IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY. VOL. 39, NO. 4, NOVEMBER 1990

289

The ALOHA Systems in Shadowed Mobile
Radio Channels with Slow or Fast Fading

ASRAR U. H. SHEIKH, SENIOR MEMBER, IEEE, YU-DONG YAQO, MEMBER, IEEE, AND
XIAOPING WU, STUDENT MEMBER, IEEE

Abstract—The throughput performance of ALOHA systems in mo-
bile radio channels can be improved due to the capture phenomenon,
meaning that the strongest packet may capture the receiver even in the
presence of other overlapping packets. In this paper, the influence of
receiver capture on the performance of ALOHA in the presence of
shadowing is investigated. The combined effect of Rayleigh fading,
log-normal shadowing, and spatial distribution of mobile users is also
studied. The capture phenomenon results in substantial improvement in
system throughput under slow fading. Under fast fading conditions, the
throughput can also be increased especially when error-correction cod-
ing is used.

I. INTRODUCTION

URING THE EARLY 1970’s, the ALOHA protocol

was a topic of considerable research because of its
attractiveness in providing reasonable efficiency in random
access packet radio networks [1], [2]. It is well known that
the maximum realizable throughput is 1/2¢ and 1/e for pure
and slotted ALOHA, respectively. These results are obtained
by assuming that the channel is noiseless and all packets
arrive at the receiver with the same power level. When two
or more packets arrive at the receiver during overlapping
time, they collide and all packets involved are destroyed. In a
practical packet radio network, the transmitted packets expe-
rience not only noise but also fading, with the result that the
receiver may fail to detect the faded packet even though there
is no collision [3]. The fact that independently faded packets,
with different signal strength, arrive at the receiver makes the
capture effect possible (the strongest signal may capture the
receiver), so that the probability of mutual destruction of
packets is reduced [4]. This results in an increase in the
system throughput [5]-[7].

In the mobile radio environment, the power level differ-
ence between packets may arise due to Rayleigh fading
(multipath propagation), shadowing (by buildings and hills)
and the near/far effect (the spatial distribution of mobile
users). The ALOHA network is expected to benefit from all
three factors. The performance improvement of ALOHA
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systems in Rayleigh fading channels is discussed in [6] and
[7], the near/far effect on ALOHA systems is studied in [8]
and [9], and the combined effect of fading and the near/far
phenomenon has also been studied in [5], [6]. However, the
effect of shadowing on ALOHA systems has not been well
studied and reported except in two recent publications by
Prasad and Arnbak [10], [11] in which fading and shadowing
are considered. The present paper investigates the shadowing
effect on ALOHA networks. The originality of this work lies
in combining the effect of fading, shadowing, and spatial
distributions. Furthermore, the fading speed, slow or fast, is
brought under consideration. We shall describe a relatively
realistic mobile radio ALOHA system model where fading
(slow or fast), shadowing and user spatial distributions are
included.

In comparing power levels of different packets, it is usu-
ally assumed that the power level of a signal remains constant
over one packet duration, i.e., the power of each bit in a
packet is the same. This assumption has been used earlier
[5]-[9], and is considered to be accurate if the users are
stationary or are moving very slowly. Also, in some mobile
radio systems, the speed of a vehicle could be as high as
several tens of kilometers/hour, with the consequence that
the channel fades rapidly. In such an environment, the signal
power level does not remain constant over the duration of a
packet. A receiver operating in a mobile traveling at a
moderate speed will experience signal level changes within a
packet. A study on the impact of increasing the vehicular
speed on the system performance requires second-order
statistics of the signal fades. Unfortunately, the second-order
statistics of a Rayleigh distributed signal envelope are not
available, and it is very difficult, if not impossible, to study
the effect of the vehicle speed on ALOHA performance.
However, this situation can be resolved, as is the case in this
paper, by considering two extreme cases: 1) when the signal
remains relatively steady over the duration of the packet, and
2) when two adjacent bits are considered to be faded indepen-
dently [12]. The latter situation could result when the bits in
a packet are interleaved.

ALOHA systems in mobile radio channels have been stud-
ied extensively. This paper differs from others in two as-
pects. First, we consider the combined effect of fading,
shadowing, and spatial distributions on ALOHA. Second, the
effect of fast fading on ALOHA systems is studied. Section II
gives a description of the ALOHA system concerned. Section
III analyzes ALOHA systems in the shadowing-only environ-
ment without any consideration given to fading and spatial

0018-9545/90/1100-0289$01.00 © 1990 IEEE



290

distributions of the users. The combined effect of fading,
shadowing, and the spatial distribution (the near/far prob-
lem) is studied in Section IV and the fast fading effect is
studied in Section V. Conclusions are drawn in Section VI.

II. SYSTEM DESCRIPTION
A. System Model

We consider a mobile radio ALOHA system in which
packets are transmitted from one vehicle to another via a base
station. Only the uplink communication (from mobile users to
the central station) is studied in this paper. An infinite
number of users generating Poisson distributed data traffic is
assumed.

Slotted ALOHA, by allowing transmission only within
well-defined time slots, doubles the maximum throughput of
pure ALOHA. This paper considers the slotted ALOHA; a
similar approach can be used to analyze pure ALOHA
schemes.

The mobile channel is characterized by noise, Rayleigh
fading, and log-normal shadowing. Because of the spatial
distribution of the vehicles, the existence of the near/far
effect is also a possibility. A detailed description of these
characteristics is provided in the latter sections.

B. Capture Effect

A desired packet can be received successfully, that is, it
captures the receiver in the presence of other overlapping or
interfering packets, if its power is larger than the interfering
power by a certain margin known as the capture ratio of the
receiver. This is the capture effect. The derivation of an
expression for the capture probability, the probability that the
packet concerned captures the receiver, is one of the major
objectives of this paper.

If the desired packet overlaps in time with another packet,
the capture probability P_,,(1) is given by

We

'Pcap[(l) =Pr( >R), (1)

ul

where w, is the power of the packet concerned, w,, is the
power of the interfering packet, and R is the capture ratio. A
receiver with R = 1 is said to have perfect capture, since it
can recover the desired packet even if its power is equal to
the power of the interfering packet. A receiver with R = oo
cannot capture the desired packet even if the interference
power approaches zero.

In the presence of I (I = 1) interfering packets (each with
power w,;, i =1, 2,--+, I), the capture probability is ob-
tained by comparing w, with total interference power [5],
(61, (81,

We

1
Z Wai
i=1

>R

Pc(al;t(l) =Pr

(23)

Also, if it is assumed that the strongest packet will capture
the receiver when the ratio of its power to the power of the
next to the strongest packet is above R [2], [7], [9], [13]-[15],
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the capture probability is

w('
PA(I) = Pr (— >R,

ut

for all i,0<isI). (2b)

When all the interfering packets are independent, (2b) can be
written as
I W,
PO(I) = II Pr|—< > R|. 3)
i=1 ui

If the distributions of the interfering packets are also identi-
cal, we simply have
I

P2(1) = [Pr (;‘— > R) . @)

ul

Under the condition that all the interfering packets are
independent and identically distributed, (2b) can be evaluated
using (4). However, in general, it has been shown [7] that

w. !
Pr[— >R
Wi

Also, we readily have

>R,

w
sPr( <

ui

foralli,0<i=<I]}.

)

wC wC
Pr >R| =Pr|— >R,

Z Wy

i=1

Wy

foralli,0 <i=<I|. (6)

Thus, in general the lower bound of the actual capture
probability is provided by (2a) while (2b) gives the upper
bound. It is obvious that a receiver which compares the
desired packet power with the worst interferer has better
capture performance than the one which compares with the
total interference power. In this paper, we use (4) to evaluate
the capture probability. Note that (4) is a lower bound of (2b)
(see (5)) while (2b) is the upper bound of the actual capture
probability.

In Appendix I it is shown that (2a) and (4) provide the
same results under Rayleigh fading conditions. This indicates
that in the Rayleigh fading-only environment, we can simply
use (4) to evaluate the lower bound of the capture probability
(2a)).

The above equations are derived under the assumption that
the signal remains constant over the duration of a packet.
This is a valid assumption when the signal fade rate is very
slow. If the fade rate becomes high, the signal power may
vary over the duration of a packet and all the packets
received during a slot should be compared on a bit-by-bit
basis. This aspect is studied in Section V.

C. Throughput

The channel throughput S is defined as the average num-
ber of packets successfully transmitted in a packet length
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duration. It is assumed that each user produces traffic which
is Poisson distributed. The total traffic arriving at a receiver
from several sources around it will thus have a similar
distribution,

p(i) = G'exp (- G)/it, ()

with mean channel traffic G. P is the probability that a
packet is successfully transmitted. The channel throughput is

S = GP. (8)

A packet is transmitted successfully if and only if the
following conditions are satisfied. 1) No error occurs due to
channel impairments. We may assume that a packet is de-
tected correctly if its power is above some threshold (W,)
and the corresponding probability is denoted as

i=0,1,2,-

P, =Pr(w,>W,).

()

2) Acknowledgment is received correctly (its probability is
P,). Note that acknowledgment failure results in packet
retransmissions. 3) The desired packet captures the receiver.
Therefore, we have

P:p(O)PtPa+p(I)PPaPcapt()

+ p(z)P PaPcapt(2)

= PIPaexp G) Z [G cap((l ] /l’

Peg(1)]- (10)

When both P, and P, equal one and R approaches infinity
(P4pe(1) approaches zero), (8) and (10) reduce to the case of
the standard slotted ALOHA in noiseless channels in the
absence of the receiver capture effect.

= P,Pexp(—G)exp [G

III. ALOHA SYSTEMS IN SHADOWING ENVIRONMENT
A. Log-Normal Distribution

The buildings and hills obstructing the radio signals make
them fade such that the signal power w, is log-normally
distributed with a probability density function (pdf) given by
(16]

[_ (log w, + A)*

C
pwc(wc) = ;“CXP ]a w.>0 (11)

. B
where
log e
C= \/2g_7ra’ (12)
2
A= ~log W, + 2oz e’ (13)
B =20, (14)

and W, is the mean value of w. and ¢ is the standard
deviation in bels.
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B. Packet Failure Due to Channel Impairment

In the absence of interfering packets, a packet may not be
detected correctly because of channel impairments such as
noise and shadowing. The probability that a packet is trans-
mitted successfully is written as

P, =Pr(w.> W)

= / pwc( wc) dWc.
W,

4

(15)

After a simple change of the variable w, and assuming
W, = R,W, (R, = 0), we have

1 oo
P =— / exp (- u?) du, (16)
SRV
where
2
log R, +
L - 8 2log e (17)
Y R

Note that (16) approaches one as R, approaches zero. The
special case with R, approaching zero means that the packet
collision instead of the channel impairments such as noise
and shadowing is the major source resulting in packet failure.
C. Capture Probability

We can rewrite (1) by considering that w,,, and w, have
the same distribution as given in (11). It is further assumed
that w,, and w, have the same mean and standard deviation.

Pu(1) = /Om [/ijwc(wc) dwcjg

[ (log x + A)?
cexp |- ———
B

A simple change of variables results in an expression for

Pcapl( 1) as
dw;}

)= 535 |\
(19)

]dx. (18)

(w. + A)’
B

exp [—

log R+x’

[ (x" +A)°
cexp|——— 7

dx’.
7 x

It can be shown that (19) can be reduced to a single
integral [17] giving
) u?
capt(l) \/_ exp - 7 du’ (20)
where
log R
2= V2o
Note that when R = 1, (20) is equal to 0.5.

Inserting (20) into (4), results in the capture probability
needed to evaluate channel throughput.

(21)
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Fig. 1. Throughput curves, assuming shadowing-only environment, o0 = 5
dB, R, =0,and P, = 1.
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D. Numerical Results and Discussions

Numerical computations have been made, resulting
throughput curves as shown in Figs. 1-3, and several infer-
ences are drawn from these results. The channel throughput
increases with an improvement in receiver capture, or in
other words, when R decreases. This is shown in Fig. 1. It
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is shown in Fig. 2 that significant improvements in through-
put are obtained in the presence of shadowing, especially
when o is large. As expected, channel impairments (noise
and shadowing) reduce the throughput. However, when com-
pared with ALOHA in the absence of channel noise and
receiver capture, it is observed that there is still some
throughput increase, largely under high-traffic conditions.
This is shown in Fig. 3. This means that ALOHA stability is
improved in shadowed environment.

IV. CoMBINED EFFECTS OF FADING, SHADOWING, AND
SPATIAL DiSTRIBUTION ON ALOHA SYSTEMS

A. Superimposed Rayleigh Fading and Log-Normal
Shadowing

Equation (11) describes the pdf of w,., which is log-nor-
mally distributed. In this section, we consider the case where
the signal envelope is Rayleigh distributed due to fading; that
is, w, is exponentially distributed while its mean W, (local
mean) is log-normally distributed with an area mean W, and
standard deviation ¢. The conditional pdf of w, is then

pw,_.iWc(wcl VVC) = 7% W

c [

1 w,
—exp(———c), w,>0 (22)

and the pdf of W, is

(log W, + 4)°

c

| @
for W, > 0. Combining (22) and (23), we have, for w,. > 0,
Pu9) = [ Puiw0e W D (W) W, (24)

0 .

which can be written as

(A - log u)z] du

b, (wc) = C/ exp(_wcu) exp[—
c 0 B

(25)

B. Spatial Distribution

Assume that the base station (or the receiver) is located at
the center of a plane and that there is a reference line as
shown in Fig. 4. The location of a mobile relative to the base
station is determined by the distance to the base station and
the angle relative to the reference line. The position of the
mobile user is distributed randomly in the plane. The angle
can be assumed to be a random variable with a uniform
distribution ranging from O to 2x. However, in a typical
mobile communication system, the base station uses an omni-
directional antenna, which makes the angle ¢ irrelevant to the
determination of signal power received at the base station.
Thus the signal power is solely determined by the distance x.
This means that all of the users in a plane may be placed on a
single line by rotation of their location through a random
angle. This simplifies the problem considerably. Thus we
require only the distribution over distance rather than over a
plane. Our choice of the probability density for the user
distribution is restricted by the near/far phenomenon. We
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a mobile user

base station reference line

Fig. 4. Location of a mobile user in a plane.

should not allow colocation of the receiver and a transmitter,
otherwise the former will be swamped by the latter. Further-
more, a significant number of users should not be allowed at
very large distances from the receiver because it imposes
limitations on the frequency reuse and connectivity parame-
ters of the network. Many pdf’s meet the above require-
ments. However, according to [18], it is reasonable to as-
sume that the distance between a mobile user and the base
station has unimodal distribution. It is also known that for a
unimodal pdf the exact functional form of the pdf is not very
important [18]. Therefore, following Arnbak et al. [5], [6],
we assume that

4 4
px(x)=5xi50exp[—i(%)], x>0 (26)
with a single peak at x = x,.

The distance x from any user to the base station is a
random variable with a distribution identical to that in (26).
Let the ratio of distances between the base station and two
users be r. As shown in Appendix II, the pdf of r is

4r3

oy @

p(r) =

for r > 0.

C. Capture Probability

When the spatial distribution of the users is considered in
the evaluation of the capture probability, the distance of each
mobile from the base station must be taken into account by
incorporating the distribution given in (27) into the expres-
sions for the probability of capture ((2a)-(4)). In other
words, we should study Pr [(w,/w,)(r,, /r.)* > R] instead
of Pr (w,/w,, > R). This is obvious for the received signal
power at the base station from each user is affected by the
propagation losses. The parameter « is determined by the
channel propagation model and its value is usually taken to
be between two and five. In this paper we consider o = 4,
which characterizes the mobile radio channel. Consider that
the desired packet and the interfering packet are transmitted
by the users at distances from the base station equal to r,. and
r,;, respectively, where r = r./r,,. The interfering packet
arrives at the receiver with power w,, which has the same
distribution as w,. with local mean W, and area mean W,.
The probability that the considered packet captures the re-
ceiver over the interfering packet is

4
W, r
Pr{— (i]) >R
wul rc

= Pr(w.> Rw,r*)
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ek

-exp (—xu) exp[— (—A_—:El—)—] du} dx

oo 4y3
o,
o (1+y%)
Joulel

ny4 0

A - log v)*
'exp(-wcv)eer[——( Bg )]du} dw,

3
0

-exp (—xu) exp[— (i—log—u)] du} dx

B
s
o (1+y%)
* 1
'C/ —exp (—Rxy*v)
0 v

(A - log u)z] oo

-exp[— 3

3

st [ e :
o Jo Jo (Ry*v+u)v (1 + %)

.exp[——(A — log "‘)ZJ

B

(A - logv)®

> (28)

-exp[— }dydudu.

Appendix III shows that (28) is reduced to

w, [r, \*
Pr[ < (Ll) >R
wul rc

1 *  exp(—w?) C?>Vx BRIn* 10
oV /_a, 1 — 10" R-20w °7 4ve
/°° 10~ ( log R)
| ——— (y - log
~w (10” = R)?
0.5y?
rexp | - — dy. (29)
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Fig. 5. Throughput curves, considering the combined effect of fading,
shadowing, and spatial distribution, 0 = 5dB, R, =0, and P, = 1.

In the investigation of the combined effects of spatial
distribution and superimposed Rayleigh fading and log-nor-
mal shadowing, we have considered that the received com-
posite signal is Rayleigh faded about a log-normally dis-
tributed mean and the distance of the mobile from the base
station results in an attenuation of the composite signal. This
approach is used in the derivation of (28). Note that the effect
of spatial distribution on the capture probability can also be
studied by incorporating with the area mean for each mobile
user. In this approach, the local mean of a signal depends on
the distance between the mobile and the base, which reflects
the actual physical phenomenon. The two approaches are
shown to be equivalent in Appendix IV, while the approach
used in this paper provides a simpler derivation.

D. Numerical Results and Discussions

It is difficult to solve (29) analytically. Therefore a numeri-
cal solution is sought. The results are shown in Fig. 5.
Comparison of Figs. 5 and 1 shows that the composite of
Rayleigh fading, log-normal shadowing, and spatial distribu-
tion effectively improves the capture effect seen in the shad-
owing-only environment. This improvement in the capture
effect results in higher throughput, a confirmation of the
result in [9].

V. THE Fast FADING EFFECT ON ALOHA SYSTEMS
A. Fast Fading Phenomenon

In the analyses above, a constant signal level is assumed
over the duration of a packet; a case where the signal level
varies very slowly. In some mobile radio systems, as a result
of high vehicular speed, the signal level may change rapidly
and the assumption of a constant signal level over a packet
length no longer remains valid. A study on the performance
variation due to increasing vehicular speed requires second-
order statistics of the signal fades. Unfortunately, for the
Rayleigh distributed envelope, second-order statistics are not
available. However, we may consider two cases: first, the
signal remains constant over the length of a packet, and
second, the signal varies continuously such that two adjacent
bits of a packet are affected independently. The former case
is widely considered in the literature while the latter has not
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been given enough consideration but is important when inter-
leaving of bits is used in a packet. In previous sections we
studied very slowly fading channels in which all of the bits in
a packet fade together, a scenario where errors are character-
ized by bursts. If interleaving is used, the burst error situa-
tion can be changed to one where bits in a packet fade
independently. We will, however, still assume that the mean
of the signal is log-normally distributed but remains constant
in one packet duration. For simplicity, the effect of spatial
distribution is not taken into consideration in this section.

B. Capture Probability

Consider Pr [(w./w,,) > R] in one-bit duration, in which
w, and w,, are exponentially distributed. We have

Pr(w.> Rw,;)
* 1 w,
— exp (———) dwc]

I
0 RxW W,

c
1 x)d
. exp| —— | dx
W p

u

1
1 /°°
exp
Wu] 1]
W,
=—" (30)
RW,, + W,

Letting s = W, / W_, (30) becomes

(31)

PI‘(WC > me) = m

In Appendix V, it is shown that the pdf of s is
log? s )

2B (32)

(o)
ps) = = o -

Considering that there are # bits in a packet and averaging
over s, we get

Ponl) = [ e ds ()

Now the capture probability when the desired packet is
overlapped by I interfering packets can be obtained easily:

P (1) /m———l log2s)d ,
- S— s} .
copt o (Rs+1) 2B

(34)

c
V2s TP\

C. Numerical Results and Discussions

Fig. 6 shows the system throughput when interleaving is
used; that is, each bit in a packet is affected independently by
signal fades. There is some improvement in the throughput
due to the capture effect, though not significant. This is
because there is a chance that the desired packet has higher
power than all of other interfering packets over the length of
the packet.
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3. Applications of Error-Correction Coding

Chunnel coding is an effective yeethod for implementing
exror comtrol in fading channels, especially under fast fading
conditions {18}, {201, Tt is possible that error-correction
coding may imprave the receiver capture capability, stiowing
further improvements in the system throughput 0 be real-
ized. In this subsceting, we study the effect of coding on the
ALOHA system under fast fading conditions. The result also
helds for slow fadiog conditions when error-correction cod-
ing and imterleaving are used.

We will not recommend any specific type of code. Our aim
is 10 evaluate the effectiveness of coding in combating the
charnel fading. Seppose that each packet consists of 2 code-
word that can correct up o ¢ errors. The considered packet
captures the recebver i the presence of { imerfering packets
with probability £,,({) if the number of crrors in the packet
is not larger than £, thus

PLil=5 1"
i) = 3 [

(- pypm, (35}

where p 5 approvtimately given by

1
p=p, I;I R, 1 {36}
where p, is the probability that » message bit is received
carrectly in the pressoce of fading and shadowing.
In (36), 5, i==1, 2.+, 1 are mutually indepeodent
random variables. The pdf of 5, is the same a5 § (see (320,
Averaging (353 over 5, (1 87 = §), we have

i
o

Fig. 7. Throughput cur

. the estimation of astwork threughpu. io Fig. 7,
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corseetion coding. o = 12

y kg

pols ) p e dsg o ds,
S LIl VA PR
=3 [G1E [Jentprers
iTo by pTe LA
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sy kb n ,p‘(‘g} 37

Without cousidering the vasuccessiid transmission doe w
acknowledgment failure, we have throughput
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Fig. 7 shows that coding enhances the capnwre effect,
resulting in increased channel throughput for ALOHA svs-
termns. {31,261y and (31.21.2) Bose-Chaedburi-
Hooquenghem (BCH) codes are used i the example. It is
worth noting that the implementation of error-correction &
ing mvoives the addition of redundant bits which reduce the
affective throughput of the channel. When a specific code
chosen, the code rate should be taken into consideration in
the resulting
reduction in throughput has been considered. Comparing the
two curves with ¢ = and 1 = 2 in Fig. 7, it is observed that
an increased code power may not necessarily result in higher
throughput because of a decrease in the code rate.

Comparing Figs. € aed 7 with Figs. (-3 2ad §, it s seen
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that the system under slow fading conditions usually has
higher throughput than that under fast fading conditions even
though coding is used in the latter case. This can be ex-
plained as follows. In slow fading channels where signal
power remains constant over the duration of a packet, the
probability that a packet has higher power than another
packet is 0.5. On the other hand, in fast fading conditions,
the probability that all the bits in a packet have higher power
levels than the corresponding bits in another packet is much
smaller.

VI. ConcLuSION

The ALOHA system in the mobile radio environment is
investigated in this paper. It is shown that shadowing is
similar to fading and near/far phenomena, in that it makes
the capture effect possible and provides ALOHA systems
with substantial improvements in throughput. It is also con-
firmed that the superimposed Rayleigh fading, log-normal
shadowing, and spatial distribution can further enhance the
capture effect, resulting in a ALOHA system with higher
throughput. The fast fading effect in ALOHA systems is
explored in this paper, we consider a very fast fading case
which may be considered to be equivalent to interleaving in
slow fading. It is found that the ALOHA system under fast
fading conditions also benefits from the capture phenomenon.
Improvement in the capture capability results in higher
throughput. Further improvements can be made when error-
correction coding is implemented.

APPENDIX 1

In the Rayleigh fading-only environment, the probability

density function of w, is
w(.‘

W,

1
Py We) = WP (— ) , w.,>0 (39)
()
and w,; (1 < i < I) has the same distribution with the same
mean. The probability in (2a) can be derived as
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By assuming / = 1 and inserting (40) into (4), we find that
(2a) agrees with (4).

APPENDIX II

Assume x and y have the same distribution as shown in
(26) and r = x/y. The pdf of r is

p(r) = /:ypxy(ry, y)dy. (41)

Because x and y are independent, we have

/:ypx(ry)py(y) dy
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After several changes of variables, (42) gives a result in
closed form shown in (27).

AppeNDIX 11T

In (28), considering the integration over y first, we have,
after a few steps of derivation,
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Inserting (43) into (28), we get
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After changes of variables and using a rotational transfor-
mation, similar to the derivation in [7], (29) can be obtained.
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APPENDIX IV
Assume that W, is a local mean with log-normal distribu-
tion as shown in (23) and it is attenuated due to the near/far
(spatial distribution) phenomenon. We have the probability

W.B
Pr( - >W)
X
Wx«
=Pr|W,> )
g8
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-/ exp| - LWt AN
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1 wx? A
L st A 45
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where x is the distance, 8 is a constant, W can be taken as
any value not smaller than zero and erfc (-) is the comple-
mentary error function. Equation (45) gives actually the
complement of the distribution function of W_.

Let V' have the same pdf as W, except V takes A’ as a
parameter instead of A, where

W,B o?
we (M) g
x“ 2log e
We have
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which gives the same result as (45). This indicates that a
log-normal local mean determined by spatial distribution has
the same probability property as the local mean (which is not
a function of the distance) attenuated due to the near/far
phenomenon.

We can further see that a Rayleigh faded signal with mean
power varying with distance performs the same as a constant
mean Rayleigh signal with attenuation due to the distance,
since
w.x*

w.B

o o (
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= 1 v
=/ —exp(———)dv,
yxx5 W, W,

c

) dw,
(48)

where Y is larger than or equal to zero.
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Combining the results of (45), (47), and (48), it is con-
cluded that we can study the combined effects of spatial
distribution and superimposed Rayleigh and log-normal shad-
owing by either considering that the log-normal local mean
varies with the distance or assuming that the local mean does
not depend on the distance and using the distance as an
attenuation factor to the received signal.

APPENDIX V

ps) = [ Wepwy(sWe, W) W,
c? /°° 1 (log sW, + A)?
s Jo W, B
log W, + A)°
: exp[—ig—l}dWc. (49)
B
Let W, = log W_, (49) becomes

c /w 2 W' + A+ 0.5logs)’
STog e _WGXP{—E[( " + A+ 0.5log s)

pi(s) =

+0.25log? 5| } aw., (50)

which gives the result as shown in (32).
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