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Outage and Coverage Considerations for
Microcellular Mobile Radio Systems in a
Shadowed-Rician/Shadowed-Nakagami Environment

Jen-Cheng Lin, Wen-Chang Kao, Yu T. Sdember, IEEE,and Tsern-Huei Leeyember, IEEE

Abstract—This paper presents outage analysis and the as- topology, the reuse pattern and the locations of the neighboring
sociated reuse distance and service area estimations for mi-pgse stations.
crocellular mobile radio systems that operate in a shadowed- g giatistical properties of a communication environment

Rician/shadowed-Nakagami fading environment. Outages caused . . .
either by the minimum carrier-to-interference ratio (CIR) re- are often characterized by three propagation effects: 1) short-

quirement alone or by the CIR plus the minimum signal strength  t€rm (small area) fading; 2) long-term (large area) shadowing;
[or, equivalently, carrier-to-noise ratio (CNR)] requirements are and 3) propagation path loss. For a street microcellular sys-

considered. The desired signal is assumed to suffer from Rician tem with base station antenna height at street-lamp level,
fading while the interference signals from cochannel cells expe- the received signal from a line-of-sight (LOS) path usually

rience Nakagami fading. The interferers may have identical or tai direct fadi t The statistic of thi
different statistics. In addition, the local mean strength of the contains a direéct nontading component. € staustic o IS

desired and interference signals may fluctuate due to shadowing. LOS signal’s envelope tends to follow a Rician distribution
[1]. Interference signals from cochannel cells usually lack

a direct path component at the receiving location, and the
Nakagami distribution (i.e.yn distribution) [2] is versatile

in characterizing the statistics of their envelopes [3]-[5].
. INTRODUCTION Nakagami distribution can be reduced to Rayleigh distribution

REQUENCY reuse is the core concept for increasingnd can model fading conditions more or less severe than those

the spectrum efficiency of a cellular radio system. Th& the Rayleigh case. With proper chosen parameters it can
limitation and effect of simultaneous use of the same frequenglgo fit Rician and lognormal distributions very tightly. Many
in different cells can be assessed through the evaluationadiher fading models such as Rician/Rayleigh [6], Rician/Rician
the outage probability, that is, the probability that the carrief/]-[9], Nakagami/Nakagami [4], [5], and Rayleigh/Rician
to-interference ratio (CIR) for a received signal is less thdd0] models have been proposed to investigate the impact of
a minimum required value. Of course, when carrier-to-noigeCl on the performance of a cellular system. In addition to
ratio (CNR) does not exceed a threshold value, outage can df® short-term fading, many experiments show that a mobile
occur. However, for a microcellular personal communicatiosignal’s local mean power fluctuates and its statistical property,
system that has a short frequency reuse distance, outagé 0oth conventional cellular [11], [12] and urban microcellular
expected to be caused primarily by cochannel interferenggvironments [13], [14], can be described by a lognormal
(CCI). Outage is closely related to the reuse distance afigtribution.
the coverage (service) area of a cellular system. The reusdhe purpose of this paper is to derive outage probabilities
distance is the minimum distance between any two cochan@gd estimate the associated reuse distance and coverage area of
base stations which ensures a worst case outage probab[ﬁlﬂ?l’OCG”Ubf radio systems in a shadowed-Rician/shadowed-
no larger than the required value and the coverage area refdpkagami fading environment. Section Il contains statistical
to the area within which the outage probability is guarantedigscriptions of the short-term and long-term fading (shad-
to be less than a given threshold. In determining the reu@#ing) models. The probability density function (pdf) of the
distance, one usually assumes regular-shaped communica€iggired signal power and those of single and multiple inter-
cells and uniform unobstructed terrain characteristics. On tfegers (with identical or different parameters) are provided.
other hand, in predicting the coverage area of a base statidgction Il presents our outage analysis for a variety of mi-
one has to know at least the real two-dimensional (2-D) ro&ocellular environments. We obtain closed-form expressions

for the outage probabilities caused by the minimum CIR plus
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is examined. Section V presents numerical results and relatedhe case that there afe mutually independent Nakagami
discussion. The final section summarizes our main results anterferers, the total interference powsgiis given by
presents conclusions.
y=yty+---+uyr (6)
Il. COMMUNICATION ENVIRONMENT wherey; is a random variable representing the local (short-
term) power of theith interferer. The pdf ofs is [4]
A. Local Statistic of the Desired Signal

L my
In a Rician faded channel, the envelope of the desired signaby(y) - lH <ﬂ) ]

B is distributed according to the Rician pdf 1 \ Yk

Bs < [32 —+ S2> <[385> L ms M Zi‘fl yrnk —

35 = —== - 1 - 1 " k
UG G RO @ Xk_l‘”‘p< Ve y) 2o (g — D! (i — D)}
wherely(-) is the zeroth-order modified Bessel function of the @)
first kind. The pdf of the corresponding signal powest /32 /2 B )
is given by wherey, andmy are the local mean power and the fading
parameter for théth interferer, respectively, and
1 2z + 52 V2zS
fx(l’) = = €xXp <_ po ) IO < =~ ) (2) i—1 L —m

X 21 X i1 dz my v
In (1) and (2),% is the mean power of the diffuse components v=1 Yo
andS?/2 is the mean power of the specular component, hence, v s=—my [,
the total local mean power i§ = & + S?/2. The Rician \whenI = 1 or my /T, = ma/i, = - = mp/¥;, = m/7,

defined as the ratio of the mean specular power to the mgaferference powey is given by

diffuse power, i.e..K = S%/(2%). Measurement data show . .

that the Rician factor in a microcellular environment typically _(m) Ty _m 9
: . : gv(y) = exp | ——y 9)

falls in the range of 7-12 dB with 7 dBK = 5) being a I'(my) v

typical value [1]. With the definition of Rician factor, (2) can L
be rewritten as wherem, = ¥, ma.

Y

Ix(x) = K; ! exp <—K - @) Ill. OUTAGE ANALYSIS
We begin our analysis by considering outage probabilities
x Io < w x) (3) due to both cochannel interference and thermal noise. Various
T CCl-induced outage probabilities are presented, and we also

discuss the effects of fading and shadowing.
B. Local Statistic of an Interference Signal

The envelope of an interferegd; is assumed to follow a A. Outage Due to CCl and Thermal Noise
Nakagami pdf Let z,y be the strengths of the desired and the undesired

2 m\" m signals. Since both minimum CIR and minimum desired signal
2m—1 2 . .
g(Br) = T(m) <ﬁ) Br exp <_ﬁ /31> (4)  strength requirements have to be met, the outage probability

is given by
where ['(-) is the Gamma functiony is the local mean
interference power, ana is the fading parameter. The degree fout(Li 1, N) =1 —Pr(z > v0,2/y > q)
of fading is characterized by/m, the ratio of the variance of o0 v/
the received energy to the square of the mean received energy =1- Jx() /0 gy (y) dy dz (10)
[2]. As m becomes smaller, the degree of fading becomes "
severer. The Rayleigh distribution and the one-sided Gaussy#ereL is the number of interfererd, is used to indicate the
distribution can be obtained by setting = 1 andm = 1/2 Presence of CCI, an@/ emphasizes the influence of thermal
in (4), respectively. The fading parameter can be any real Noise. o is the required minimum signal power, anmdis
value greater than or equal to 1/2, but we will consider casé¥ system protection ratio (minimum CIR required). Practical
of integer values ofr only. Our numerical study indicates thatvalues forg are 18 dB for analog FM systems and 20 dB for
performance for cases with noninteger fading parameters dégar SSB modulation systems [17]. Other typical values of
be tightly bounded by those of integer fading parameters [15].used before lie between 7-20 dB. _
The pdf of the interference powgr= /2/2 for integer-valued ~ T0 present a compact closed-form expression for the outage

m is then given by probability F..,+(L; I, N), we need the following definitions:
moom—1 c = (K + 1)/57 S = 5/707 Wy = (mkbk/Q(K + 1))7 and
gy (y) = <@> Y exp <_@ y> (5) bk = T/Ty- by is the local mean power ratio between the
Y I'(m) Y desired signal and thigh interferer £ is the power ratio of the
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desired to the required minimum. When measured in decibdlsinto (10) and using [18, egs. (3.381.3) and (6.643.2)]. The
£ represents the excess power of the desired signal over thsulting expression is
minimum required. Using the above parameters we can show

see Appendix |-B —Kw ww
( pp ) Pout|5,§ (L7I) = exp <—> Z (7
PO“tW Y1.Y2. YL (L7 I’ N) =0

=1—exp(—K —¢) K )Z

L ' L my D;C_l it X Z < ) <1 4+ w (14)
% 2. G- 1)

k=1 i=1

k=1 where(¥) = (k!/(k—1)! ¢!). In the case that thé independent
SN 70 interferers have different statistics, the outage probability can
X Z Z T exp(—cwy) be obtained by substituting (3) and (7) into (10) and-geto
R=0 =0 zero. The corresponding outage probability is
oo mp—1 j+h hon .
(G +h)! K"c™wy? Poszg 5.z, (Li1)
X }E:O 2) Z FIIRINY (1 4wy, )ithti=n HED T
= J n=0 mp
(11) <H b )
where L Kw, \ & pi-! 4
X Z exp | — Wk k w,:m’“'i'z_l
1+ wy, (i —1)!
di_l L k=1 t=1
z 1_ —m,, my—1i j j . n
Z;k s=—wy, 3=0 (1 + wk)]+1 n=0 n) ol 1+ wk
(15)

The above equation represents the case when the received
interference signals, having travelled through different pat
(with unequal lengths) and environments, yield different me
powers and fading parameters. When all interferers h
identical statistics, (11) becomes (see Appendix I-A)

Iﬁquation (15) can be used to calculate outage probabilities for
e case ofL(> 2) interferers with unequal mean power and
Wffrerent fading parameters, provided that,b, # mby, for

v # k. Equations (14) and (15) are derived in Appendix II.

Poizy (L1, N) When L = 1 or m, /5, = my/5, for v # k, (15) is
oty AT no longer valid. After substituting (3) and (9) ang =
=1 exp(—K —¢) i Z Khet 0 ir_lto (10), replaqing the modified_ Bessel_func_tion by its
Pear et hld! series representation (1.3), and using the identity (1.4), we
oo mL—1 kth conclude that the outagg probability for .this special case can
Fexp(—K — (1 +w)) Z Z Z Ze _evzlouated by (14) with the substitutions. = m, and

h=0 k=0 n=0

(k+h) K" _
R (1 + w)kthti-n (13) B. Effect of Shadowing

As a mobile unit moves around, the received field strength
wherew = (mb/q(K +1)) andb =z /y. If L =1orif every varies. Experiments have indicated [13], [14] that the local
interferer has the same; /7, thenw,; becomes independentmean power follows a lognormal distribution. If we assume
of <. Denoting the common value for all; by wy, one can that the propagating paths are uncorrelated and the traveled
show that the associated OUtage probablllty is identical to (].t%bography or the propagation environments are ana|ogous e}
with mL = m; andw = wo. that the statistic of each incoming waveform is independent

Other cases like interferers with identical fading parameteggd has the same standard deviatigrthen the local mean
but unequal mean powers or equal mean power, but differggwers of the desired and those undesiregd, , 7o, - -+, Uy,
fading parameters can be derived from the above equatiogiow a joint lognormal distribution, as given in (16) at the
There is, however, a set of cases of particular interest fpttom of the next page, wherg,, = 10 log 7y, ptka iS
which more compact expressions for the associated outgge (area) mean ofj,,, where the subscriptl is used to
probabilities can be derived in an alternative way, namelgmphasize the fact that the associated random variables are
the CCl-limited operation environment. For this special casgeasured in decibels:, the standard deviation, also known
outage occurs only if CIR is less than the system protectigg the shadowing spread, has a typical value that lies between
ratio. The outage probability for this case is denoted by 12 dB for urban environments [4], [13], [14]. The mean,

Fout(L; I), where the parameteN has been dropped sincejs related to the area mean power by [12, ch. 2]
thermal noise is ignored. Wheh independent and identically

distributed (i.i.d.) interferers are preserf,.(L; 1) can be g = 10 log (nus), with = exp [—(o In 10)?/200].
obtained by first substituting (3) and (9) with, = mL,~yo = 17
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In practice,..,, can be predicted by a path-loss model suitablgherer is the radius of a cell and is the distance between
for the communication environment under consideration. the centers (base stations) of the nearest cochannel cells.
When the shadowing effect on a signal reception is takén practical value of U will be greater than two and one
into account, the outage probability can be evaluated via would like D to be as close to this lower bound as possible
while satisfying the outage requirement. lebe the distance

= between a transmitter and its receiver. The area mean signal
Pour = // Fout|@5, 920-,91) power i, as predicted by the dual-slope path-loss model [19],
—oo is given by
Xf(fvylvaV"vyL)dEdyl ddeyL (18) n
p=r-d ", d < dy

where Py z3,.-35,) 1S the conditional outage probability L=k - dg;"ﬁ"z) d7" d> dyy, (22)
for a given set of local mean desired and undesired powers _ _ o
and can be computed from one of the expressions derivedWRere  is a basic transmission parameter common to the

previous subsections. desired signal and the interfering signatg; is called the
1) Multiple i.i.d. Interferers: In this case, all the local meanPreakpoint distance, ana, and 7, represent the power
interference powers,,%,,- - -, %, are assumed to be equal tdoss exponents before and after the breakpoint, respectively.

Ty Let 7, = (Ty — piza/V20) andr, = (§, — pya/V20) and  Measurements in urban environments show [19] ihat is
define the area_a\/eraged CIR= Nm/ﬂy — 10(Hed—pya) /10 about 150-300 np; =~ 2, and4 < ny < 10. We usen; = 2

The fact thath = 10@¢=¥)/10 jmplies b = Ra™~",c = @andnz = 4 in our numerical study.
(K + 1)a~™ /nz) with & = 10¥2/1° and 2 = ji,, /0. The As a worst case consideration, we assume that the mobile

resulting outage probability can be expressed in a Hermiti#Rit is located at the boundary of a cell. In a street microcel-

integration form lular system, the cell radius which is equal to the maximum
distance between a mobile unit and the base station serving it,

1 o is often less than 1 km. I§,; < r, (21) and (22) lead to
Pout = // eXp(—TTQ - Tj)

a R =area-averaged CIR

e _ (D= oy
X |:P0ut|(5,§) b:R(y(’_"’779),C=((K+1)(y*"n?/nz):| d’/’x d’/'y - iy — < r ) = (U 1) . (23)
(19) If dyp > 7, saydy, = 1.27, then

where P,z 3 Is that of (13) or (14). Equation (19) can be R =120m=m)(y — 1) (24)

accurately evaluated by the 2-D Gauss—Hermit quadrature rule. ) _ )

2) Multiple Interferers with Different StatisticsSubstitut-  Provided thatl/ > 2.2. Using the relationship, (23) or (24),
ing (11) or (15) and (16) into (18) and using suitable chand¥€ can compute the outage probability as a function of the
of variables and the facts thaj, = 10F—¥:)/10 g, — normalized reuse distance.

po /1 = 10(ea—rea)/10 e have
B. Random Number of Interferers

oo
P - 1 i | exp(=r2 =2 = 12 In all cases we have considered so far, the number of
T\ Va P =7 L interferers is assumed to be fixed. It is possible that the

cochannels in some of the nearby frequency reuse cells are

X [Pout|@,,7,) |tp = Ry ol 1) em((K+1)a—rs /)] 1O used [4], [20]. The channel status of being used or not can
dr dr leL ’ (20) be described by the Bernouli distribution
dry -
. . o Tq o NI=T __ [0, ifchannelis idle
Where Pou|(z.5, 7,--7,) IS that in (11) or (15). Bril)=pa(I1=pa) ™" 1= {1, if channel is active

where0 < p, < 1 is the probability that a channel is active.
Let N be the number of cochannel interferers and assume
that they are statistically i.i.d. Then, the number of active

IV. REUSE DISTANCE AND COVERAGE PREDICTION

A. Path Loss and Reuse Distance interferersL follows a binomial distribution
The normalized cochannel reuse distabtealso known as I N—T.
the CCI reduction factor, is defined as i(L) = <L> pa (1=pa)" "7 L=01,-, N (25)
U= D 21) The grade of a mobile radio service is usually specified by
r the blocking probabilityB with 0.02 being a typical value at

(16)

1 bt (Ta — pza)® + (Urg — ma)* + -+ Wrg — pra)?
X exp |— 52

f(fdaylda e ayLd) = <

2ro
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Fig. 1. A street microcellular configuration with a cluster of eight cells. The 10° f
street blocks are 100 (my 100 (m) and the width of streets is 40 m. Numbers
are for positions of cell sites using different frequency bands. L NN

0 5 10 15 20 25 30 35 40

the busy hours [21]. Given the blocking probability and the b/q (in dB)
radio traffic requirement, we can determine the number of bq§1& 2
station channelgV, in each cell by the use of the Erlarg-
formula. If all the available channels are equally likely to be

Outage probability versug/¢ in the presence of i.i.d. interferers.

used, therp, = B'/Ne and (25) becomes 10° 4 M= {444,444}
om={1,1,1,1,1,1}
+mi={1,1,2,2,3,4}

N T 7 J—
-Pz(L):<L> BL/AC (1_B1/AC)A L7 L:0717"'7N' _‘?10-15
(26) 3 i
The average outage probability thus becomes )
o
[0}
N g 0%}
Pout it Z Pout(L) R(L) (27)
L=0
10°®
C. Coverage Prediction b N

¢] 5 10 15 20 25 30 35 40

Although reuse distance can help us in estimating the
b/q (in dB)

spectral efficiency and determining the reuse pattern, more
detailed information is needed in implementing a cellulafig. 3. outage probability versus/q for different fading parameter distri-
system. When one takes the actual street geometry and bagens. The number of i.i.d. interferers Is = 6.
station locations into consideration, one of the major design
concerns is the cell coverage area, i.e., the area within which
mobile stations can be served by the same base station with a
prescribed quality and with a probability higher than a given Fig. 2 depicts the outage probability as a functionbgg
percentage' Coverage area prediction can be rough|y deri%ameterized by/ and the number Of ||d interfel’ers. For a
by estimating the path losses for the locations of interest [28fven outage probability, the fewer the interferers or the larger
However, in a highly variable urban microcellular environmerifie Rician factor is, the smaller the required rdiig becomes.
it is not sufficient to just consider the path loss. Outage analyst§own in Fig. 3 are the outage probabilities caused by the
presented before can be used to estimate the service area @jiegence of six interferers with three different sets of fading
street microcell by taking into account both signal fading arggrameters. As one can see from these numerical results, the
shadowing effects. number of i.i.d. interfererd. and the Rician factors are
Base stations of a typical urban microcellular communthe dominant factors in determining the outage probability
cation network are usually located in the streets with theihile the fading parametern has much less effect. The
antennas below the urban skyline. The radio coverage depetadg! interference power may be distributed among several
on the road topology and the dimensions of street blocksterferers or it may be emitted from a single interferer. Fig. 3
For cities that have grid street patterns and rectangular stresamines the outage probability behavior when the same total
blocks, the microcells have regular shapes. Fig. 1 showgrn&an interference power comes from either a single interferer
microcellular arrangement with rectangular cells formed byr four independent interferers. The result indicates that the
positioning base stations at the middle of blocks [23]. In sudlistribution of the interference power has little or no effect on
a cell configuration, the designed service area of a base statio® outage probability.
is about one segment, 210 m on each side of the base statioikig. 5 shows the outage probability as a function of local
of a lateral or transverse street. mean CIR margin, i.e., CIR(dB}-¢(dB), when the excess

V. NUMERICAL RESULTS
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Fig. 4. Comparison of outage probabilities for single interferer and fourig. 6. Outage probability versus mean CIR margin when both fading and
interferers when the total interference power is fixed. The mean pgwershadowing fading are considered.

of a single interferer (solid lines) is equal to the total mean power of four

interferers, each with the same mean powery/4 (dashed lines). Dots

represent outage probability for cases that the four interferers have different 100 -
mean powergj/2, ¥/3, §/9, andy/18.
0 —20terms | |
10 o 50 terms :2' 107 -
| 80 terms ] [
® 120 terms 3
2 simulation [}
o
2 10" . o
8 g g 107 ¢
8 6 -5 £
Df_f ‘\», .. K=1 ©
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— R — Fig. 7. Outage probability in the presence of four equal-mean-power inter-
0 5 10 15 20 25 ferers with identical or different fading parameters. The area mean excess
Local-Averaged CIR Margin (in dB) desired signal powe: /o is 50.

Fig. 5. Comparison of outage probabilities estimated by using simulation
and various truncated versions of (13). the accuracy of our numerical integration algorithm we have
included simulation results in the same figure. We note that

signal power¢ = 50 (17 dB). It is clear that the minimum for most cases of interest, severer shadowing (lavgerauses
signal power requirement sets a lower bound on the outdggher outage probability. However, for a very low CIR mar-
probability. For a given excess signal power, there is @n. the trend is reversed. Fig. 7 reveals that the influence of
threshold beyond which the increase of CIR has no effect 8i¢ fading parameters on the outage probability is insignificant.
reducing the outage probability. This floor value of the outagehe error floor is determined by the minimum signal power
probability is strongly affected by the Rician factor. In otheféquirement and the shadowing spread. Figs. 8 and 9 show the
words, for a noise-limited situation (large CIR) the strengt@utage probability as a function of normalized reuse distance in
of the desired signal’s specular component will dominate ti@rious communication environments, assuming i.i.d. interfer-
outage probability. Also shown in Fig. 5 are the outage proB¥s. As expected, the minimum reuse distance is an increasing
abilities calculated by using 20, 50, and 80 terms of the seriggiction of the interferers’ number and the system protection
(13) and those estimated by computer simulation. Extensikadio, but a decreasing function of the Rician factor
numerical results have indicated that for thaseb/q, and Fig. 10 illustrates the outage behavior as a function of
m of interest, the series (11) and (13) converge relatively, N., andg when the blocking probabilitys = 0.02 and the
fast (20-30 terms are required to render an accuracy of ordeaximum number of interferers ¥ = 6. Comparing Fig. 10
107®). Nevertheless, we use 100 terms in all our computationsith Fig. 9, we conclude that for a given blocking probability,
The combined effect of fading and shadowing in the pregshen a largerV. is called for in response to a heavier traffic
ence of six i.i.d. interferers is shown in Fig. 6. To confirnload, the resulting outage probability increases and approaches
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Fig. 8. Outage probability versus normalized reuse distance for variobgy. 10. Outage probabilities versus normalized reuse distance in the pres-
channel states. ence of random number of interferers. Both fading and shadowing are
considered.
10° & L=6 m=2 ¢=4dB . .

: ’ loss of 30 dB [24], [25]. Fig. 11 shows a shadowed region of
P,.(L = 4;I) < 0.01 and a blank region bounded by the
line with P.,.(L = 4;1) < 0.1. The shadowing spread is

Z 100 - 4 dB, and the system protection ratio is 15 dB. The fading
0 . .
I — parameters of LOS interferers are set to three to approximate
2 the Rician distributions with Rician factor 5 [2] and those
o of non-LOS interferers are set to one. The figure shows that
2 10? almost all of the designed service area is within the region of
© Py (L = 4;1) < 0.01.

10°

T R VI. CONCLUSIONS

2 4 6 8 10 12 14 16
Normalized Reuse Distance

18 20 A shadowed-Rician/shadowed-Nakagami channel model
has been used to study the outage probabilities and coverage
Fig. 9. Outage probability versus normalized reuse distance for vario[:}r(_:‘dictions of microcellular mobile radio systems. When only
channel states and system protection ratio short-term fading is considered, we have derived closed-form
expressions for the outage probabilities in the presence of
. ) ) multiple independent interferers with identical and different
the worgt case where all possible interferers are active. TRiSyistics. The influence of lognormal shadowing on both
can eaSL’"X, be seen from (26) for . > 1 andN. > N, we  qegjred and undesired signals is investigated. We also analyzed
have B /N ~ 1, Fi(N) > P(K) for all K < N. Hence, he impacts of the minimum CIR and minimum signal strength
(27) is dominated byPou(N)F;(V). The total interference (o equivalently, minimum CNR) requirements. The outage
power might be distributed among several interferers or 4ehavior is studied by varying channel and system parameters
might come from a single interferer. Fig. 4 examines thge Rician factor, fading parameter, shadowing spread, system
outage probability behavior for: 1) a single interferer and }|r protection ratio, and minimum required signal power.
for four interferers with the same total mean power. The resyl,r numerical investigation has concluded that the outage
indicates that the distribution of the interference power hﬁobab“mes are dominated by the Rician factor and are
little or no effect on the outage probability if the interferergnsensitive to the fading parameter.
are independent. Using a dual-slope power (path) loss law, we determine
In estimating the cell coverage, we consider two firskdequate reuse distances that ensure a given worst case outage
tier LOS CCI's and two nearest non-LOS CCI's in therobability. Numerical results tell us that the average outage
configuration shown in Fig. 1. For a CCl-limited environmenfprobability that takes into account the fact that the number
the probability of outage is a function of area-averaged CI&f interferers is random tends to converge to the worst case
which can be predicted by an appropriate path-loss modgérformance if the number of the base station channels is large.
For a LOS path, the signal power is assumed to obey a duBinally, we demonstrate another useful application of our anal-
slope loss law withn; = 2, ny = 4, and dyx = 150 m; ysis in cell planning: estimating the coverage contours for a
for a non-LOS path, the received power follows a singlegiven microcellular configuration. Such an estimation enables
slope loss with slope equal to 4.5 and an additional cornes to accurately predict the area within which a satisfactory
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Fig. 11. Constant outage probability contours in a street microcellular environment. The dots denote the positions of cochannel base stasioed:che d
is at (0,0), two non-LOS stations are at (420140) and (—420, 140), and two LOS stations (not shown) are at (1680, 0)(arib80, Q.

reception quality can be anticipated with a probability highddsing [18, eq. (8.447.1)]

than a prespecified value.
AK(K+Dr) S 1 (KE+1) "
IO( T ) =D i < z

=0

APPENDIX |
OUTAGE PROBABILITIES DUE TO CCl AND THERMAL NOISE (1.3)

A. Multiple i.i.d. Interferers and the identity [18, eq. (3.381.3)]

Substituting (3) and (9) withn, = mL into (10), we obtain

oo

v—1 m
xu—le—;m dr = N_V(L/ _ 1)‘ e(—pu) Z ([JU,)'
.

Poutﬁ,ﬂ (L7 I? N) w m=0
_ /°° K+1 (1.4)
Yo z . . ..
and invoking the definitions = (K + 1)x/%, ¢ = vo(K +
% exp <_ g K+l x) I <—\/4K(_K+1) x) 1)/z, b =7/7, andw = (mb/q(K + 1)) yields (13).
X X
NEARE /’”” - . y
7 T(mL) J Y B. Interferers with Different Statistics
m Substituting (3) and (7) into (10), we obtain
exp <_t y) dy dx. (.Y
Y

Pout|5,§1,§2,~~~,§L (L7 I, N)
Invoking the identities of [18, egs. (3.381.1) and (8.352.1)], we © K+1
rewrite the double integral on the right-hand side of (1.1) as =1- L

T
oo (K+ 1)z 4K (K + 1)z
Kj 16_;([/ C(—m(l\'-l—l)/E)IO( 4K(K_+ 1)35) i X exp <—K - Iy ——
x x
o & L m mp L my 71_1
m I | X

mt <qy) < K+1 maz L=1 Yi = o e =)= 1!

_ Z T T exp| — = X — % ac/q ‘
k=0 Coe X / Y™ exp <——k y) dy dz (1.5)
0 k
N 1)a:> dx]
z The integral with respect tg has the form of the incomplete

(1.2) Gamma function. Substituting a complementary representation
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of (1.4) into (1.5) gives

wherek = 0,1,2,---.
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Combining (1.3) and (I.4), we then

obtain (14).

Powtiz.5,. 5,5, (Li1,N) Equation (15) can be obtained by: 1) substituting= 0,
T L (3), and (9) into (10); 2) using (I.4) to perform the integration
—1_ K + 1 oK lH nzk] with respect toy; 3) applying the identity

k=1 L L T —my,
L  my i— my s
e o () =[] 1T ) ]
Z Z (i— 1) " k=1 k=1
k=1 i=1 ’ (1.5)
e (5)
. exp|——= where
Yo z -
my—1t jJ Wi % i (“ 6)
.IO< w) -3 () R SRy |
+ = I\ T and
, / T i e (D) F (it [7) o N N
b =0 (wrm) |1 (awes)
q oo \4a
1o EELYE g, (.6) i
z 1.7)

The integrals within the bracket have forms similar to tho<¥d then 4) performing the integration with respect:to

in (1.2). Equation (11) can then be obtained by following an
analogous procedure.
[1]
APPENDIX Il
OUTAGE PROBABILITIES IN A CCI-LIMITED ENVIRONMENT
Substituting (3) and (9) withn, = mL and~y = 0 into
(10) and invoking (1.4) and the identity [18, eq. (6.643.2)]

/ 2D, (28/x) da
0
2
o (2)
o

(&
p
(1.1) e

2a
where M, ,.(z) is the Whittaker function defined by [18, eq.
(9.220.2)]

(2]

(3]
(4]

[4)]

D(u+v+3)
I'2v+1)

]

gt

(7]

ALy, o 8]
_ /) =(/2) Ni
My u(z) = 2 Z TR (11.2)
n=0 [9]
and (z),, = ['(x + n)/I'(x), we obtain
Pout|5,§ (L7 I) [10]
mil,—1 1 w k
=t — | — 11
¢ Z 14+w <1 + w) ¥ 1]
h=0 , [12]
o (k+i) KO\
8 ; il \T+w (13) 3

with w = (mb/q(K + 1)) andb = /3. The infinite series on [14]
the right-hand side of (11.3) can be simplified according to [15]

i(kJrL). K\ [15]
£ R \T+w

K\ [16]

ff 22
kK <1+w>
> el

j=0

[17]

(I.4)

:exp<1+w>

REFERENCES

R. J. C. Bultitude and G. K. Bedal, “Propagation characteristics on
microcellular urban mobile radio channels at 910 MHEEE J. Select.
Areas Commun.vol. 7, pp. 31-39, Jan. 1989.

M. Nakagami, “Them-distribution—A general formula of intensity dis-
tribution of fading,” in Statistical Methods in Radio Wave Propagation
W. C. Hoffman, Ed. London, U.K: Pergamon, 1960.

K. Pahlavan and A. H. Levesqu@/ireless Information Networks New
York: Wiley 1995.

A. A. Abu-Dayya and N. C. Beaulieu, “Outage probabilities of cellular
mobile radio systems with multiple Nakagami interferet&EE Trans.
Veh. Techno).vol. 40, 4, pp. 757-768, Nov. 1991.

Y.-D. Yao and A. U. H. Sheikh, “Investigations into cochannel interfer-
ence in microcellular mobile radio system#EEE Trans. Veh. Technol.
vol. 41, pp. 114-123, May. 1992.

, “Outage probability analysis for microcell mobile radio systems
with cochannel interferers in Rician/Rayleigh fading environment,”
Electron. Lett, vol. 26, no. 13, pp. 864-866, 1990.

R. H. Muammar, “Co-channel interference in microcellular mobile radio
system,” inProc. 41st IEEE Veh. Technol. Cont991, pp. 198-203.

R. Prasad, A. Kegel, and M. B. Loog, “Cochannel interference prob-
ability for picocellular system with multiple Rician faded interferers,”
Electron. Lett, vol. 28, no. 24, pp. 22252226, 1992.

S. Pupolin, L. Tomba, and R. Corvaja, “Outage probability in personal
communication systems in the presence of Rician fading,’Piac.
ICC'94, pp. 1526-1530.

J. R. Haug and D. R. Ucci, “Outage probability of microcellular radio
systems in a Rayleigh/Rician fading environment,Piroc. ICC'92 pp.
312.4.1-312.4.5.

W. C. Jakes, Ed.Microwave Mobile Communications New York:
Wiley, 1974.

W. C. Y. Lee, Mobile Communications EngineeringNew York:
McGraw-Hill, 1993.

P. E. Mogensert al, “Urban area radio propagation measurements at
955 and 1845 MHz for small and micro cells,” BLOBECOM '91

pp. 1297-1302.

J. E. Berg, R. Bownds, and F. Lotes, “Path loss and fading models for
microcells at 900 MHz,” inProc. |IEEE Veh. Technol. Confl992, pp.
666—671.

W.-C. Kao, “Outage analysis and coverage prediction for microcellular
systems,” Master's thesis, National Chiao Tung Univ., Taiwan, R.O.C.,
June 1996.

K. W. Sowerby and A. G. Williamson, “Outage probability calculations
for multiple cochannel interferers in cellular mobile radio systems,”
Proc. Inst. Elect. Eng.vol. 135, pt. F, pp. 208-215, June 1988.

C. Tellambura and V. K. Bhargava, “Outage probability analysis for cel-
lular mobile radio systems subject to Nakagami fading and shadowing,”
IEICE Trans. Communvol. E78-B, no. 10, pp. 1416-1423, Oct. 1995.




LIN et al.: OUTAGE AND COVERAGE CONSIDERATIONS FOR MOBILE RADIO SYSTEMS 75

[18] I. Gradshteyn and |. RyzhikTable of Integrals, Series, and Products Wen-Chang Kao received the B.S. and M.S. degrees in communication
New York: Academic, 1980. engineering from the National Chiao Tung University, Hsinchu, Taiwan,
[19] A. M. D. Turkmani and A. A. Arowojolu, “Microcellular propagation for R.O.C., in 1994 and 1996, respectively.
PCN networks—A review,” irProc. 3rd Int. Conf. Universal Personal  He is currently an Assistant Researcher at the National Space Program
Commun,. 1994, pp. 171-177. Office, National Science Council, Executive Yuan, Hsinchu. His current
[20] R. Muammar and S. C. Gupta, “Co-channel interference in high capaesearch interests include satellite communication and wireless communication
ity mobile radio systems,IEEE Trans. Communvol. COM-30, pp. systems.
1973-1982, Aug. 1982.
[21] W. C. Y. Lee, Mobile Cellular Telecommunications System$lew
York: McGraw-Hill, 1990.
[22] L. R. Maciel and H. L. Bertoni, “Cell shape for microcellular systems in
residential and commercial environmentt2EE Trans. Veh. Technol.

vol. 43, pp. 270-278, May 1994. , , . .
[23] H. Persson, “Microcellular structures and their performancePiac. YU T- Su (S'81-M'83) received the B.S.E.E. degree from Tatung Institute of

IEEE Veh. Technol. Conf1992, pp. 413-418. Techno_logy: Taiwan, R.O.C., ir_l 19_74 and the M.S. _and Ph.D. degrees from
[24] J. B. Andersen, T. S. Rappaport, and S. Yoshida, “Propagation mdhe University of Southern Cahfo'rnla,' Los Angeles, in 1983. '
surements and models for wireless communications chann&ge From 1983 to 1989, he was with LinCom Corporation, Los Angles. Since
Commun. Mag.vol. 33, pp. 4249, Jan. 1995. Septembgr _1989, h_e ha_s been a Faculty Mem_ber of the Dgpartment of
[25] H. L. Bertoniet al, “UHF propagation prediction for wireless personalCommunication Engineering and the Microelectronic and Information Systems
communications,|EEE Proc, vol. 82, pp. 1333-1358, Sept. 1994,  Research Center, National Chiao Tung University, Hsinchu, Taiwan. His
present research interests include communication theory and statistical signal
processing.

Jen-Cheng Lin received the B.S. degree in electronics engineering from

Chung Yuan Christian University, Chungli, Taiwan, R.O.C., in 1979 and

the M.S. degree in computer science and information engineering and the

Ph.D. degree in electronics engineering in 1990 and 1995, respectively, frggern-Huei Lee (S’86—M'87) received the B.S. degree from National Taiwan

National Chiao Tung University, Hsinchu, Taiwan. o University, Taipei, Taiwan, R.O.C., in 1981, the M.S. degree from the
He joined ERSO/ITRI, Hsinchu, in 1983, where he primarily workednijversity of California, Santa Barbara, in 1984, and the Ph.D. degree from

on the development of device drivers as a Project Leader. In 1986, {i@ University of Southern California, Los Angeles, in 1987, all in electrical

was with New Development Corporation, Hsinchu. In 1987, he was Witghgineering.

Link Communications, Inc., Hsinchu, where he worked on the developmentsince 1987, he has been a Faculty Member of National Chiao Tung

of a statistical multiplexer and VSAT system as a Project Manager. Froghiversity, Hsinchu, Taiwan, where he is a Professor in the Department of

November 1990 to March 1993, he served as a Technical Consultant to #mmunication Engineering and a Member of the Center for Telecommunica-

Microelectronics Technology, Inc., Hsinchu, on a maritime communicatioins Research. His current research interests are in wireless communications,

system and personal communications system. He is currently an Associggmunication protocols, broad-band switching networks, and network flow

Researcher at the National Space Program Office, National Science Counrghtrol.

Executive Yuan, Hsinchu. His current research interests include wirelesr, |ee received an Outstanding Paper Award from the Institute of Chinese

communication networks and satellite communication systems. Engineers in 1991.



