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MULTIPATH PROPAGATION EFFECTS

INTRODUCTION

uomll‘* LY (a“(-

VELOCITIES OF WAVE PROPAGATION comMs

?h” coMS(‘Mf

e= E“cxp(ju() = Eocxp(-ar) exp[j(wt - Br)]

Phase Velocity

wt - Br = constant

(1c fwwo-@«ﬂf

Therefore, vi
f &{N‘- ' b
dr W
vp= dt =T
B =w pe
Thus
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AMp L w -
v =1/ e Az vpl = P~ 3
v / ) P £ PSf
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Vs " WS wpz¥ s w=z= RNp, dw. vML wp
° dp op
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a IV": .).u ‘7
DOPPLER FREQUENCY Afr: p) f
: ‘ LA - wrcosé
vp=vp-vcose e ;\{- 21[

). - &Mcot b
fl= £- ¢
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f-f

where

o, " u.coso
where o _ 4 Bv is the maximum Doppler shift. v = 72km/h, f = 900MHz, fD = 60 Hz

Relativity Theory

f?=f

=~
[}

-
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[
|

<
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DO b=
p——
6l<
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~
|
[———

f =f - fv/c

Given that c¢ = Af, then

f?2=f-v/A
DELAY SPREAD , Mgaw [imé Decay * & "
~r—-kR7 % T per)di
FLT*] =),
-~ T = €ECT]
h© = }a 8¢ -T) ' A _ 2,
i=1 G = ¢ (7]~ € (7}
COHERENCE BANDWIDTH ,P ct) ~ _L “"F( T
Definition; Narrowband Systems; Wideband Systems T r
Received Signal ? ~ 0, Z/MS o/”” ano,
0.5 s wgmbao
e, = E exp(-alrl) exp[j(w( AT wTi)] S,us ,W.Aa'”
wTy s zﬁ{T,‘:%‘_fvaJ‘:zil?ﬂj; P, Wis= Prrcosés
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n m
e =E Z Za”exp[j(wt + w”t + le)]

i=1 j=1
2
where alj = hp(elj)dep(Tl)dT
and w = Bvcoso
ij ij
Lima lr_&m a?'s exp[— %]do dT
d=° 7 1 7 T

s(t) 4 Re(e) = X coswt - Ysinwt

where
ey A
X = Eozi aicos(u‘t - le) = r cosp
J’qisl
Y = Eéz aisin(uit - w’l‘i) = r sing
(.’oi"
Joint Probability Density Function - S‘(t) v t an J MJI
S:(*) & “‘ Md w‘
& A
X1 = EOE; Zlaicos(uit - ul'l'i) = r, cosp
3 A
Yl= E()!:Zlaism(uit - ulTi) = r sing
- A
X2 = Eo{izlaicos(uit tot - uzTi) =r, cosp,
3 A
Y 5™ Enzizlalsm(uit tot - uzTi) = r, cosp,
l n
exp[— m i Z |A|jk(Rj_Mj)(Rk-Mk)]
j=1 k=1
p(Rx'Rz’ ) ® a/2 1/2
! (20)™* |A|
where R, j=1, ..., n are the random variables
Mj = E [Rj] are their mean values
and |I\|jk is the cofactor of the element A]k of the determinant |A|. The matrix
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A is called Covariance Matrix and its elements Ajk are the covariances, defined as

follows.
A
A2 cov ® R = E[(RI-MI)(Rk—Mk)]
=E[RR -ME[R] —ME[R]+MM =
ik k i i k ik
- E[RR] - E[R] s[n]
ik i k
Cov(xl,xl) Cov(Xl,Yl) Cov(xl.xz) Cov(Xl.Yz)
- Cov(Yl,Xl) Cov(Yl,Yl) Cov(Yl,Xz) Cov(Yl,Yz)
COV(Xz,Xl) COV(XZ'YI) COV(Xz,Xz) COV(XZ,Yz)
_COV(Yz’xl) Cov(Yz.Yl) Cov(Yz,Xz) Cov(Yz,Yz)d
n
E[Xl] = < )(l > = E0 izl< a{cos(uit - ulTi)> = 0
where
T
< x(t) > =Lim ;—T I x(t) dt
To®
-x

E[Xl] = E[Yl] = E[Xz] = E[YZ] = 0. Therefore, in this case Cov[Rj,Rk] = E[Rij]' Then

2y _ 2 _ 2 _ _
Cov[xl,xl] E[Xl] =< )(l > E0 Z< aiajcos(wit ulTi) cos(wjt wlTi)>

i,]

It is clear that the above average will vanish unless i = j. In this case

< a?cosz(wlt - ulTl) > = af/Z. Therefore,

Cov[x ,X] = 02 Z 12
1’1 i

where o = 53/2

Cov[xl,Xl] = 02 J :
2T

o o0

cxp[- %] de dT = o’
T

Similarly,
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Cov | X ] Cov[Yi,Y] = 0' , 1=1,2
N

@]

Cov XI,Y = ov[Yl,X] Cov[x Y =Cov|Y_X | =0

ne

Cov Xl,X = Cov[xz, ] = Cov[Y Y = Cov YZ,Yl M to be determined

Cov|(X ,Y_ | = Cov[Yz,X] = - Cov[Y X] = - Cov[x Y] 4 e to be determined

Using the same procedure

= = = 2 - -
B o= E[XIXZ] < Xl)(2 > Eo izj< ala]cos(uit ulTl) cos(wjt + wjt szj)>

_ _ 2T 2 ~
Moo= E[Xl XZ] o Z a, cos(uit Au'l‘l)

where Aw = w, - and ¢ = Ez/Z

In the limit, with i3

o
uo= o’ 1_ exp[- —;—} cos(Bvtcos® - AwT) d6 dT
] 2aT T
0 o
Then
o’ 3 (0 7)
po= 0 m
! 1+ (MT)?
x
Jn(z) = % J cos(z sinx - nx)dx, n integer
0
2, = T <
L -¢ AuTJo(w_t) ‘ Zf /‘,(‘ < M2
: 1+ (aT)? / - h

o4
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¢ . " H,
o o’ M, K
A= 3

M, TH, o 0

2

B 0 i
PX Y X, Y) = ———— oxpl- gt [‘z‘xf $ Y]+ X+ YD)
anet(1-p%) 20%(1-p%)

XX, YY) - (XY, - xzvl)]}

p(rl,rz,vl,¢2) = |J|p(X1,Yl,x2,Y2)

2).¢ X :).¢ X
1 1 1 1
8rl c‘wl ar2 8,2
aYl aYl aYl aYl
S - é)rl a'l ar2 8’2
8)(2 axz ax2 8X2
ar " apl ar2 8'2
8Y2 8Y2 c‘iY2 aYz
i arl a'l ar2 8'2 _
[J]| = rr,
Therefore,
rr
12 1 2,2 2
p(r.r.v.v)x———c ————[6‘(1‘ +r)
12’71’72 4'2'_4(1_"2) ’0{ 20‘8(1—p2)2 1 2
- 2rlr2ulcos(pz-'l) - 2rlr2uzsin(p2—¢l)]}
n 20
p(rl.rz) - p(rl’rz"x"z) d'l d’z
0 o



Then

( ) rlrz t + r: l r1 rz P
plr,r ) = ———— €xXp|-

1”2 a"(l-pz) 2A'.z(l_pz) 0 o_z(l_pz)
So V: O r vPCJls,)?z) = 17(-}”) {7(J?z)

plo.9,) = r fp(rl.rz.vl.vz) dr dr,
0 0

2 1/2
2 1-U -1
| 1-e [ ] + Ucos (-U)
p('x"z) [ 2 ] ' 3 3/2
- v)

4n

where

U= pcos[fz -9, 0t tan-l(AuT)]

o

rlrz rl * ri
plr,r,) = ple) ple)) = —— 5 — exp|l- —————

In the same way, U =0 and

1
ple0,) = plo.9) = o

Envelope Correlation

Cov(r ,r,) E[rer] B E[rl] E[rz]

v Var(r ) vV Var(r)) : ‘
SV ] -2 e[ - E

Var(r)) = Var(r,)) = (2 - /2o’
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E[rl rz] = J I rE p(rl,rz) drl dr,

0 0

E[rl rz] = ——;— o’ F(-1/2, -1/2; 1; pz) HIP.M oML (.41‘4
Fuwc {l'oﬂ

o (a) (b) n
F(a, b; c; z) = z 2‘:) : :

ab a(a+1) b(b+1) z R
=1+ s zZ + cle+l) 21 ¥

n 2 2
pr— 44 - n p =P
o T S e -
2
. Jo(u-t)
( 1+ (awD)?
Q—'W%

Phase Correlation

el I
AR -#b] /e

ple) =
0 , otherwise

2R

E[ﬂ] ) E[’Z] o [ ¢ dp = x

0
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Hence

E

The expectation E|l¢ ¢_| is given by
pe 1 *2

n 2N
E[vl v24 - r r ’1"2 p(’l"z) d'x d’z
0 0

E[g)l ¢2] = [l + I(p,p) + 21‘2(p.¢) - 12 z P 3

F(p,¢) = ;I sin" (pcos¢)

$ = - tan (20T

and
2
" Jo(u_t)
o
1 + (AwT)
3 -] p2n
p(p = 3 I'p,9) [l + 21‘(p,¢)] - 3 Z 3
4n n=1l n

W

Coherence Bandwidth

Envelope

Jz(umo)
pr = ————_ 3 = 0.5
1 + (AwT)
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B 2 ‘2"1‘[’ =—L1 | T=sus, B = 32kHz
‘ 2aT ‘
Phase
B = —
¢ 4nT
LEVEL CROSSING RATE
R_= E[élr-—-u] = | r p(R,r) dr

Joint Probability Density Function

X = EBv t—a_sin(ut - wT )cosB,
0 - i i i i

n
Y = EOBV Zalcos(ult - le)cosOi

- Cw -
e|%?| = g|lY?Y] = (|~:G;3v/2)2 P

x2 +Yz

p(X,Y,X,Y) = S SE— exp|- : [
4.2‘_2".2 2

plr,r,0,9) = |J]| PX,Y,X,Y)

X r cosp - ré sing

_ l"slnp 2 ré cosg

e
i
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o 2 1 ( 2, 2 «-)2
P(rrep) = —— 55 x|~ ( e ® ]
dm oo

AtR=V20‘.v=72km/h.f=900MHz.Rc=55cross/scc.

AVERAGE DURATION OF FADES

2
1
= expl —| -1
Vi f RV o‘)[ [/T o‘] ]

AtR =V 20, v =72%km/h, f=900MHz, T = 11ms.

RANDOM FREQUENCY MODULATION

Probability Distribution

0 00 2N
ple) = [ I plr,r,0,9) dr dr de
0 o 0

Hence
(]

P($) = problp s @) = I plp)de
-0

Then

-3/2
plp) =« —2— J1 + 22 o
v 2 Bv (Bv)
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N
Crossing
‘Rate B
7/ At R
V2 f,
Vi
/

/

(N2 )t

Var f,

/

Auration of Fades

A (2w f ) =

20 -10 0 10 20



and

Power Spectrum

Then

where

=3/2
PO = v — L 41 2 &
v 2 Bv (Bv)

Ro(0) = e[&m o - r)]
: R;(7) . R:(1) X R (¥) .
R{o(’) =" R (0 - R (@) Im1 - Rxloi
R (1) = czl (w T
X 0 m
Rx(t)

R _(0) - Jo(“-t)
X

R;((‘t) " de(‘t) Jl(u_t)
R (1)  R(D dt = T v

X X 0 m

.. 2
Rx(t) ! d Rx(t) 3 Jl(wmt) o
R_(1) R_() 2  Yal e Td (0D

X X dr m 0 m

2[ R;(t’) cos(wt) drt

Sé(f) = [ R;(t) exp(-jwt) dt

-0 0

Lim S:(f) = [(é-/cr)2 - (o /v)‘] "
v xy

(g

a‘xy = E[XIYZ] = —E[XzYl] =0
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POWER SPECTRA OF THE RECEIVED SIGNAL

w(@) = w + w cosd
c m

w
S(w) [dw| = : [G(O) p(@) + G(-8) p(-G)] |de|

2mn

1/2
|do| = |-Bvsine| |de| = [(Bv)z - - uc)z] |de|

1/2 = , M S8 s=mn
p(e) =
0 , otherwise
wo[c(e) R G(-e)]
S(w) =

1. Power spectrum of the electric field Ez.- vertical monopole (whip) antenna,

G(e) = G(-8) = 3/2

W, o - o 12
S(w) 1 - |——
m
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Asymptotic form
equation (4.76)
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2. Power spectrum of the magnetic field H‘: small loop antenna along the y-axis,

G(8) = G(-8) = (3/2)sin’6
W, o - 2|12
S(w) = 1 - £
w
m m
3. Power spectrum of the magnetic field Hy: small loop antenna along the x-axis,
G(8) = G(-8) = (3/2)cos’e
W, w - e ’ w - a-td
o) = W ) L=
m m m
FIELD MEASUREMENT d=wt; g4 2
d

t
Vo WS: Z?T,[; z ZIIM/J ﬂ“J/S
1. Sampling Interval

w = 2n v/d rad/s

w = 2n v/d = 2(Bandwidth) = 2(28v)

Hence

Lot {= goomHe 1 A=z
g § 8 3cm

d = A4

2. Separation of Slow and Fast Fading

S(t) = M(t) + R(t)

9 1
M =7+ isiq

j=k

dg AM * 1 297
fo = 2K+ T /g 2 yw /3
[, =l = dvn 2 HE fs 2 UM/5 = 2 fon
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where 7 2 1.

f =af
m

co

where 0 = a = 1.

2k +1 =4 y/a

L 2k + 1
s_—r—v

L = AMa

fc = 900 MHz,

BUt 7[co=;£§ - ﬂ_ﬁi»,é_."‘

2 ket 2k«d

y = 2, (sampling frequency = 4 x bandwidth = 8 x Doppler

« = 0.04 ( cut off frequency = 4% of the maximum Doppler)

Then 2k + 1 (number of samples = filter’s length) = 200

L=25A =833 m.

At v = 72 km/h ,sampling rate = 480 samples/s (4cm/sample interval).

3. Validation of the Measurements

RADIO CHANNEL SIMULATION

s(t) = Xx(t) - Y;(t)

where

a cos(ult - &l)
i=1

M
Y = E0 lzlal sln(uit - &l)

af = p(e,)dop(y )d¥
wl = Bv cosel

00
a s 1
x(t) .= - [

-

x(T)
t -t

dt

45
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Analog Solution

1. Waves Sum Solution

2. Gaussian Noise Filtering Solution

DSP Solution

prob [r = Rl = rp(r)dr

c c
0

tsl
R

Wauves Som Seolu \(/ou
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