared over
the time duration up to t 3 or tau 3 or tau 4 or tau 5 till it is the replicas are expected to
come. So, signal is not confined on this time interval. Signal has got disparaged over the

time. Signal will be disparaged over the frequency because of the Doppler effect when



transmitter receiver will be moving any one of them will be moving or both of them will

be moving.

And on the top of that there are lot of parameters that causes the environmental changes
of the wireless channel itself, which will also have some impact on the received power
level. And as an effect of all that and this basic propagation mechanisms, you are
expected to get lot of changes on the amplitude, time, phase and frequency of the
received signal. And all that effects we can actually divide that effects broadly under the
large scale effects or under small scale effects of the channel. The large scale effects
basically considered the path loss and the shadowing. And this large scale model
basically actually predict the mean signal strength that you are receiving for an arbitrary
transmitter receiver separation. So, when we talk about a large scale model of a wireless
channel basically we give the output as a mean signal strength over a arbitrary
transmitter receiver separation, that is a long term over the long time duration also the

that large scale effects holds good.

But the most important part there we are interested in the wireless communication is the
small scale effect. And the model wireless channel model which captures the small scale
effects basically actually this model predicts the rapid fluctuations of the wireless
channel that is happening and its reflection hence its reflection on the received signal
strength over a short distance that is happening is captured by the small scale fading
model propagation model.

This small scale effects basically we call in terms and by a term called fading. And this
fading is basically of several types in a wireless channel, we realized it may be flat it
may be frequency selective, it may be slow, it may be fast. And we will discuss about all
these in the next slide. And the model sometimes also captured the polarization effects of
the antenna, whether it is vertically polarized or horizontally polarized or it is circularly
polarized, and based on that the model will be much more critical. So, for our basic
understanding, we will mainly concentrate inside this small scale fading effects and a

small scale channel models of wireless communication.
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So, as | told that small scale fading or simply fading actually it is used to describe the
rapid fluctuations of the amplitude of the received signal over a short period of the time
and also for a short travel distance. So, fading is caused by the why the fading is coming
up because there is a interference between the two or more versions of the same
transmitted signal that are arriving in the receiver over the multiple instance of the time.
So, basically the thing is something like this, when you have received the first
multipurpose line of sight path for say signal 1, and if you are having a sample duration
equal to that same multipath arrival duration say seconds tau 2, you are receiving when
you have sample tau 2, tau 3, tau 4 at a gap of that, and suppose you have received the
fast signal line of sight path here then it is replica is also expected to come here by the
second multipath. His replica is expected to come here, his replica is expected to come

here it is going on.

But by the time if it is a continuous transmission going on from the transmitter during
this tau 2 interval, also you are going to release the second you are going to release the
second symbol and his replica is also expected to come during the tau 3 and tau 4. In tau
3, we have already release the third symbol, so his replica is also expected to come in s 3.
So, you see at each and every timing instant delay instant | should say, there is a very
complicated signal model is you are going to receive. The addition of the multiple
signals with their corresponding changes in the amplitude (Refer Time: 18:31) phase,

you are expected to its additive effects is we are going to you are expected to receive in



the receiver frontend. So, this combined phenomena the changes of the original signal
because of the other signals that are coming that are superimposing on it at the receiver

frontend is caught on as a term fading.

Remember, this the main causes the most important effects of this small scale multipath
propagation is that the rapid changes in the signal strength over a small travel distance
very random frequency modulation that happen because of the Doppler shifts on the
different multipath signals and dispersion because echoes are expected to come over the
multiple propagation delays. So, these are all about the small scale multipath propagation
that is a coming phenomena about inside a wireless communication channels, and this
special variation of the signal over in wireless over a space in wireless domain which

case seen in the receiver frontend as a temporal variation that we have explained here.

(Refer Slide Time: 19:48)

So, this is about the fading. And let us quickly visit how many types of the small scale
fading we encounter in a practical communication system. Small scale fading, if | divide
classify, it based on the multiple time delay spread, time delay spread | wrote it in terms
of tau. So, if it is a with respect to time delay spread; he will get it two part, one is a flat
fading, another is a frequency selective fading. What is flat and what is frequency
selective we will discuss in detail later on. But fundamentally just remember that flat
fading what happens if the bandwidth of the signal transmitted is less than the bandwidth

of the channel. Then you will encounter that all the signal components are experiencing



the same kind of the amplitude change and the phase change by the channel. We call it
the flat kind of fading.

And if there is, this is not and in the bandwidth of your signal is the higher than the
bandwidth of the channel, then channel is expected to behave different way over the
different portion of the signal. And hence the amplitude changes and the phase changes
over the different part of the signal that you will be able to see in the receiver frontend
would not be uniform, and it will be definitely different from the part by part. And we
call it the frequency selective fading. So, different part of the frequency of the signal is
expected to get different amount of the amplitude and phase change, and hence we call it

a frequency selective fading. We will discuss the all this again in the later slides.

Small scale fading based on the Doppler spread. This is related to the movement and
some velocity of the receiver is involved with respect to the transmitter; and because of
which, the receive signal frequency actually it spreads and because of that we call it the
Doppler spread and that incorporates at brings the two different kind of the fading
concept in the received signal. One is the fast fading; another is the slow fading. The fast
fading is coming and related to the very high Doppler spread, and this is definitely a low
Doppler spread. To understand what is fast fading and what is the slow fading we have to

understand something called the coherence time. What is this, we will coming detail.

And only points to remember here is that this is something related with the symbol
period, it is not the bandwidth of the signal, it is the symbol period. If the period of the
symbol is more than the coherence time and the time over which the channel gives
channel coefficients or the channel properties does not change, so that is the time we call
as a coherence time. If that time is less within the symbol time, so you are going to get
the very fast fading, so channel will keep on changing, it is a time varying nature of the

channel.

Question is for how much time channel is giving you a fixed kind of behavior. Fixed
behavior I mean that same kind of changes over the amplitude, and the phase you can
expect, how much time is defined by the coherence time. If your symbol period is more
than that time of the channel, when you are expected to get different amount of the
fading, and we call it a fast fading and opposite is a slow fading, where is your coherence

time the time over which channel is remaining constant and not giving any kind of the



change, it is showing uniform amount of the amplitude and phase change. If that time is

more compared to your symbol time period, then you will see the very slow fading.

(Refer Slide Time: 23:37)
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So, we will slowly enter into the different parameters that are associated with the mobile
multipath channels. The parameters are basically the channel with respect to channel it is
a time dispersion parameter, the coherence bandwidth and the coherence time. We need
to actually clearly understand the terms, and because we will repeatedly we using it in
the system design. The time dispersion parameter basically all it is the fact that we that
we have already discuss that the replica the echoes of the same signal or same symbol is
you are expected to receive in the receiver over a large time delays. And because of that
we are saying that there is dispersion is happening the signal is getting disparaged like
this. So, signal is not like the even if you have transmit the signal like this now it has got
disparaged like this. So, it is time dispersion happened over the signal.

And hence we define some parameters over this dispersion which is called the mean
excess delay, the rms delay spread and the excess delay spread over the power delay
profile. And remember them mean delay and the delay spread they are expressed by the
term tau bar and the sigma tau. They are very important to understand because always
arrival of the multi paths are very random process | told that the profile will
approximately follow the exponential decay profile. But where will be the mean of this

guy and where will be the rms delay spread or the rms value of this spread that is very



important for ask to understand. Because based on this mean value and rms delay spreads

we were going to define the lot of characteristics of the channel.

And as this is a random phenomena that arrival of the multipath the random phenomena
and how long will they keep on coming continuously that is also is a random
phenomena. Hence, we define this two parameters to understand the randomness
associated with this multipath profile; one is the mean excess delay, another is the rms

delay spread.

(Refer Slide Time: 25:54)

We will first quickly look into the power delay profile here. And see here in the power
delay profile, we are seeing that this is the maximum signal maximum power came, and
these are the slowly decaying profiles came. So, main delay is something that we have to
calculate on the top of this is rms is from if this is the mean value then this is the rms

delay spread | mean how much the division is happening with respect to the mean value.

What is this mean excess delays about it is about some extra amount of the delay for
which actually we are thinking that the power will be considered to be down by certain
dB level. And that is the maximum excess delay that we are trying to do sometimes
which is the point verify findings the second level of the threshold on the power delay
profile. And if it is going down by that when the power is going below that power delay
value, so that is a maximum point of the delay we should wait for to capture the energy

from the channel in the frontend of the receiver.
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So, we will quickly this visit all the points, all the elements what is the mean delay. So,
mean delay is basically given by this expression, where you are taking the for each and
every path k, you are taking the power of that path multiplied with the delay associated
with k, and you are averaging it over the power total power of it, so that is the mean. And
the rms value will be actually that the delay square bar minus the tau bar square, where
this delay square bar is basically now the squaring up over the each and every delay path.
And remember that whenever we are continuing about this delay and the measurement of
the delays are going ahead, first detectable signal, we consider that it is arriving at the
delay equal to 0. That first arrival signal may be here. So, our zero will start from here.
So, it is a time axis actually with related to the all the delays | measures with respect to

the arrival of the first detectable path in the receiver.
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So, quickly come into the domain that was the expression for the channel in the time
domain, if you come to the frequency domain you can get a equivalent description. And
here we define the frequency domain coherence bandwidth, and which we use to
characterize the channel in the frequency domain. Like the time dispersion happened, it
is the where it is the very good relation between the delay spread rms delay spread in the
time domain and the coherence bandwidth. And we considered that give the coherence
bandwidth is basically the bandwidth over which the statistical property of the channel
will be remaining constant. And channel will behave as a flat channel, flat means the
channel all the spectral components that will pass over that bandwidth, he will actually

get in equal amount of the gain attenuation and the linear phase change.

And in other words you can also say that it is a bandwidth coherence band, it is the range
of the frequencies over which the two frequency components will be heavily correlated,
and amplitude correlation will be there. And if | considered that this correlation is about
90 percent then the coherence bandwidth and the rms delay spread is related
approximately by this equation. If you considered it to be a 50 percent of the coherence
is a observable between two frequencies then this comes consideration then this

bandwidth B ¢ will be approximated by 1 by 5 sigma tau.



(Refer Slide Time: 29:42)

Parameters of Mobile Multipath Channels

Doppiey Spwoad and Cohwvence Time
¢ Defey apresd wo) CONEINEe BASTWAITI M6 Do iwiwiais wN Owelrte Me  Oafe et nptue o
o™
aliis sland W e vy nahte of e dharreel cdaedl Iy aihes ieiaieee
o1 Lowbwmens W usdde arvl bane slatum i Lry ioaremssard of Glgmais 1 D charviwl
o DOppier spresd ar) COMVINGE A 8 [anaters Wi Geacrie e tere Yarpng netuee of
)

v ¥ B AN (RN

% Selrd B4 W TR OF Bauenies . P el Dipgie

So, now we understanding that this coherence bandwidth and the delay spread, they give

about the idea of the time dispersive nature. The delay spread is coming it is totally
related with the time dispersion. And from the rms value of the delay spread we
calculated coherence bandwidth. So, it is totally talking about the time dispersive nature
of the channel in a local area, but it is not giving any idea about the frequency
depressiveness over the channel. And that will be coming from the fact that there is a
Doppler spread happening and there is a concept of the coherence time associated with
the channel.

What are they, the Doppler spread is basically mentioned as B D here, it is a measure of
the spectral broadening that will be coming up because of the time rate of change of the
mobile radio channel. And it is defined as the range of the frequencies over which
received Doppler spectrum is non-zero. So, let us take an example suppose | have
transmitted pure frequency f ¢ single tone, because of the presence of the Doppler phase
shift, which is called the f d. The f ¢ will have actually the component after the after
passing through the channel it will have the component of f ¢ plus f d, and it will also
have the component of f ¢ minus f d. So, its bandwidth is now spread from f ¢ minus f d
to f ¢ plus f d. So, f ¢ plus twice f d is a total bandwidth over which actually now the
conservation should be going ahead with. And this is the total bandwidth this whole way
whole change is a measure of the broadening of spectrum broadening happened, and this

is called the received Doppler spectrum.
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And remember one thing that once we understand that this has happened then we can
really correlated this the Doppler shift - the maximum Doppler shift with respect to the
velocity that you are having in the channel with a velocity of your mobile receiver that
you are having we can actually compute the coherence time. And though there is
Doppler shift and the coherence time 1 just in the inverse propose inversely proportional

with each other.

But fundamental meaning of the coherence time is that it is a duration over with it is a
time domain well basically of the Doppler shift, but it means that it is the time period, it
is a time actually the statistical measure of the time duration over which such channel
properties are again remaining in variant. For example, it is that after how much time the
channel is expected to be changed as simple as that. So, by coherence bandwidth we
defined that it is the bandwidth over which after which the channel properties expected
to be changed. Coherence time talks about the time after which the channel properties are

expected to be changed.
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And we can have a several combinations of all this when multipath situation for
example, delay spreads can lead you to time dispersion and frequency selective fading,

you can get a frequency dispersion and time selective fading.

(Refer Slide Time: 33:10)

We will take out very quick example of a flat fading and the frequency selective fading.
This was a signal are coming and it is the channel in the black box which is having the
time dispersion it is that t, which is having t and tau are the time as well as the delay

message that is a time fading nature of the channel and that the variation over that delay



is also captured here. And this is a signal coming out. So, the relative bandwidth of the
signal and the channel is like this suppose. This is a time duration of the signal and this is
the time duration of the channel and hence the bandwidth of the channel is more than the
bandwidth of the signal.

Then how r t will behave, the bandwidth of the r t will be behave. If we see that is the
bandwidth of the signal is less than the bandwidth of the channel then over the whole
bandwidth of the interest of the signal the channel will remain constant. So, you are
expected to give the same amount of the amplitude change and the linear phase change
over the whole bandwidth of the transmitted signal, hence we call it a flat fading. You
would not see any kind of the dispersion happening in the frequency spectrum of the
received signal over when mobile passing through such channel. So, it is a relative
relation of the bandwidth of the signal and the channel based on that the flat fading

phenomena happens.

(Refer Slide Time: 34:29)
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Opposite to this, is this is a frequency selective fading when actually we see that the
bandwidth of the signal is more than the bandwidth of the channel considered. In such a
situation channel can never give you the uniform amount of amplitude change on the
phase change over the whole all frequency band involved in the signal spectrum. Hence
you are going to get a different amount of the different shape, the shape itself to the

frequency components itself will be partially present and partially not. And different kind



of the amplitude reduction and the phase changes are happening over the incoming
signal, we call it frequency selective fading. See, the portion of the incoming signal we
may transmitted signal here in this zone, | have got to completely different amplitude
changes compared to that where channel is really present, we call it frequency selective

fading.

(Refer Slide Time: 35:18)
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Fading can be also very fast and very slow base on that is if we are having a very high
speed for the movement then actually channel is expected to change very fast over the
time access. So, coherent time of the channel will be very, very small as your Doppler
spread bandwidth will be very high. So, you are expected to get very fast changes and
accordingly you have to design the signal processing in the receiver. Opposite to that is
that slow fading, if you are moving with them moderate speed or a very slow speed or in
a pedestal speed. Here you are going to see actually the large coherence time over which
the channel is showing the constant effect and you are not going to see a large amount of

the changes in the received signals profile.
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And hence actually the processing and the corrections of the due to the fading is less that
it is less loaded, 1 mean the receiver processing will be less loaded in such situation. This
is a picture which talks about the combine effect when the transmitted symbol period
versus your rms delay spread value of the channel. Actually, if you are having a
coherence time involved in it if you are having low coherence time, you will get a
frequency selective slow fading, if your transmitter symbol is comparative to the rms
delay spread. And based on this a combination of the T ¢, T s and sigma, tau you will get
the whole portion can be divided into four part. Above the flat slow fading, flat fast
fading, frequency selective slow and frequency selective fast. Based on whether you are
crossing that this is a how height is or a how did the T s values are and what where is

actually their location of this rms delay spread.
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Similarly, in the bandwidth based in the frequency domain based on the transmitted base
band signal bandwidth, Doppler spread as well as the coherence bandwidth, your signal
bandwidth your same division is possible. So, this is a time domain division and this is
equivalent frequency domain description, but fundamentally you can have any four of
this combination when you are transmitting over a wireless channel. So, we have to
actually be very, very careful when you are designing transceiver, and we need to know
that channel kind of the channel we are dealing with whether it is a flat fast or the flat

slow or it is a frequency selective faster, or it is a frequency selective slow channel.



