general is much smaller than the carrier frequency f. The waves arriving from
ahead of the vehicle experience a positive Doppler shift, whereas those coming
from behind the vehicle have a negative Doppler shift. Thus, each component of
the received signal is shifted by different values of Doppler frequency. For exam-
ple, a vehicle traveling at 50 mph and receiving signals at a carrier frequency of
880 MHz will introduce a maximum Doppler shift of v/ = (50 x 0.447 x 880 x
10%//(8 x 10%) = 65.56 Ha.

4.3.1 Short-Term Fading

By applying the central limit theorem and observing that o, and ¢, are inde-
pendent, it follows that E,, H,, and H, are complex Gaussian random variables

for large N.
We consider the RF version of Eq. (4.2) for the field intensity E,:

N,
E =R, Y (4.8)

i=l

The real part of E, is given as:

N N
RelE) = E, 3, cos 0t cos ¢;~E, ¥ sin @,z sin &, (4.9)

Psi i=1

N N
Let A, = E, ¥, cos ¢; and A, = E, T sin ¢,, then Eq. (4.9) can be written
as: Pt Pt

Re[E,) = A, cos ot -A, sin ot (4.10)

Since ¢, is uniformly distributed between 0 to 2x, therefore the mean values
of A, and A, are zero, The mean square values of A, and 4, are

E,'N
E(Af) = E( Af) = —5— = P,, the mean received power at the mobile,

Since A, and 4, are uncorrelated, and therefore independent, we can write
E[A, Al = 0. Thus, the density of A, and A, follows a normal distribution, and the
envelope of A, and 4, is given by:

r= (Af—;-AszJIﬂ {4.11)
and the phass, 6, is given as:
0= atan%—' (4.12)

¢

The square root of the sum of the square of two Gaussian functions is a
Rayleigh distribution. Therefore, the probability density function for short-term
or multipath fading is given by the Rayleigh distribution (refer to Figure 4.3);
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Fig. 4.3 Rayleigh Distribution—Short-Term Fading

o) =L e(—:-’mzP,)
PO
whare:
2P, = 2¢% is the mean square power of the component subject to short-te

fading and
7% is the Instantaneous power,

The corresponding cumulative distribution function is

prob(r<R) = P(R) = fpie(-r)z(zp,)dr

Py o]
- O]
P(R) = | =R
mean = B[r] = [Crp(r)dr = 12533 /B, = 1.2533¢
Mean Square: = E [r’] = Erzp (rYdr =2P, = 267

Variance: 0, = E[r") - (E[r])* = 0.4292P, = 0.429;
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Normallzed Value of r

Flg. 4.3 Rayleigh Distribution—Short-Term Fading

r @Ry
p() = e
o

where:
2P, = 26" is the mean square power of the component subject to short-term

fading and

* i5 the instantaneous power.

The corresponding cumulative distribution function is

r /@R

prob(r<R) = P(R) = X dr
wrapy |t
P(R) =-¢ 0
P(R) = l_e«R’xzp,

Proan = B[] = ‘[:;rp (rydr = 1-2533«/}'.): = [.2533¢

Mean Square: = E{r’] = J‘;rip (r)dr = 2P, = 26"

Variance: 0,) = E[r'] - (E[r])® = 04292P, = 042920"
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(4.13)

(4.142)

(4.14b)

(4.14c)
(4.15)

(4.16)

(4.17)
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The mean value ry, is defined as that for which P(ryp = 0.5,

F]
nodmhen o (4.18a)
and
ry = L1774,/P, = 17746 (4.18b)

It is often convenient to write Eqs (4.13) and (4.14b) in terms of mean,
mean-square value, or median rather than in terms of P,

Let Elr] =7 and E(r"] = 7.
In terms of the mean-square value

pir) = g_-;:e[ ’1] {4.192)
r
5]
P(R) = I-e (4.19b)
In terms of the mean
nr ["_:?1’]
p(r) = Bt @ (4.20a)
=
2r
[- 2]
PR) =1-¢ (4.20b)

In terms of the median

e

i3
a1
pr) = 2?‘11’;28[ ry ] (4.21a)

P(R) = 1~2 (4.21h)

The Rayleigh probability density function deacribes the first-order statistics
of the signal envelope over distances short enough for the mean level to be
regarded as constant. First-order statistics are those for which distance is not a
factor, and the Rayleigh distribution gives information such as the overall per-
centage of locations (or time) for which the envelope lies below a specified value,

System engineers are interested in a quantitative description of the rate at
which fades of any depth occur and the average duration of a fade below any

given depth, This provides a valuable aid in selecting transmission bit rates,

word lengths, and coding schemes in digital radio systems and allows an assess-

ment of system performance. The required information is prc
level erossing rate and average fade duration below a apecified

4.3.2 Level Crossing Rate

The level-crossing rate, N(R), at a specified signal level f
average number of times per second that the signal envelope ¢
a positive-going direction (#>0) .

N(R) = _[:r‘p(R, A dr

where p{R, ) isthe Joint Probability Density Function (PDF) of R and
and a dot indicates the time derivative,

Using derivations given in references (5] and {8], the ave
rate at a level B can be shown to be:
R
]

N(R) = J%Rfme
1s)

Since 20%= mean-square value, therefore 420 is the root me
value. The level crossing rate for a vertical monopole antenna
as:

NR) = ,,/i'r_rfn,‘;:ne"”2 = Nyfip
R

pu =g the ratio betwaen the specified level and the RMS +
RMS
tude of the fading envelope,

7y 18 the normalized level crossing that is independent of wavelength ar
vehicles speed,

v a speed of vehicle, and

A = carrier wavelength.

Figure 4.4 gives the ny at a level R,
An approximate expression for N(R) below a given level, |
given ag:

N (R) = J2m5p

The above equations neglect the effect of the motion of th
their motion is taken into account, the effect is to increase the
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E [rz] = ;'-2
mean-square value

.
p(r = 2.._.;.'9[ ’l (4.198)
r
-]
P(R) = 1-¢ {4.190)
mean
r [' "27%]
pir) = =¢ ¢ {4,208)
-]
PRy = 1-¢" " (4.20b)
» median
pally!
p(r) = 21;11;29[ 2"5;] (4.21 a)
M

P(R) = 1-2 G (4.21b)
probability density function describes the first-order statistics
slope over distances short enough for the mean level to be
int. First-order statistics are those for which distance is not a
yleigh distribution gives information such as the overall per-
¢ (or time) for which the envelope lies below a specified value.
\eers are interested in a quantitative description of the rate at
y depth occur and the average duration of a fade below any

provides a valuable aid in selecting transmission bit rates, ‘
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ment of system performance. The required information is provided in terms of
level crossing rate and average fade duration below a gpecified level,

4.3,2 Level Crossing Rate

The level-crossing rate, N(R), at a specified signal level R is defined as the
average number of times per second that the signal envelope crosses the level in
a positive-going direction (#>0) .

N(R) = J:ﬁp(R, Fydr (4.22)

where p (R, ) is the joint Probability Density Function {PDF) of R and 7,
and a dot indicates the time derivative.

Using derivations given in references [5] and [8], the average level crossing
rate at a level R can be shown to be:
-A?
&

N(R) = Jg%Rfme

Since 2¢%= mean-square value, therefore J26 is the root mean square (RMS)
value. The level crossing rate for a vertical monopole antenna can then be given
as:

(4.28)

]
N(R) = Jﬁfmpe—p = Ryhig (4.24)
where:
= B _ B _iheratio between the specified level and the RMS ampli-
20 Bgus

tude of the fading envelope,
fam E s
n’o = ﬁif e

i

ngp=pe’,
ng is the normalized leve) crossing that is independent of wavelength and

vehicle speed,
v = gpeed of vehicle, and
A = carrier wavglength,

Figure 4.4 gives the ny at a level R.
_ An approximate expression for N(R) below a given level, p = R/R gy, can be
given as:

N(R) = Jﬁ%p (4.25)

The above equati.ons neglect the effect of the motion of the scatterers. When
their motion is taken into account, the effect is to increase the fade rate,
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4.3.3 Average Fade Duratlon

The average fade duration is the average of 1, 1,, ..., T,. The average dura-
tion of fades below the specified level R can be found from

Elty) = t(R) = E@NQ%—J& (4.26)

Yol ey
T(R) = = = 4,27
) «/2—thmp Y ( )

An approximate expression for 7(R) can be given as:

T(R) ”%J‘%—,} (4.28)

EXAMPLE 4-1

Problem Statement

Calculate the level-crossing rate at a level of -10 dB and average duration of fade for
a cellular aystem of 900 MHz and a vehiclo gpeed of 24 kmsh. Assume the free-space
speed of propagation for electromagnetic waves = 8 x 10° m/a, Neglect the effects of
the motion of the scatterers, Compare the results obtained using the approximate
expressions. '

Had VLR IE RO WA N T EID R VT A W Py R

Solution
§ 6.6
At 900 MHz, A, = 3x10 : = l m,v=6.67mfs,fm = e—
900x 10° 3 %

n, = J2nf,, = 50.
From Fig. 4.3, np = 0.32 at -10 dB.
N(R) = 03250 = 16,0 fades/se

H

pe’ =np =032
p = 0294

(109~ 1)
R = o304

Using the approximate expressions we get:
Fading level =p = —10 dB

= (L0061 sec=6.1

20 log p =—10
p = 107" = 03162
N (R) =37 x 221 x 03162 = 1585 fa
3
T(R) = gx—lﬁﬁ% = 00063 = 6.3

These results are quite close to thoge obtained using the exa

4.3.4 Long-Term Fading

The probability density function for long-term fadin
normal distribution (refer to Figure 4.5).

- 1 e[—(losm-m)’x[zam’h’ >0

where:
m is the mean of log m and
Oy, i8 the stendard deviation.

Using 2z = (log m ~ m)/a,,, the cumulative distribution 1

Z

prob(z<2) = P(2s2) = %+%erf(ﬁjg 1__51;5



