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Effects of Rician Faded and Log-Normal Shadowed 

Signals on Spectrum Efficiency 

in Microcellular Radio 
Ramjee Prasad, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASenior Member, IEEE, and Adriaan Kegel, Member, IEEE 

Abstract-An assessment of spectrum efficiency for a micro- 
cellular land mobile radio system is presented by considering 
the desired signal as (fast) Rician fading with (slow) lognormal 
shadowing and co-channel interfering signals as uncorrelated 
(fast) Rayleigh fading superimposed over (slow) lognormal shad- 
owing. Spectrum efficiency is defined in terms of reuse distance, 
Le., cluster size, traffic intensity, bandwidth of the system, and 
area of a cell by considering co-channel interference probability. 
The expression for co-channel interference probability is derived 
using appropriate path-loss law for microcells for four different 
cases, viz.: i) Rician plus lognormal desired signal and Rayleigh 
plus lognormal interfering signals; ii) Rician desired signal and 
Rayleigh fading plus log-nornial shadowing interfering signals; 
iii) Rician desired signal and Rayleigh interfering signals; and iv) 
both desired and interfering signals as Rician fading. Finally, the 
performance of a microcellular system is compared with that of 
a conventional macrocellular system. 

I. INTRODUCTION 

OBILE radio communications are already used in prac- M tice by several million people worldwide, with a very 

high rate of annual increment. This fast-growing number of 

users demands efficient use of the scarce frequency spectrum. 

In order to overcome this problem, cellular radio systems are 

being developed [l], [2]. The cellular systems are classified 

into three categories, depending on the size of the cells, as 

follows: i) macrocells of 2 to 20 km diameter with antennas 

radiating power in the range of 0.6 to 10 W from the top 

of tall buildings; ii) microcells of 0.4 to 2 km diameter with 

antennas at street-lamp elevation and radiating power less than 

20 mW; and iii) picocells of much smaller size (20 to 400 m 

diameter) especially suited for indoor radio communications 

(e.g. offices, research laboratories, hospitals, modern factories, 

University campuses, etc.) with antennas placed on top of a 

bookshelf and radiating power on the order of a few mW. 

The performance analysis of macrocellular systems is 

reported in numerous research papers, e.g. [3]-[5]. Since 

microcells provide enhanced spectrum efficiency and low 

power consumption of handhelds, recently researchers have 

turned their attention to investigate outage probability [6] 

and spectrum efficiency of microcellular radio [7]-[9]. In 
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[6] the outage probability is evaluated, assuming the desired 

signal as Rician fading, and assuming interfering signals 

as Rayleigh distributed without considering the path-loss 

law. The spectrum efficiency is calculated in [7], assuming 

both desired and interfering signals as Rician faded and 

fourth path power law. The authors have presented the 

spectrum efficiency analysis of a microcellular radio channel 

[8], [9] by considering the turning point in path-loss slope 

with the desired and interfering signals as Rician and 

Rayleigh distributed, respectively. Propagation measurements 

characterize the microcellular environment such that the signal 

fading can be decomposed into a path-loss component together 

with a slow varying log-normal shadowed component and a 

fast varying Rician component zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 101 - [ 151. 

This paper presents a mathematical model to analyze the 

spectrum efficiency, assuming the desired signal within a cell 

as Rician faded with log-normal shadowed and interfering sig- 

nals from co-channel cells as Rayleigh faded with log-normal 

shadowed. The path-loss law is characterized by a dual path- 

loss model, assuming the first slope to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa (approximately 2), 
the second slope to be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd, (approximately 4), and the turning 

point g (between 100 and 200 m). The second slope d, 
(= a + b)  is because of an additional attenuation rate 

coefficient b (approximately 2) for the distances greater than 

g. The spectrum efficiency is also evaluated for two different 

channel situations for the purpose of comparison, namely: 

i) desired signal as Rician faded and interfering signals as 

Rayleigh distributed, and ii) both desired and interfering 

signals as Rician distributed. For a cellular land mobile radio 

system, spectrum efficiency (E,) is defined as the ratio of 
carried traffic per channel (a,) and the product of bandwidth 

(W) ,  number of cells per cluster (C), and cells area Sa 
(E,  A a,/WC Sa, erlang/MHz/km2). 

The paper is organized as follows. Section I1 describes a 

propagation model for a microcellular system. Section 111 for- 

mulates the co-channel interference probability for microcells 

for four different propagation characteristics and presents the 

computational results. In Section IV, spectrum efficiency is 

evaluated, and, finally, Section V discusses the conclusions. 

11. PROPAGATION MODEL 

In the microcellular radio environment, the desired signal 

level r around the local mean is given by a Rician distribution 

0018-9545/93%03.00 0 1993 IEEE 
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where the probability density function (pdf) is given by 111. CO-CHANNEL INTERFERENCE PROBABILITY 

It is imperative to determine the co-channel interference 

probability for evaluating the spectrum efficiency. Co-channel 

interference urobabilitv is defined as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ s2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
fr(rIPod) = pod [ 2pbd 1 1 ° ( 2 )  

exp -~ 

where I o ( )  is the modified Bessel function of the first kind 

and zeroth order, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs is the peak value of the specular radio 

signal, pLd is the average power of the scattered signal, R d  

is the Rician factor which depends on the ratio of the signal 

power from the dominant signal path relative to that of the 

scattered signal, and pod is the local mean power. 

The pdf for the instantaneous signal power pd is given by 

using p d  = (1 /2) r2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

where Fn(n) is the probability of n cb-channel interferers 

being active, and F(C1ln) is the corresponding conditional 

co-channel interference probability 

F(CI ln )  e PrOb{pd/p, < a }  (8) 

where p ,  is the composite interference power from n active 

channels, and a: is the specified protection ratio. 

The formulation of the conditional co-channel interference 

probability for four different propagation conditions is de- 

scribed below. 

Here 
A. Rician Plus Log-Normal Desired Signal and Rayleigh 

Pbd = P o d / ( &  + 1 ) .  (2a) Plus Log-Normal Interfering Signals 

The slow-varying local mean pod is given by a log-normal 

pdf 

Here, e: and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEd = exp(md) are the logarithmic variance and 

the area mean power of the desired signal, respectively. 

The condition pdf for the instantaneous power of a co- 

channel interference pi is 

1 
(4) 

Poi Poi 

where poi is the local meah of the interfering signal. Equation 

(4) is obtained because the co-channel interferer is a Rayleigh 

faded signal. 

The pdf for the p,; is described by a density function of the 

form (3) with the following substitution: 

Pod - + P o i  

g d  f f i  

m d  + mi 

Ed + Ea . (5) 

First, the co-channel interference probability is derived for 

a very general case, which is represented by a Rician plus log- 

normal desired signal and RayleigH plus log-normal interfering 

signals in a microcellular environment. This investigation is 

carried out based on the propagation results reported in [lo], 

which states that in general, the signal fading in microcells 

can be decomposed into a path-loss component, together with 

a slow varying component having a log-normal distribution 

and a fast varying component with a Ricihn distribution. 

Accordingly, a three-stage propagation model should be ap- 

propriate to describe a microcellular environment: i) area mean 

depending on the path-loss characteristics in the range from the 

transmitter to the area where the receiver is located; ii) local 

mean within that area, which is slow varying, can be very 

satisfactory represented by a log-normal distribution; and iii) 

superimposed fast fading instantaneous power which follows 

a Rician distribution for the desired signal and a Rayleigh 

distribution for the interfering signal. The coexistence of 

Rician and log-normal conditions has also been found in the 

land-mobile satellite channel [21], [22]. 

The composite pdf for instantaneous power of the desired 

signal is given by 

O3 ( R d + 1 )  

given by [12] zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 adp;d 
Using a dual path-loss model, the received signal power is f P d  ( P d )  = 

( R d  + l )  (2pd + s2) - (In pod - m d )  
.exp - 

( 
[ 2Pod 2 4  

. ) dPod .  (9) 
S ( R d  + l) 
pod 

(6) 
1 

where C is a constant, pr is the average received power, pt 
is the average transmitter power, d is the distance between 

the base station and mobile unit, g is the turning point of 

the path-loss curve, a is the basic attenuation rate for short 

distances (approximately 2), and b is the additional attenuation 

rate coefficient (approximately 2) for distances greater than 

100 to 200 m. 

It is worth mentioning here that s is also a function of pod 
and is given by [2&pod/(Rd + 1)]1’2. In the present analysis 

s ,  the line-of-sight component is considered to be a function 

of distance d ,  and its variability is included in the system 

performance calculation by using Rician factor R d .  It should 

be noted that the Rician factor varies significantly as the 
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distance between the base station and mobile terminal changes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ 101. Since in the following analysis interference probability 

is evaluated for the worst-case situation, computational results 

are shown only for typical values of Rician factors. 

Developing a statistical model of the Rician factor and using 

it to make detailed study of a microcellular system would be 

an interesting subject for future study. 

The composite gdf for n interfering signals with combined 

Rayleigh fading and log-normal shadowing [3] is given by 

using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) and (5): 

where p,, = Cy==lpo i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu; and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEn = exp(m,) are the 

logarithmic and area mean of a log-normal variable, which 

is approximately equivalent to the sum of n independent log- 

normal interferers. The parameters m, and u: are determined 

using Schwartz and Yeh's method [5 ] ,  [18]. 

Using (9) and (lo), conditional interference probability is 

given by 

W m 

F(C"n) = lm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"On 1 2?TgdCTnpodpon 

(In pod - md12 - (In pon - m,12 
2 4  

where 

(12) 
a 

W =  
P o n K + l )  + a * 

In (11) m d  = In Ed can be obtained using the following 

relation for the worst case of desired signal to interference 

ratio: 

Here R, is the (normalized) reuse distance, which is defined as 

the ratio of the distance D between the centers of the nearest 

neighboring co-channel cells and the cell radius R: 

D 
R 

R A -  
u -  

and G = g/R.  
In deriving (13) it is assumed that the transmit power pt  

is the same for desired and interfering mobiles. Equation (13) 

has two limiting cases. 

1) At distances significantly less than the turning point, i.e., 

G > &, (13) becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(15) - Ed = RG. 

li 

2 4 6 8 D 
reuse distance Ru 

Fig. 1. Co-channel interference probability versus normalized reuse distance 
for shadowed Rician desired signal and shadowed Rayleigh interfering signals 
with A, = 5 erlang, nc = 10, G = 0.67, a = 8 dB, Rd = 7 dB, B = 0.02, 
n = 6: (a) U d  = 0 dB, u, = 6 d B  (b) U d  = 4 dB, 6, = 6 dB; (c) 
U d  = 6 dB, ut = 6 dB; (d) bd = 0 dB, u, = 12 dB; (e) ' J d  = 4 dB, 
ut = 12 dB; (f) u d  = 6 dB, u, = 12 dB. 

2) At distances greater than the turning point, Le., G < 1, 

(13) reduces to 

Equations (13)-(16) are based on the propagation model 

reported in [12], and, accordingly, the turning point g 
lies between 100 and 200 m. 

Co-channel interference probability can be computed using 

(7), (l l) ,  (13), and Fn(n). It is assumed that all co-channel 

interferers are statistically independent and identically dis- 

tributed. Further, it is assumed that only interfering signals 

from the nearest neighboring six co-channel cells are consid- 

ered, the blocking probability B is the same in all cells, and the 

channel is uniformly loaded. Accordingly, Fn(n) is given as 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, = Ac/nc, n, is the number of channels per cell, and 

A, is the carried traffic per cell defined as 

Here A is the offered traffic per cell in erlang, and B is 

the blocking probability which is determined using Erlang B 

formula [19], [20]: 

Using (7)-( 19), co-channel interference probability is cal- 

culated for six interferers and shown in Figs. 1-3. Fig. l 

shows co-channel interference probability F(  C I )  versus reuse 

distance R, for A, = 5 erlang, n, = 10, G = 0.67, a = 8 dB, 

and Rd = 7 dB with the spread of desired and interfering 

signals as parameters. It can be seen from Fig. 1 that, in the 

interfering signal with a spread of 6 dB, F(C1) increases with 
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@ O r I O ~ L  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 0 

reuse distance Ru 

Fig. 2. Co-channel interference probability versus normalized reuse distance 
for shadowed Rician desired signal and shadowed Rayleigh interfering signals 
with A, = 5 erlang, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn, = 10, G = 0.67, cy = 8 dB, B = 0.02, U d  = 4 dB, 
ut = 6 dB, n = 6: (a) R d  = 0; (b) R d  = 7 dB; (c) R d  = 12 dB. 

2 6 8 K1 

reuse d~stance Ru 

Fig. 4. Co-channel interference probability versus normalized reuse distance 
for Rician faded desired signal and Rayleigh plus log-normal shadowed 
interfering signals with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcy = 8 dB, A, = 5 erlang, n, = 10, B = 0.02, 
G = 0.67, R d  = 7 dB: (a) n = 1 interfering signal, spread u = 0 dB; 
(b) n = 1, u = 6 dB; (c) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn = 1, u = 12 dB; (d) n = 6, u = 6 dB; (e) 
R = 6, u = 12 dB. 

Le., pod is a constant. 

2 1 6 8 m 
reuse d~stance Ru 

Fig. 3. Co-channel interference probability versus normalized reuse distance 
for shadowed Rician desired signal and shadowed Rayleigh interfering signals 
with nc = 10, G = 0.67, CY = 8 dB, ud = 4 dB, U, = 6 dB, R d  = 7 dB, 
G = 0.67, R, = 6: (a) A, = 2.3 erlang; (b) A, = 5 erlang; (c) 
A, = 9.9 erlang. 

Using (7), (17)-(19), and (20), co-channel interference prob- 

ability is evaluated and shown in Fig. 4. 

Fig. 4 shows the effect of shadowing spread 0 on co-channel 

interference probability for (Y = 8 dB, R d  = 7 dB, and 

G = 0.67 with n = 1 and n = 6 active co-channel interferers. 

As expected, higher values of spread cause higher interference 

probability at a particular reuse distance for both n = 1 and 

n = 6. Fig. 4 also confirms that n = 1 yields lower value 

of F(C1)  for a given value of reuse distance than co-channel 

interference due to n = 6 interferers. 

the increase of spread of desired signal by a higher value than 

in the case where the interfering signal has a spread of 12 dB. 

Co-channel interference probability versus distance as 

shown in Fig. 2 for Rician factor R d  as a parameter, G = 0.67, 

a = 8 dB, A ,  = 5 erlang, Od = 4 dB, ui = 6 dB, and 

n, = 10. R d  = 0 represents the conditions for a macrocellular 

environment. The computational Iresults for Fig. 2 are obtained 

using (7), ( l l ) ,  and (17)-(19) and six interferers. It is seen 

from Fig. 2 that for a given value of reuse distance, F(C1)  
is lower for a microcellular system than for a macrocellular 

system, and as R, increases F (  C I )  decreases. Therefore, to 

maintain a specific value of F(CI ) ,  a much smaller value of 
the reuse distance is adequate for a microcellular system as 

compared with the conventional macrocellular system. 

Fig. 3, which is obtained for six interferers using (7), ( l l ) ,  

and (17)-(19), depicts the performance of a microcellular 

system in terms of co-channel interference probability F(  C I )  
for (Y = 8 dB, R d  = 7 dB, n, = 10, u d  = 4 dB, CT~ = 6 dB, 

G = 0.67, and carried traffic as a parameter. It is seen from 

Fig. 3 that a higher value of A,  increases F(CI )  at a given 

reuse distance. 

B. Rician Desired Sigttal and Rayleigh Plus Log-Normal 
Interfering Signals 

Conditional co-channel interference probability for a Rician 

C. Rician Desired Signal and Rayleigh Interfering Signals 

In the case of a Rician desired signal and Rayleigh interfer- 

ing signals, the conditional co-channel interference probability 

can be obtained from (11). However, instead of using (l l) ,  a 

simple, direct, and exact method for the evaluation of F(C1ln) 
for this case is given below. 

In the case of n Rayleigh independent interfering signals, 

the pdf for the joint interference power p ,  is obtained by 

convolving (4) n times and given by a gamma distribution: 

Equation (21) is obtained by assuming that each interferer has 

equal local mean power poi and p n  = cy=, p i .  

Using (4), (8), and (21), the conditional interference proba- 

bility is given by 

desired signal and Rayleigh plus log-normal interfering signals n-1 l k  

can be obtained from (11) after removing the shadowed 

condition on the local mean power pod of the desired signal, 

* 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(w 2) L k ( - L w )  (22) 
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REUSE DISTANCE Ru 

Fig. 5. Co-channel interference probability versus normalized reuse distance 
for Rician faded desired sigflal with protection ratio a = 8 dB, blocking prob- 
ability, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = 0.02, carried traffic per cell, A, = 5 erlang, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnc = 10 channels 
per cell, Rician factor Rd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 7 dB, and G = g / R  = 0.67: (a) six Rayleigh 
co-channel interferers; (b) one Rayleigh co-channel interferer; and (c) one 
Rician co-channel interferer. 

where LI, = Laguerre polynomial [16], [17] and W can be 

obtained from (12) after substituting poi for po,. 
Co-channel interference probability has been computed us- 

ing (7), (17)-(19), and (22) for a = 8 dB, A, = 5 erlang, 

Rd = 7 dB, G = 0.67 and n, = 10 for n = 1 , 6  as a function 

of R, and is shown in Fig. 5. For n = 1, (22) reduces to 

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 . 3 6 7 3 9 5  

RELbE CIISTANCE Fu 

Fig. 6. Co-channel interference probability versus normalized reuse distance 
for Rician faded desired and interfering signals with A, = 5 erlang, nc = 10, 
a = 8 dB, R d  = 7 dB, n = 6: (a) G = 10; (b) G = 1; (c) G = 0.67. 

R, = 3, then D = 600 m. For such cases, assuming the pdf 

for interfering signals as Rician distributed can be justified. 

Assuming n-Rician independent interfering signals, the pdf 

for the joint interference p ,  is given by 

where p = 

tained using (2), (8), and (25), assuming Rd = R,: 

sp and p ,  = Cr=lpz. 
(23) The conditional coo-channel interferehce probability is ob- 

For the purpose of comparison, computational results for n-1 00 

one co-channel interferer with Rician pdf are also included. F(C1ln) = 1 - (-) I un F(C1ln) for a single Rician co-channel interferer is given by m 
u2 + 2nRd 

FT(CII1) = - a { 1 - Q ([ - 2R:w] ', [2RdW]')} . Q(& , u(apot/pod)') du (26) 

+wQ( [2&W]+ ,  [ y]') . (24) where Q(z,y) is a Marcum's Q-function. 

Computational results are obtained for F(C1) versus R, 
for Rd = 7 dB and 12 dB, a = 8 dB, ahd G as a parameter. 
Fig. 6 reconfirms for this case also that i) the higher the reuse 

distance, the less the &-channel interference probability; ii) 

F(C1) is dependent on G; and iii) F(C1) decreases with 

increase in Rd. (Results are not shown for Rd = 12 dB 

in Fig. 6.) 

Here Q(a,b)  is a Marcum's Q-function. 

bility is always minimum for one Rician interferer. 

It is Seen from Fig. 5 that co-channel interference proba- 

D. Desired and hterfering Signals as Rician pdf 

Finally, the conditional co-channel interference probability 

is derived for a special case in which desired ahd interfering 

signals are Rician pdf If the pdf for the interfering signals is 

also Rician, the pdf for the instantaneous power is of the same 

d to i. 
In a microcellular system, generally interfering signals are 

Rayleigh faded becadse they travel a longer distance to arrive 

at the base station. But in the case of a very small microcell 

Iv.  SPECTRUM EFFICIENCY 

The service area of a cellular radio system is divided into 

a regu1ar array Of These are grouped 

as (2) with the simple substitutions of changing index in identical clusters, where each cluster occupies the total 
bandwidth available for the mobile radio system. With the 

number of channels per cell n,, carried traffic per cell A,, 
bandwidth per channel W ,  and cluster size c cells, given a 

unit cell are of Sa, spectrum efficiency E, is defined as 

sue, the distance between the centers of co-channel cells may 

not be large, and, therefore, the interfering signals may be 

modeled by Rician fading. For example, if R = 200 m, and 
E A erlang/MHz/km2 (27) 

- n, WCS, 
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Fig. 7. Co-channel interference probability versus spectrum efficiency for 
shadowed Rician desired signal and shadowed Rayleigh interfering signals zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W = 25 KHz, Sa = 1 km2, G = 0.67, n = 6 :  (a) A,  = 2.3 erlang; 
(b) A, = 5 erlang; (c) A, = 9.9 erlang. 

Fig. 9. &-channel interference probability versus spectrum efficiency for 
Rician desired signal and interfering signals with a = 8 dB, A, = 2.3 erlang, 

G = 10; (b) G = 1; (c) G = 0.67. 
with (Td = 4 dB, U ;  = 6 dB, Rd = 7 dB, a = 8 dB, nc = 10, 1 ~ c  = 10, W = 25KHz, s a  = 1 km2, Rd = Ri = 7 dB, It = 6 :  (a) 

SPECTRUM EFFICIENCY Es 

Fig. 8. Co-channel interference probability versus spectrum efficiency for 
Rician desired signal and Rayleigh interfering signals with Rd = 7 dB, 
nc = 10, A, = 5 erlang, G = 0.67, B = 0.02, Sa = 1 km2, n = 6 ,  
W = 25 KHZ: (a) Q = 8 dB; (b) a = 12 dB; (c) a = 18 dB. 

For a hexagonal system, the reuse distance and the number 

of cells per cluster are related by [l] 

R, = ( 3 C ) 3 .  (28) 

The cells are assumed to form a cluster of size C, located 

around the reference cell and repeated around each of its 

co-channel cells. The cluster size is taken on the form: 

c = i2 +i j+ j2 ;  i , j  >_ o (29) 

with integers i and j. 

Equations (28) and (29) convey to us that the spectrum 

efficiency is inversely proportional to the square of the reuse 

distance. Therefore, it can be concluded from Fig. 2 that for 

a given value of F(CI ) ,  spectrum efficiency is higher for a 

microcellular system than that for a macrocell, and E, in a 

microcell increases with Rician factor Rd. 
The effect of carried traffic on spectrum efficiency is shown 

in Fig. 7 for a microcellular radio system having shadowed 

Rician desired signal and shadowed Rayleigh interfering sig- 

nals. The results are similar to the macrocellular system, 

Le., the spectrum efficiency increases with the carried traffic, 

given a fixed interference probability (practical value 5 0.1). 

Computational results were also obtained for three other 

SPECTRUM EFFICIENCY Es 

Fig. 10. Comparison of co-channel interference probability versus spectrum 
efficiency in case of Rician fading interferers with Rayleigh fading interferers 
for a = 8 dB, A, = 5 erlang, nc = 10, n = 6 ,  W = 25 KHz, 
Sa = 1 km2, G = 0.67: (a) Rd = 7 dB, Rayleigh interference (R; = 0); 
(b) Rd = Ri = 7 dB; (c) Rd = 12 dB, Ri = 0; (d) Rd Ri = 12 dB. 

microcellular propagation conditions, and similar conclusions 

were drawn. 

Fig. 8 depicts the effect of a protection ratio on the spec- 

trum efficiency for Rd = 7 dB, A, = 5 erlang, n, = 10, 

W = 25 KHz, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASa = 1 km2, considering Rician desired 

signal and Rayleigh interfering signals, Clearly, the spectrum 

efficiency can be increased by tolerating a lower value of the 

protection ratio. 

The influence of G = g / R  on the spectrum efficiency can 

be seen in Fig. 9 for Rd = 7 dB, a = 8 dB, A, = 5 erlang, 

n, = 10, W = 25 KHz, and Sa = 1 km2, considering both 

desired and interfering signals as Rician faded. For a particular 

value of F(CI) ,  spectrum efficiency increases with decreasing 

G. For designing an efficient microcellular system with a 

certain value of G, a compromise has to be made between 

spectrum efficiency and an acceptable value of interference 

probability. 

Fig. 10 compares the co-channel interference probability 

versus spectrum efficiency in the case of Rician fading inter- 

ferers with Rayleigh fading interferers for a a = 8 dB, A, = 
5 erlang, n, = 10, W = 25 KHZ, Sa = 1 km2, G = 0.67, and 

Rd as a parameter. It can be seen from Fig. 10 that Rician 

fading interferers result in a better spectrum efficiency than 

Rayleigh fading interferers. Comparison between spectrum 

efficiency due to Rician fading interferers and Rayleigh fading 

interferers for G = 10 and G = 1 is presented in Fig. 11. It can 

be seen from Fig. 11 that now spectrum efficiency is higher for 

Rayleigh fading interferers than for Rician fading interferers. 
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Fig. 11. Comparison of co-channel interference probability versus spectrum 
efficiency in case of Rician fading interferers with Rayleigh fading interference 
for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 8 dB, A, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 erlang, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn,  = 10, n = 6, W = 25 KHz, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASa = 1 km2, 

Rd = 7 d B  (a) G = 10, R, = 0; (b) G = 10, R, = 7 dB; (c) G = 1, 
R, = 0; (d) G = 1,  R, = 7 dB. 

Comparing Figs. 10 and 11, it can be concluded that Rician 

fading interferers cause higher efficiency for G < 1 and less 

efficiency for G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1. 

V. CONCLUSIONS 

A mathematical model is developed to evaluate the co- 

channel interference probability in a microcellular radio sys- 

tem having Rician faded and log-normal shadowed desired sig- 

nal and Rayleigh faded and log-normal shadowed interfering 

signals by considering a dual path-loss model with a turning 

point. The co-channel interference probability thus obtained 

is used to study the effects of carried traffic, protection ratio, 

shadowing spread, Rician factor, and turning point (G = g / R )  
on spectrum efficiency. The value of the turning point varies 

between 100 and 200 m. As a special case, performance is also 

evaluated for Rician faded desired and interfering signals. 

Computational results show that slow fading (shadowing) 

causes increase in the co-channel interference probability 

as compared with the case in which interfering signals are 

Rayleigh faded only. Further, by introducing shadowing in 

both the desired and interfering signals, it is found that, with 

the same value of spread for the desired signal and a different 

spread of the interfering signal, the increase in the co-channel 

interference probability is less profound with a higher spread 

of interfering shadowing. 

In the case of Rician faded interferers, performance of a 

microcellular system improves as compared with the systems 

having Rayleigh faded interferers; for G < 1 and for G 2 1 

the situation gets reversed; i.e., Rayleigh faded interferers yield 

superior performance, 

The spectrum efficiency of a microcell for practical values 

of the interference probability (5  0.1) increases with the in- 

crease in carried traffic, i.e., blocking probability. As expected, 

the microcells offer higher spectrum efficiency than that for 

macrocells for a specific value of co-channel interference 

probability. Here all the computational results are presented 

for protection ratio a = 8 dB (except for Fig. 8) because 

this value is suitable for digital modulated systems [3]. For 

analog FM systems, a is generally about 18 dB [3]. Results 

are shown in Fig. 8. 

The present study would be useful for designers and plan- 

ners in developing any type of microcellular system (e.g., 

streets, highways, forests, rural areas etc.). Since Rician inter- 

fering signals are generally present in picocells, the analytical 

model developed in this paper can also be used to study indoor 

communications. 
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