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

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 D was a topic of considerable research because of its 
attractiveness in providing reasonable efficiency in random 
access packet radio networks [l], [2]. It is well known that 

the maximum realizable throughput is 1/2e and l/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), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the probability of mutual destruction of 
packets is reduced [4]. This results in an increase in the 

system throughput [5] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- [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 [lo], [ l l ]  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 I1 
gives a description of the ALOHA system concerned. Section 

111 analyzes ALOHA systems in the shadowing-only environ- 
ment without any consideration given to fading and spatial 
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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. 

11. SYSTEM DESCRIPTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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 Eflect 

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 Pcapt(l) is given by 

where w, is the power of the packet concerned, wul 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 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA00 

cannot capture the desired packet even if the interference 
power approaches zero. 

In the presence of Z ( Z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1) interfering packets (each with 
power wui, i = 1, 2; e - ,  I), the capture probability is ob- 
tained by comparing w, with total interference power [5], 

[61, [81, 

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc wui zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i =  1 

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], [ 131 - [ 151, 

the capture probability is 

> R ,  forall i , O <  i s1 

When all the interfering packets are independent, (2b) can be 
written as 

i =  1 
(3) 

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

PJ$(Z) = [Pr (5 > R)]'. (4) 

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 

[Pr ($ > R ) ] ' s  Pr (z WUi > R ,  

for all i , O  < i 5 I . (5) 1 
Also, we readily have 

I =  1 

for all i,O < i I Z . (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 

( W ) .  
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 

1 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
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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 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= G’exp( -G) / i ! ,  i = 0 , 1 , 2 ,  . * -  (7 )  

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 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(W,) 
and the corresponding probability is denoted as 

P, = Pr ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw, > w,). 
2 )  Acknowledgment is received correctly (its probability is 

Pa). Note that acknowledgment failure results in packet 
retransmissions. 3) The desired packet captures the receiver. 
Therefore, we have 

(9 )  

P = p(O)PtPa + p(1)PrpaPcapt(1) 

+ p(2)PtPaPcapt(2) + * * * 

m 

= P , P , e x p ( - G )  [GPcapt(1) I i / i !  
i=0 

= p t p a e x ~  ( - G )  ~ X P  [ ~ ~ c a p t ( l ) ] .  ( 10) 

When both P, and Pa equal one and R approaches infinity 
(Pcapt( l)  approaches zero), (8) and (IO) reduce to the case of 

the standard slotted ALOHA in noiseless channels in the 
absence of the receiver capture effect. 

111. 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 wc is log-normally 
distributed with a probability density function (pdf) given by 

1161 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 

A = -log WO + - 
210g e ’ (13) 

B = 2 a 2 ,  (14) 

and WO is the mean value of wc and U is the standard 

deviation in bels. 

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,) 

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

where 

log R I  + - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d T U  

210g e 
L ,  = 

Note that (16) approaches one as R I  approaches zero. The 

special case with R I  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 ( 1  1). It is further assumed 

that wul and w, have the same mean and standard deviation. 

C 

dx. (18) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
A simple change of variables results in an expression for 

Pcapt(U as 

( x ’  + A)’ 
exp[ - ] dx’ .  (19) 

It can be shown that (19) can be reduced to a single 

integral [ 171 giving 

where 

log R 
L ,  = - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 ’  
Note that when R = I ,  (20) is equal to 0.5. 

needed to evaluate channel throughput. 
Inserting (20) into (4) ,  results in the capture probability 
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x 0.368 ALOHA 
+ R 1 = 0  
* R1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=0.5 
o R l = l  

- 

- 

1 1 

0.9t + 0.368 R = l  

I 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

G 

Fig. 1 .  Throughput curves, assuming shadowing-only environment, U = 5 
dB, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR I  = 0, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP, = 1 .  

0.7 

v) 

I 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

G 
Throughput curves, assuming shadowing-only environment, R = 2, Fig. 2. 

R I  = 0, and Pa = 1 .  

G 

Fig. 3. Throughput curves, assuming shadowing-only environment, U = 5 
dB, R = 2, and Pa = 1 .  

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 

is shown in Fig. 2 that significant improvements in through- 

put are obtained in the presence of shadowing, especially 

when U 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 DISTFSBUTION 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 WO and 

standard deviation U .  The conditional pdf of w, is then 

and the pdf of Wc is 

for W, > 0. Combining (22) and (23), we have, for w, > 0, 
OD 

p,,(w,) = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 Pw,, w,(% I Wc)Pw,( wc) dWc, (24) 
0 

which can be written as 

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 8 
can be assumed to be a random variable with a uniform 

distribution ranging from 0 to 2 T .  However, in a typical 
mobile communication system, the base station uses an omni- 

directional antenna, which makes the angle 8 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 

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

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 pdfs 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 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 181. Therefore, following Arnbak et al. [5], [6], 
we assume that 

p,(x)= ?exp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy , x > O  (26) 
5x0" [ i"i'1 

with a single peak at x = xo. 
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 11, the pdf of r is 

A r 3  

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,/ wul)(ruI > RI instead 
of Pr ( w,/ wul > R).  This is obvious for the received signal 
power at the base station from each user is affected by the 

propagation losses. The parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ is determined by the 

293 

= LW [qm 
( A  - log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU)' ] du] dx 

] du] dx 

* C L m  i e x p ( - R x y 4 v )  

( A  - log 

= 4c2 Lw Lw Lrn (Ry4v 1 + U), (1  + Y3 y4)' 

I 
dydudv.  (28) I 

~ . _  

channel propagation model and its value is usually taken to 

be between two and five. In this paper we consider Q = 4, 
which characterizes the mobile radio channel. Consider that 

by the users at distances from the base station equal to rc and 

rul , respectively, where r = rc /rul . The interfering packet 
arrives at the receiver with power wul which has the same 

distribution as w, with local mean Wul and area mean WO. 
The probability that the considered packet captures the re- 

Appendix 111 shows that (28) is reduced to 

the desired packet and the interfering packet are transmitted pr 

c2 JSF BR in3 io  

4 &  

ceiver over the interfering packet is OD 1oy 
( Y  - 1% R )  I- ( IOy - R)* 

* exp ( -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB) dy. 

P r [ z  ( $ ) 4 > R ]  0 . 5 ~ ~  

= Pr (w, > Rwu,r4) 
(29) 
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Throughput curves, considering the combined effect of fading, 

shadowing, and spatial distribution, U = 5 dB, R I  = 0, and Po = 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]. 

Fig. 5. 

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 

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,,) > RI in one-bit duration, in which 

w, and wul are exponentially distributed. We have 

--exp( 1 -%) X dx 

WU, 

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

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

Considering that there are n bits in a packet and averaging 

over s, we get 

Now the capture probability when the desired packet is 

overlapped by I interfering packets can be obtained easily: 

(34) 

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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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 I 

In the Rayleigh fading-only environment, the probability 

density function of w, is 

and wui (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi I Z) has the same distribution with the same 

mean. The probability in (2a) can be derived as 

p r [ & > R j  
i =  1 

J 

( R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ l )x j  
Sexp [ - ] ]  dx, dx, 

1 

( R  + 1) ”  
- - 

By assuming Z = 1 and inserting (40) into (4), we find that 
(2a) agrees with (4). 

APPENDIX I1 

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

m 

P r ( 4  = /- YPxy(‘Y, Y) dY- (41) 
0 

Because x and y are independent, we have 

m 

After several changes of variables, (42) gives a result in 

closed form shown in (27). 

APPENDIX I11 

In (28), considering the integration over y first, we have, 

after a few steps of derivation, 

“ 1  Y3 
2 dy 

Rv - _  - I [  -- 
4 u - R ~  ( U - R v )  

Inserting (43) into (28), we get 

1 

Pr (w, > Rwu,r4) = C2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk” du lm d v  U ( U  - R v )  

1 
1 

R 

- C2 l m d u  l m d v  ( U  - Rv)’ 

1 ( A  - log U)’ 

After changes of variables and using a rotational transfor- 
mation, similar to the derivation in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[7 ] ,  (29) can be obtained. 
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APPENDIX IV Combining the results of (49 ,  (47), and (48), it is con- 
Assume that W, is a local mean with log-normal distribu- cluded that we can study the combined effects of spatial 

tion as shown in (23) and it is attenuated due to the near/far distribution and superimposed Rayleigh and log-normal shad- 
(spatial distribution) phenomenon. We have the probability 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. 

= P r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW > -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O3 c [ 

(log W;+A)i 
- exp - - - 

where x is the distance, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is a constant, W can be taken as 

APPENDIX V 

(log w, + A ) *  
exp [ -  1 dW,. (49) 

any value not smaller than zero and erfc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a )  is the comple- 

mentary error function. Equation (45) gives actually the 

Let V have the same pdf as W, except v takes A’ as a 

Let Wc‘ = log W,, (49) becomes 

P,(s> = 
complement of the distribution function of W,. C2 2 

J-leXP { - s [ (W:  + A + 0.51% s)’ 

parameter instead of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ,  where 

lJ2 

210g e (46) 
WO P 

A’ = -log zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7) + -. 
We have 

1 dV 

c*c (log v + A,)2 
P r ( v >  w> = 1 y e x p [  - 

B W 

1 log w + A’ 
= - erfc ( ~ ) 

2 

1 Ilog (y) - log w, + - 210g e 

JB 
= - erfc 

2 
L J 

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 

wcxa 
Jym & exp ( - 5) dw, 

where Y is larger than or equal to zero. 

+0.25 log’s] dW,‘, (50) 1 
which gives the result as shown in (32). 
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