Multipath Interference Characterization
In Wireless Communication Systems
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Multipath Propagation

e Multiple paths between transmitter and receiver
« Constructive/destructive interference

 Dramatic changes in received signal amplitude and phase as a result of
small changes\(2) in the spatial separation between a receiver and
transmitter.

* For Mobile radio (cellular, PCS, etc) the channel is time-variant
because motion between the transmitter and receiver results in
propagation path changes.

 Terms: Rayleigh Fading, Rice Fading, Flat Fading, Frequency
Selective Fading, Slow Fading, Fast Fading ....

« What do all these mean?
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LTI System Model

h(t) = Ngake“’k dt-1,)

ol ¢ |

=a,3()+ 3 ae o)

7‘ X

line-of-sight multipath
propagation propagation

r(t) = ays(t) + Ngakewk st-r,)

line-of-sight multipath
component component
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Some Important Special Cases

All the delays are so small and we approximate 7, =0 foralk

r(t) = as(t) + Niake”k st-7)
= a,s(t) + Z__la1<(a""’k s(t)

N-1 .
= an + Zlake””k E?(t) e sum of complex random numbers (random amplitudes

and phases)
H_J

o « if Nis large enough, this sum is well approximated by
complex Gaussian pdf

a=agtija, ma=E{a}=E§§ake“’k§
ag ~ N(ma,aj) < _Jek
o~ N(rna,aj) _;E{ak}E{e }

=0when g, ~U[—n,n]
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Some Important Special Cases

All the delays are so small and we approximate 7, =0 foralk

() =4/(ay +a. ) +(a, ) e’s(t)
= X7+ XZe'’s(t)
<as()+y aesf) X

= E"Hzakemk %(t) X,~Nla,0z) X, ~N.o7)

=[a, +als(t)
=[ay+ax + ja,]s(t)

=8, + o) + (@ Ferst

0 :aos(t)+§ake”ks(t—rk)
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|mportant PDF’s

_ 2
X N(a"’ia) X, ~N(0,0)
X, ~N(0.o?) X, ~N(0,02)
W= X2+ X2 2 U2
1T W = X7+ X
oo
o Ay Non-central -
W) = e % | w2 _ 1 =
P (W) 207 OE o’ E Chi-square pdf B (W) =- =z € i
U =X +X; U=X+X?
ag+u’ 2
=Y o 2 % Rice pdf U 202
B ()= ze 1 : A ()= e
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Back to Some Important Special Cases

All the delays are so small and we approximate 7, =0 foralk

3| >0 a,=0
N-1 ‘ N-1 .
r(t) = as(t) + Zake"”ks(t—rk) r(t) = Zake'gks(t—rk)
N_—l _ N_—l _
=as)+y e sh) ~;akewks(>
= (e, + ) + (@, Festt) = J@.f +(a, Persit
- ~ J ; —J
Rice pdf Rayleigh pdf
“Ricean fading” “Rayleigh fading”
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Some Important Special Cases

All the delays are small and we approximate 7, =7 forall k

3| >0 a,=0
N-1 _ N-1 _
1) =as)+ 5 ae’ st-7) =5 ae’ st-7)
; sf-r) ; sfi-r)
=a,s(t)+) aeslt-T =Y ae'*st-T
= a,s(t) +4/(ax ) + (@, Pe'’s{t - 7) = (e, feles(t-1)
%K—J ; _J
Rayleigh pdf Rayleigh pdf
“Line-of-sight with Rayleigh Fading” “Rayleigh fading”
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Multiplicative Fading

In the past two examples, the received signal was of the form
r(t) = Fe'’s(t)

The fading takes the form of a random attenuation: the transmitted
signa is multiplied by arandom value whose envelope is described
by the Rice or Rayleigh pdf.

This is sometimes called multiplicative fading for the obvious
reason. It isalso called flat fading since all spectral componentsin
S(t) are attenuated by the same value.
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An Example

h(t) = 5(t) +ae’’s(t - 7) H(H)’
H(f)=1+ae!® ™"

H(f) =1+a? + 2acos(27T - )

s(t) r(t)
s(f) R(f)
10log,,(1+a)’
s(f) R(f)
21 2
? ?
? ? 10|0910 (1_ a)2
2 e 22— |
W w ! W w !
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Tisvery small
s(f)

-W W

Tisvery large

S(f)

Example (continued)

attenuation is even across the

s(t) r(t) signal band (i.e. channel
transfer function is “flat” in the
signal band)

|H (i/ R(f )

e N

/

ya

-W W

9/29/00

W w !

attenuation is uneven across
the signal band -- this causes

, “frequency selective fading”
H (f)L/ \Fi(f)
I

ssssssss

-W W

11

ssssssss

176



Another important special case

Thedelaysareall different; 7, <7, <---<Ty,

') = aos(t)+§ake”ks(t—rk)

-~
intersymbol interference

if the delays are “long enough”, the multipath reflections eselvable.
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Two common models for non-multiplicative fading

s(t)

Taped delay-line with
random weights a

r(t)

central limit theorem:
approximately a Gaussian RP

Additive complex - - ~
Gaussian random process -

") =as0+ ae*slt-r,)
= a,S(t) +4(t)
L% BYU Wireless Communications -4 13
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Multipath Intensity Profile

The characterization of multipath fading as either flat (multiplicative) or frequency selective
(non-multiplicative) is governed by the delays:

small delays [0 flat fading (multiplicative fading)
largedelays [ frequency selective fading (non-multiplicative fading)

The values of the delay are quantified by the multipath intensity profile 1)

\ 1. “maximum excess delay” or “multipath spread”
R (z27:) = Ef (o) )} il
— m = “N-1
uncorrel ated - S(Tl)5(rl - Tz)
scattering (US) / 2. average delay N-1
assumption 5 1 Nt Zl|ak|rk
S(T)zEﬂh(T)| } T:N—_lzjrk or 7=kl
() _ 2,
3. delay spread =
O N-1 |ak|2Tk2
A, o[RS o s B
A T N _1 = | |2
T, T, Ty ; a
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Characterization using the multipath intensity profile

power

|\/\/\/\AA

Compare multipath spredd, with symbol
time Ty

1. “maximum excess delay” or “multipath spread”

Tm = Z-N—l

2. average delay

3. delay spread

T,<T,0O flat fading (frequency non-
selective fading)

T,>T,0 frequency selective fading

l N-1
o, =.|—S1-T% or 0,= | -7
' N—1Z1 “ rT
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Spaced Frequency Correlation Function

S

7) R(Af)
M, . f
L, Tna I‘fﬂ

0

R(Af) is the “correlation between the channel
response to two signals as a function of the
Compare coherence bandwidgtwith frequency difference between the two signals.”
transmitted signal bandwidi-

“What is the correlation between received
fo>W0 flat fading (frequency non- signals that are spaced in frequefAéy: f,-f,?”

selective fading)

Coherence bandwidfl = a statistical measure
fo<WD frequency selective fading of the range of frequencies over which the
channel passes all spectral components with
approximately equal gain and linear phase.

eguations (8) - (13) are commonly used relationships between delay spread and coherence bandwidth
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Time Variations

I mportant Assumption

Multipath interference is spatial phenomenon. Spatial geometry is assumed fixed. All
scatterers making up the channel are stationary -- whenever motion ceases, the amplitude and
phase of the receive signal remains constant (the channel appears to be time-invariant).
Changes in multipath propagation occur due to changes in the spatial location x of the
transmitter and/or receiver. The faster the transmitter and/or receiver change spatial location,
the faster the time variations in the multipath propagation properties.

h(tX) = iak(x)e“’k‘”é(t—rk(x))

/ = a,(x)o(t) + Zak(x)e”k“’é(t -7, (X))

complex gainsand

phase shiftsarea f >\
function of spatial
location x. line-of-sight multipath

propagation propagation
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Spatially Varying Channel Impulse Response

« channel impulse response changes
with spatial locatiorx

» generalize impulse response to
include spatial information

h(t) - h(t;x)

e Transmitter/receiver motion cause
change in spatial location

 The largerx , the faster the rate of

9/29/00

r change in the channel.

 Assuming a constant velocity the
position axisx could be changed to a
time axist usingt = x/v.
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Generalize the Multipath Intensity Profile

From before... The generalization ...
R, (Tl,TZ) = E{h* (Tl)h(l'z)} ) USs Rin (Tyrz; X Xz) = E{h* (Tl; )(1)h(2'2; Xz)} ) aSSlLJJI?IptiOH
= S(Tl)é'(r1 - T2) assumption = S(Tl; X XZ)J(Tl - Tz)
s(r)=Efn(r)} S(r: %, %) = E{n (7;)n(z: %,)}
t=x/v
S(r;t,t,)= E{h* (r;t,)n(r;t, )} WSS
) assumption
S(r;at) = E{n (r;0)h(z;t + At}
!
this function is the key
to the WSSUS channel
BYU . — BYU
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A look at J(t;At)

S(7;Ax) .
/\,J\m /\’JM

AN P

AA_AAA A —

o [ ““:‘ [l Ai:;:
Iy nirevav v Oy e
lnx_:f;f‘ lm::;f‘ "
N~ Dl

AN yehemee

T > S

S(r)=s(r;0)
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Time Variations of the Channdl:
The Spaced-Time Correlation Function

S(7; At) R(At)
N

AAA_AAAA

AW
A’AAAAAA /
niresvvavampi |3
~ANALN\A

)

" NN AL N A
N~ R(At):IS(T;At)dT
AW
>
integrate along delay axis
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Time Variations of the Channdl:
The Spaced-Time Correlation Function

R(At)

0 T,

R(At) specifies the extent to which thereis correlation between the channel
response to a sinusoid sent at time t and the response to asimilar sinusoid at
time t+At.

Coherence Time T, is ameasure of the expected time duration over which
the channel response is essentially invariant. Slowly varying channels have a
large T, and rapidly varying channels have asmall T,
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Re-examination of special cases

From before... The generalization ...
r(t) = a,S(t) + Ngake""’k sit-7,) r(t) = a,s(t) + Zak (0% Mt -7, (%)
a0+ Fasnsl a0+ a0 s
N-1 ] I ia. (0 L
LTS =20+ 3 3,9 50
[, +als(t) =[a, +a(ls()
f ) t=x/v

complex Gaussian RV =@ ta (t)]S(t)

f

complex Gaussian Random
Process with autocorrel ation

R (00)= Efo @ate+ )

= R(At)
EYU EYU
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Commonly Used Spaced-Time Correlation Functions

R(At)
Timelnvariant  R(At)=202 -w<At<o
< > At
R(At)
Land Mobile
(Jakes) R(At)=202], DY atp
0o A O < N\ N\ —

Exponenid  R(at)=20% 1" J\
< > A

R(At)

vl
_ R(At)=20%e B4 F /\
Gaussian < . A
R(At)
sin %}Zn:\/ At E
“Rectangular’  R(At)=207 v A
2imr— At
A
BYU : e BYU
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Characterization of time variations using the spaced-time
correlation function

R(AY)

 Fast Fading
- TO < Ts
— correlated channel behavior lasts less than a syihidalding characteristics
change multiple times during a symhol pulse shape distortion
« Slow Fading
- TO > Ts
— correlated channel behavior lasts more than a symlfalding characteristics
constant during a symbaol no pulse shape distortianh error bursts...
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Doppler Power Spectrum
Frequency Domain View of Time-Variations

R(At) s(v)

O To fd

Time variations on the channel are evidenced as a Doppler broadening and perhaps, in addition as a

Doppler shift of a spectral line.

Doppler power spectrum Sv) yields knowledge about the spectral spreading of a sinusoid (impulse
in frequency) in the Doppler shift domain. It aso allows us to glean how much spectral broadening
isimposed on the transmitted signal as afunction of the rate of change in the channel state.

Doppler Spread of the channel f, is the range of values of v over which the Doppler power
spectrum is essentially non zero.
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Doppler Power Spectrum and Doppler Spread

Compare Doppler Spread f, with
S(V) transmitted signal bandwidth W

fy>W0O fast fading

/ \ fy<WO slow fading
< > V

eguations (18) - (21) are commonly used relationships between Doppler spread and coherence time
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Common Doppler Power Spectra

Time Invariant S(v)=2026(v)
R O )
Exponential 20,1 A

(1st order Butterworth) n(l/ +(v/ 2 )
Gaussian slv) = 20} _(vjj 2

A

Ho. _
“Rectangular” S(V) =0/ A viA<v<viA

HO otherwise
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Putting it all together...

S(1; At) Fourier transform » S(Af ;At) spaced-frequency, spaced-time correlation function
T o Af
_ R(At)
R(Af ) At=0
spaced-frequency spaced-_ti me
correlation function correlation function
< p f
[————>
fO
i Fourier transform Fourier transform i

S(r) sv)
multipath intensity hgs Doppler power
profile g spectrum
T
z-1 T2 Z-N—l v
f

S(7;v) "~ scattering function
Efu
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Scattering Function

S(T;v)

o[

PV n \/ M\

/\/\//\" delayT

frequency v
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