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On the Optimal Base-Station Density
for CDMA Cellular Networks

Stephen HanlyMember, IEEEand Rudolf Mathar

Abstract—In this paper, the minimal base-station density for
a code-division multiple-access (CDMA) cellular radio network is
determined such that the outage probability does not exceed a cer-
tain threshold. Base stations are assumed to be located on a reg-
ular triangular grid of minimum distance d, while mobiles are ran-
domly distributed according to a two-dimensional Poisson point
pattern. Each mobile may be connected to, at most, one of four sur-
rounding base stations, effectively connecting and applying power X ®
control to the one with least attenuation. Thus, we model the use . Referénce BTS .
of macroscopic selection diversity. We obtain a normal approxima-
tion to the total interference power at a reference base station for a
correlated log-normal shadowing law. The base station distance we
obtain is proportional to the inverse of the square root of the traffic
intensity, and we obtain the constant of proportionality, which is it-
self a function of the minimum acceptable carrier-to-interference
(C/I) ratio and the maximum tolerable outage probability. Our for-
mula for this distance can be used in network planning and design.

.
o

Fig. 1. Grid of base station locations.

Index Terms—Base-station density, code-division multiple- . s . .
access (CDMA), marked spatial Poisson point process, network In Section Il, we take a regular, infinite triangular grid of base

planning, power control. stations in the plane, with grid constadtbeing the distance
between any two base stations, as depicted in Fig. 1. Mobiles
are assumed to be scattered randomly in the plane according to a
. INTRODUCTION homogeneous two-dimensional Poisson point pattern (process)

N IMPORTANT problem that arises in the design of aVith constant intensitj [8].

code-division multiple-access (CDMA) network is to de- Our interest is in the probability of outage at a reference base
termine how densely base transmitter stations (BTSs) need tHfion. We assume that a user is received with unit power at
packed in order to carry the required traffic under certain qualifj)® Pase station it actually connects to, and that outage occurs
constraints. Even if base stations cannot be located at the preffidae C/I ratio at the baf_e station drops below a thres_h_olsl_
locations computed by our model, an answer to the above quid$ argued in [13] that “instantaneous outage probability” is
tion provides valuable information about the necessary numiss}adequate pek:formsr!::err]‘{weasure for'netyvorkr?lmenglcinlr.]g. In
of base station transmitters per unit area. In this paper, we p%'—s paper, we have bulilt this assumption into the model, since

vide an analytical approach to solving this problem. ho time dynamics are considered.

As a measure of quality, we use the instantaneous outa é/\/e assume the traffic intensity, the C/l ratio threshola,

probability at a target base station, which in turn depends on t ed the target outage probabﬂyﬁy are aval_lable as_de§|gn pa
. . . rameters, and we obtain (20) for the maximum grid distafjce

total received interference. In a CDMA system, a mobile expe- - . : .
) . : ) and hence, the minimal base-station density, that can achieve
riences outage when the carrier-to-interference (C/I) ratio drops

g ) . . these parameters. The focus in this paper is on solving for the
below the minimum level required to meet the quality of SENVICRinimum base-station density. However, if instead the grid dis-

requirements of the mobile. In this paper, we assume that all %%éfed is fixed, (20) can be solved to give the maximum traffic

users require the same quality of service and hence are recewﬁ hsity A
at the same power level. Our model for how mobiles create interference at the refer-

ence base station is based on the power control and macroscopic
selection diversity used in 1S-95 CDMA (see [15]). Specifically,

Paper approved by A. Lozano, the Editor for Wireless Communication of h h iallv b d f
the IEEE Communications Society. Manuscript received November 8, 2004€ a@ssume that each user can potentially be connected to any o

revised June 25, 2001 and December 5, 2001. the three closest base stations, or to the reference base station,

S. Hanly is with the Department of Electrical and Electronic Engineering, Thgg depicted in Fig. 2. The mobile actually connects to the base
University of Melbourne, Melbourne, Vic. 3010, Australia (e-mail: s.hanly

ee.mu.0z.au) %tation for which the attenuation is least. The mobile employs
R. Mathar was with the Department of Electrical and Electronic Engineeringower control so that the received power at the connected sta-

The University of Melbourne, Melbourne, Vic. 3010, Australia, on sabbaticﬂon is unity, and it follows that the interference it creates at the

from Aachen University of Technology, D-52056 Aachen, Germany (e-mail: . . . . .
mathar@stochastik_rm%,_aachen_de)_gy Y (eMaeference base station is upper bounded by unity, with equality
Publisher Item Identifier 10.1109/TCOMM.2002.801523. if and only if it connects to the reference base station.

0090-6778/02$17.00 © 2002 IEEE



HANLY AND MATHAR: ON THE OPTIMAL BASE-STATION DENSITY FOR CDMA CELLULAR NETWORKS 1275

tion of base-station density. We also believe it may prove useful
in other optimization problems, such as occur in the pricing of
spectrum. One way to meet increasing capacity demand is to
obtain more spectrum, the other is to place more base stations,
and a study of the tradeoff between the two is of interest.

In [15], anumericalmethod to characterize the total interfer-
ence was provided, under similar assumptions of uniform traffic
pattern, regular triangular grid of base stations, log-normal
shadowing, macroscopic selection diversity, and power control.
However, in [15], mobiles are not taken to be discrete entities,
but are uniformly smeared over the service area, and only mean

Reference BTS d interference levels are calculated. In this paper, we assume
instead a uniform spatial Poisson point pattern to describe the
Fig. 2. One large triangle: One-sixth of the hexagon. mobile locations.

Earlier work on interference characterization arising from
The model we use for power control is slightly different froninobiles distributed spatially as a Poisson point pattern appeared
that implemented in current CDMA systems. In 1S-95, target ré? [10]-[12]. The results there have a different character from
ceived powers at the base stations vary according to multip@r results. In these works, there is no cellular structure and
effects, which are measured via the frame error rate at the bAg&ce, no macroscopic selection diversity or power control. On
station. The dynamics are quite complex, in that frame errthte other hand, the model of the physical layer is more detailed,
rates also depend on the received interference, which actudigluding fading, spreading, and modulation.
couples the power control between users [6]. The 1S-95 algo-Reference [10] is particularly related, since it also attempts
rithm was designed for voice systems, where the mobiles cantbdind an optimal transmission distance. In [10], an ad-hoc net-
moving at high speed and the algorithm adjusts powers rapid¥prk scenario is considered, where data packets are transmitted
in response to both fading and interference [14]. The objectig¥er multiple hops. The aim is to obtain the optimal transmis-
is to try to avoid outage, if at all possible. sion range from one node to the next. The formula obtained
In this paper, we take the simpler model of fixed unit targderein for the optimal transmission range bears some similarity
received power at the connected base station, rather ti@m®ur expression for the minimum distance between base sta-
coupling the power control between users. This assumptiti@ns (20). Not surprisingly, both scale inversely with the square
has been made in many other works [3], [5], [15], [17] (amonkpot of the traffic intensity. However, in our case, there is a term
others), and we are motivated by a number of consideratidnghe constant that scales with the square root of the processing
here. First, as with these other papers, we want a tractapiin, whereas in [10], the constant scales with the 0.25 power
model, and particularly one that does not allow interactior®¥ the processing gain. This difference is likely to be due to the
between users, since the theory we are using cannot accduttiple transmissions required in the multihop network case.
for that. Second, we want our method to be applicable toA complete characterization of the distribution function from
future bursty data systems, and in these systems, it may Aogser to a reference base station is obtained in [17], taking
be appropriate to try and avoid outage through rapid powiito account distance, shadow attenuation, and power control.
control. Instead, outage (loss) can be tolerated since packBte traffic model presupposes that users in each cell are uni-
can be retransmitted, and the objective then is to keep dasmly distributed in a circle around the respective base station.
outage probability within a bound, which is chosen to avoi@ihe distribution of interference power is expressed in terms of
excessive delay in the retransmissions of lost packets. a multiple integral which can be evaluated numerically. From
In this paper, we do not consider multipath effects, bdifis, numerical values of the outage probability in time-division
we remark that the marginal distribution of multipath fadingnultiple-access (TDMA)- and CDMA-like cellular systems are
can be introduced in exactly the same way that we modelculated.
log-normal shadowing, if desired. The distribution of total Another related paper is [13], which considers the coverage-
interference power at a reference station, taking account asfpacity tradeoff, but the focus is on a single-cell scenario. This
Ricean and Rayleigh fading as well as log-normal shadowirggper provides an extension to the multicell scenario.
has been determined in [7] and [9]. It is certainly of interest
to extend our results to handle random target received power
requirements, as in [13], [14], and [16], as these may vary with
the channel multipath conditions. It may also be of interest to As discussed in the introduction, we assume that mobiles
consider imperfect power control [13], [14]. Such extensiorexe located in the plane according to a homogeneous, spatial
are straightforward, but we do not consider them here. Poisson point pattern of intensity([8]), and base stations are
Part of the paper is concerned with the task of taking intocated in an infinite triangular grid, with grid distangégeas de-
account the effect of the cumulative interference from a largected in Fig. 1. Lell denote the set of random mobile locations
number of mobiles, and this has been the topic of many ottierthe plane, and if a mobile happens to be located at position
research works. Our particular concern has been to obtair: & the plane, lef (x) denote the random interference created
tractableanalyticalmodel that can then be used in thgtimiza- at the reference base station, whether or not the mobile actually

Il. INTERFERENCEMODELING
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connects to this base station. Then the total interference is given
by > x e £(X).

To completely specify the total interference statistics, we
need to specify the statistics d{z) at any pointz in the
plane. Note that by assumption, the interference levels at the
reference base station from the mobiles are independent of each
other, so the marginal statistics of each mobile are sufficient to
characterize the marginal statistics of the total interference.

To cut down on the numerics, we will neglect interference —dn
from mobiles sufficiently far from the reference base station.

Adjacent to the reference base station are six neighboring b&$e3- Orientation of first-tier coordinate system.

stations, and beyond that, twelve base stations that are “one hop”

away (Fig. 1). The total region contained in the convex hull of We assume the typical path-loss model, in which the signal
these twelve second-tier base stations forms a hexagon, andswength degrades as an inverse power law, with exponent
assume that mobiles outside of this hexagon contribute neglirch that the attenuation at a distankis given byd=". For
gible interference at the reference base station. Thus, we effambile communication environmentss typically in the order
tively restrict the spatial point pattern of mobiles to this hexagoof 3 to 5. Furthermore, the signal is also multiplied by a log-
as far as our analysis is concerned, although in principle, awsrmal random variable, representing shadow fading. The way
techniques can be applied to a region of arbitrary size and shape.model this is to lef.q, L1, L» denote independent random

By rotational symmetry, we can restrict attention further teariables, with
any one of six triangles that make up this hexagon, as depicted Gi/10 o
in Fig. 2, where the triangle is bounded by six base stations as Li =107, Gy~ N (0’0 ) ;0=0,1,2

dgpicted_ there, with thg r.efere.nce base station at a vertex. T@;ﬁ)eriments suggest the choice of= 8 for standard devi-
trlapgle is further sgbdlwded into foyr smaller triangles, _eacﬁtion of G; (cf. [15]). As in [15], we assume thaty, Gy, G
defined by three adjacent base stations that are the vertices of i5intly Gaussian. Then we assume that the mobile located
the smaller triangles. A mobile located in one of these smallgf o sition.: in the figure is received at the reference base sta-
triangles can potentially co.nnect.to any of the three base statigag, \ith powerI(z), as shown in the equation at the bottom
at the vertices of the mobile’s triangle, plus the reference basgpe page. This definition encompasses the effect of path loss,

station. If the mobile falls in the lower left triangle in the figure gn qowing, and also that of macroscopic selection diversity and
a “first-tier” triangle, then the macroscopic selection diversity 'Sower control.

limited to three base stations, since the reference base station Set H, = Gy — G, i = 1,2. It holds that
T T (2] - ? .

one of the three adjacent base stations. However, if it lies in one , 1 —1 0 ,
of the three “second-tier” triangles, the macroscopic selectibff1: H2)" = 1 0 —1 (Go, G1, G)
diversity includes the reference base station. such that(H,, H)" is jointly Gaussian, with mea(0, 0)’ and

To determine the interference from a location in the first-tiefovariance matrix
(lower left) triangle, letr denote the position of a mobile relativey, _ 2 (2 f} _

to a coordinate system with origin at the reference base station, ~ \1 2 o
and orientation as depicted in Fig. 3. lda(z), d1 (z), d2(z) be  The joint density of #y, H,)" is given by

the distances to the adjacent base stations, with 0 denoting the 1 1) 1,0
reference base station. Then F(hisha) =5 |E[7 Zexp <—§$ b iﬂ)
do(x) =27 + 23 1 — (h — hiho + h3)
=——F——€exp 3 .
e J3d 2 270/302 (302)
2
dilx)=(z1— %) +|z2— — , _ . o
2 2 With a view toward extending to second-tier triangles, where
5 2 we will need to include more shadowing random variables and
d(z) = <x1 + Cf) + {0 — V3d 1) alternative coordinate systems, let us now include in the notation
2 2 the random shadowing effects as parameters, together with the

1, if dg"(x)Lo > dy "(x)L1 anddy "(x)Lo > d; "(x) L2
do_’y(.’l,')Lo . — — — —
fd 7(x)L1 > dy"(x)Loandd; " (x)Ly > d; (x)L
() =< d7 ()L, if dy " (z)Ly > dy ' (x) Lo anddy " () Ly > dy 7 () L2
—y
d(i (z)L()’ if dy "(x)Lo > dy (x)Lo andd, "(z) Ly > d; (=)L
dy " (z)Ls
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coordinates of the reference base station, which in this case sits
at the origin. Thed (H, z, 0) may be written as

I(H,z,0) =min{ 1 do (%) | grri10 G0 (@) ), 10
- D) d @)

L
=min {1, d3($)>W2 10H:/10,
—/2
(£5) "o} o

di(=)
with the above joint density off; and H».
Denote the first-tier triangle by ; and let the Poisson point Fig. 4. Second-tier triangles with corresponding coordinate systems.
pattern of mobiles that are located in this triangle be denoted by
I, . We can then write

loy= >, I(H,X,0) €)
XEHAf

Reference BTS

for the total interference at the reference base station due to the
first-tier triangle.
Theorem 1:Under the above assumptions, the mean and

variance of the total interference from each of the triangles in o _ _
the first tier is given by Fig. 5. Orientation of the second-tier coordinate system.

E (I(O)) =Ad’¢1(0,0) ) station are concerned. For each type of triangle, we assign an ap-
V (1)) =Ad’c2(0,0) (5) propriate coordinate system, as depicted in Fig. 4, and then the
wherec,(0,0) for k = 1,2 is given by (6) at the bottom of only differencelbet.vveenthe triangles is thelocation of the refer-
the page, and,’(z) = 22 + 22, d;*(z) = (z; — 1/2)? + €nce base stationin the respective coordinate systems. Thus, we
(22— /3/2)2, andd,?(z) = (21 +1/2)2 + (z2 — v/3/2)? are  ¢@n reduce the problem to that of specifying the interference at
obtained from (1) by setting = 1. an arbitrary base station locatiér= (b, b2)’, from the canon-
Proof: We consider the expression fé, in (3), which ical triangle and coordinate system depicted in Fig. 5.

we note is a functional of a marked Poisson point pattern ([8]3. In Fig. 5, the reference base station is located at the point
Thus, by Campbell’s theorem [8], and we assume that £ 0, since the origin is now the lo-

cation of the base station denoted by 1 in the figure. To deter-

-d2 1 drn *1

E [I(O)] :// Eg [I(H,z,0)] \dx, (7) mine the interference received afrom positionz in the tri-
&r angle, we now need four independent log-normal random vari-
V [lo)] :// Eyy [I’(H,,0)] Mz (8) ablesL,i = 0,1,2,3. We assume that the four depicted base
A stations, including the reference base station located at point

whereE denotes the expectation with respect to the randomemploy macroscopic selection diversity. The variablede-
vector H. By (7) notes the shadowing to the reference base station. Further, let

V3/2d  p(V3/3)as H I- (Hl,HQ,Hg) with Hz = Lo—Li,i = 1,2,3Then the

E L] = )\/ / Eg (I(H,,0)) dzidz. received power &, conditional onH and the mobile being at
0 —(V/3/3)x2 x, is given by

Substituting/ (H, z, 0) from (2) and changing variablész; — &2(z) —/2

x;, we obtain (4). Equation (5) is derived from (8) along the I(H,z,b) =min{ 1, < 9 ) 10%1:/10

i di(x) ’
same lines. O
We now consider the interference created from the three tri- 43 (x) —/2
. . . . 0 10H2/10
angles in the second tier. There are really two distinct triangles 2 (x)
to be considered here, which we refer to as type 1 and type 2 z 2
triangles, as depicted in Fig. 4. Both triangles of type 1 are iden- <d0($)> 10Hs/10 9)
tical as far as the statistics of interference at the reference base d3(x)

k

V3/2 p(V3/3)x2 poo poo d 2 —/? d 2 —/2
a(0,0)= / / / / f(hi,ho)min 1, 02(‘”) 10™/10, 02(‘”) 10"2/1° % dhy dhode das
0 —(\/3/3).7:2 —ood —oo dll (.’L') d!

(6)
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where the distance), d;, d2, d3 are given by TABLE |
5 9 9 CONSTANTS FORFIRST- AND SECOND-TIER TRIANGLES
do(®) = (21 — b1)" + (x2 — b2)

2 2, 2 o 0 2 4 6 8 10
di(2) =a1 + 3 &(Br,0) | 0.00220 | 0.00250 | 0.00361 | 0.00633 | 0.0111 | 0.0173
g\ 2 V3d 2 a(Bs,0) [ 0.00716 | 0.00813 | 0.0116 |0.0182 | 0.0263 |0.0345
d2(z) = <x1 — _> g, — 2 a(0,0) 02817 02391  |0.2165 |0.2034 |0.1951 |0.1895
2 2 2(B1,0) | 2.172.10°% | 3.810-10-° | 0.000197 | 0.00136 | 0.00468 | 0.00986
y c2(Bs,0) | 0.000260 | 0.000450 | 0.00201 | 0.00690 | 0.0144 | 0.0226
) d\? V3d (0,0) | 02560 | 01950  [0.1775 |0.1709 | 0.1679 |0.1663

. . : We can now applyrheorem 2o obtain the mean and vari-

in terms of the coordinate system of Fig. 5. . . .
o i ; : nce of interference from the two different types of second-tier

The vectorH is jointly Gaussian, with expectation zero an(?. .

covariance matrix riangles. For type 1 triangles, we dat = (3d/2,v/3d/2)

and henceB; = (3/2,v/3/2). For type 2 triangles, we set

b, = (d,0) and hencef, = (1,0). The corresponding coor-

dinate systems are indicated by boldface arrows in Fig. 4. Ob-

viously, there are other equivalent choices of coordinate trans-

The joint density is forms leading to the same results.

2
=021
1

[ R

1
1
2

f(hy,ho hs) = m exp <_8_i‘_2 (hi,ha, h3) lll. A PPROXIMATION FOROUTAGE PROBABILITY
Applying Theorems Jand2 to the first- and second-tier tri-
3 -1 -~ h angles, we obtain the mean and variance of the total received
-1 3 -1 ha ) power I at the reference base station from all mobiles in the
-1 =13 ha first and second tier
Let A denote an arbitrary triangle in the second tier of tri- E(I) =Ad%cg (15)
angles, and lefil » denote the Poisson point pattern of mobiles V(D) = d%ey (16)

that are located in this triangle. Then
where the constants; andcy are given b
Igy= > I(H.X.1b) (11) 5 andey are given by
ce =12¢ (ﬂla 0) + 6c1 (ﬂ?a 0) + 6c1 (Oa 0) (17)

Xemp
. . r =12 6 6¢c2(0,0). 18
wherel 3, denotes the interference at the reference base station o 02 (B1,) + 602 (B2, ) + 6¢2(0,0) (18)

located a® from the mobiles in the trianglé\. The mean and To obtain particular values, we use Table I, which has been com-
variance ofl g, are given in the following theorem, which weputed from (6) and (14) via Monte Carlo integration. _
state without proof, since the proof follows almost identically to Outage occurs whenever the C/I ratio of a mobile station
that of Theorem 1 falls short of a minimum threshold. Hence, the instantaneous

Theorem 2: Under the above assumptions, with# 0, the outage probability is given by’(1 > 1/«). Limiting this prob-
mean and variance of the total interference at the reference baBiity by a (typically small) valug: leads to

station, located at poiri, from the mobiles in the triangle de- plr> 1 < (19)
picted in Fig. 5, are given by @
g2 Since we have expressions for the mean and varianégibis
E (Id))) =Ad"c1(B, o) (12) very natural to approximaté& with a Normal random variable.
1% (I(b)) =%y (B, o) (13) Letw; , denote the — y-quantile of the standard normal dis-

tribution, i.e., the unique solution of the equati®u, ) =
wherec, (3, o) for k = 1, 2, see (14) at the bottom of the page; — whered(z) = (1/\/5) ffoo exp (—t2/2) Jd+ denotes
b=d-Banddy’(z) = (z1 — f1)? + (w2 — f2)?, d;°(®) = the standard normal distribution function. Applying the normal
w?+ a3, dy’(x) = (21— 1/2)% + (22— v/3/2)?, andd,*(z) =  approximation, (19) is transformed to
(z1 +1/2)% 4 (z2 — v/3/2)? are obtained from (10) by setting 1
d=1. d®Xeg + dui_pvev A< —.

(0%

V3/2 p(V3/3)x2 o) o) o)
anr= [ [ [
k( ) 0 —(\/5/3)392 —o0J—0 J —o0 ( b 3)
k

—v/2 —v/2 —v/2

d! 2 v d! 2 d! 2

X min 17 <d?2ézi> ]_Ohl/lo7 <0—(1;) 10h2/107 d?2E$; 10h3/10 dhlthdhgdxld.I'Q
1 \T 5 (x

(14)
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The maximum{ satisfying this inequality is given by ) g4l App%rﬂﬂgﬂgﬁ — ]
c
(=] L 4
d* = %% . < wi_ev + ‘%E — ul_u\/c_v> . (20) % 8-2 _
7]
Equation (20) gives a simple rule for how the base-station den- c'l: 28l
sity in a regular hexagonal pattern should be chosen in such a§
way as to ensure that the maximal outage probabilitg not B 76T
exceeded. Note that the base-station distaficdecreases as 8 J4l
A~1/2, up to a constant dependent on the minimal C/I ratio é
and the outage probability. 8 727}
We remark that the Normal approximation we have used here - . . . . .
is standard in the literature [4], [5]. A formal justification based -3 2.5 -2 15 -1 -05 0
on the central limit theorem is provided in Section 6.1 of [4], Log of Probability of Outage

and a very similar argument applies here. We remark that refirey. 6. o = 0.01,A=1,0 = 8,7 = 4.
ments to the central limit theorem have been considered in [1]

and [2] for a similar spatial Poisson traffic model of interferers. 3.8 : : : e
. . . . . Simulation —e—
The results in Section IV certainly support the approximation Approximation ---e---
for the problem under investigation in this paper. é 36 | .
=
(2]
IV. VALIDATION OF THE APPROXIMATION % 34t
We can consider (20) as an approximation to find the true E
optimal value ofd. Figs. 6-8 contain plots far = 0.01, o = g 32y
0.05, anda: = 0.1, respectively. In all three cases, the intensity %
A is equal to unityg = 8, and~y = 4. The outage probability e 3r
i is a free parameter, depicted on thaxis of the graphs. The 2

logarithm used for the: axis islog,,. They axis depicts the 28|
grid distanced as predicted by the model.

To check the accuracy of our approximation, we also plot the
results of Monte Carlo simulations, in which many trials are per-
formed and, in each trial, mobile locations are generated rdrg 7
domly from a Poisson point pattern of unit intensity over a large
region. The region we consider is a circle of radids\which is Simulation —e—
more than large enough to capture all interference effects atthe » 28| Approximation e |
reference base station. We measure the empirical outage prob-£

-3 -25 -2 1.5 -1 -0.5 0
Log of Probability of Qutage
a=005A=1,06=8,v=4.

a

ability for different values ofl, and conduct enough trials in % 261
each case to ensure that the estimates of the standard deviati0|§ 24 |
are appropriately small. We require that the outage probability ¢
estimate is accurate to the number of significant figures in the & 22
estimate, which is two, except in the case of outage probabilities § 2l
less than 0.01, where we only obtain one significant figure. £

We observe from the graphs that the approximation is accu- .‘g 187

rate over a wide range af and over a wide range of outage 161
probabilities. An interesting feature is that the optinfals not
very sensitive to the outage probability, as the latter quantity
ranges from 0.001 to 0.5. The sensitivity godecreases as
gets smaller. This suggests that the choice &f not that crit- Fi9-8 a=01A=10=87=4
ical in obtaining a rough estimate @f. Conversely, the outage
probability is very sensitive td, implying that a conservative goes into constructing such a curve, and it is not then robust to
choice ford is required, rather than one accurately computeghanges in the model. This is an important consideration, since
from a particular model. in practice there are many different fading models, appropriate
Note that a “simulation” curve taken from any one of the figto different scenarios, and many scenarios may be encountered
ures is actually a kind of “universal curve”, in that results for aniy a single network design. We have considered only a highly
A can be obtained by scalintgppropriately. This follows since idealized model of path loss in the present paper. Indeed, the ap-
traffic density can always be normalized to 1, by measuring digropriate fading model, and the parameters of that model, may
tance on an appropriate scale. This fact is also reflected in thepend on how close together base stations are placed, and it
approximation (20), in that* is inversely proportional t&/A. may be necessary to undertake an iterative approach to design,
Why not just use such a universal curve in the design ofimwhich a computed determines a model and vice versa, al-
cellular network? One answer is that a lot of simulation timewing successive refinements of the model. Note that in our

-3 -2.5 -2 -15 -1 -0.5 0
Log of Probability of Qutage
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approximation, changing the model only requires recomputing TABLE I

the constantsg andey . We remark that the final design may re- CONSTANTS FORFIRST AND SECOND TIER TRIANGLES, WITH REFERENCE
. 2 . v . . BASE EXCLUDED FOR TYPE 1 TRIANGLES

quire a more detailed simulation-based approach. Another very

important advantage of our method is that (20) is an analytic ¢ 0 2 4 6 8 10

formula, once the constantg andcy have been evaluated. As ci(B1,0) | 0.00220 | 0.00250 | 0.00361 | 0.00633 | 0.0156 | 0.0482

; : : c1(Bs,0) | 0.00716 | 0.00813 | 0.0116 | 0.0182 | 0.0263 | 0.0345
such, it can be used as the basis of further analytical work, st r(0.0) | 0.2817 0.2301 02165 | 02034 | 0.1951 | 0.1895

as in the pricing of spectrum. (B, 0) | 2.174.10°° | 3.812.10°7 | 0.000199 | 0.00298 | 0.115 | 11.4
c2(B2,0) | 0.000260 | 0.000459 | 0.00201 | 0.00690 | 0.0144 | 0.0226
(0,0) | 02560 | 0.1950 | 0.1775 | 0.1709 | 0.1679 | 0.1663

V. CONCLUSION

The main intention of this paper is to provide a method to

obtain a simple rule for determining the minimal base-station ' ‘ _ Simulation —e—
. . . . . . Approximation ----e----

density on a regular triangular grid. The requirement is to main- 85t 1
tain a given maximum outage probabiljiffor spatially uniform
Poisson traffic of intensity. It turns out that the optimal grid
constant] is proportional tol /+/), with a constant depending
on the outage probability and the amount of interference at
which outage occurk/«. Our results are based on a geometrical
analysis of the network with mobiles distributed according to a
two-dimensional Poisson point pattern and a normal approxima-
tion to the complicated distribution of total interference power at
a reference base station. Power control, log-normal shadowing,
and macroscopic selection diversity effects are all takeninto ac- ~ >%,5 - 15 » 05 o
count. The relationship betwedn ), 1, and« is given in (20). Log of Probability of Outage

Figs. 68 suggest that (20) provides a very good first-order
approximation for obtainingl. We observe that it works well Fig- 9. @ =0.01,A = 1,0 = 8,7 = 4.
over awide range of outage probabilities and of C/l ratio targets.
One extra insight we obtain from the results is that the outaggducing the interference it creates to no more than unity. This
probability is very sensitive to the distance between base st&sumption is sometimes made (e.g., [17]) but may not be re-
tions, which suggests a conservative approach to placing bafistic, depending on how long it takes to acquire a new base
stations is required. station signal and measure its power on the pilot channel. Its

It is of interest in future work to see how robust the methodhlidity also depends on whether or not there is a limit on how
is to variation of the parameters of the propagation model anthny base stations a mobile can be connected to simultaneously.
to extend the model itself by small-scale fading. Other worksis of interest to examine the effect of relaxing this assump-
have considered cumulated interference power under Rayleigi. To get some idea of the effect, albeit with a fairly crude
fading, for example, see [7]. The level of accuracy we have oimodel, we include here results for the scenario in which mo-
tained in the present paper is enough for a design procedbiles in type 1 triangles never power control to the reference
in which the first goal is to obtain orders of magnitude, aftdrase station. In this way, we observe the effect of the heavy
which much more precise propagation modeling is used to fiiail of log-normal shadowing, which does not have any impact
the final locations of base stations, taking into account the lgnder the assumptions made in the main body of this paper,
cations of physical features and the sites which might provigéce power control is then assumed to eliminate the effect.
base station locations. The revised table of constants under the new assumption is

Our model is for a Spatia”y homogenous Poisson point p;gi.ven in Table Il. There is very little difference between this
tern of mobiles in the plane. It is straightforward to obtain anai@ble and Table I, apart from the(B,, o) term ate = 10 and
ogous results for a uniform Poisson point pattern on the ling€c2(8;, o) terms ab > 6. Thus, for the usual case of= 8,
which may be useful for modeling mobiles along roads or higﬂ_is the constants associated with the variance of the interference
ways. A more challenging direction is to try and relax the a§bat are significantly different under the new assumption.
sumption of spatial homogeneity, to allow for a higher density Ve have repeated the calculationsdo@inder the same sce-

of base stations in areas of traffic hotspots. This is a topic fBfrios as examined in Section IV. Thus, Figs. 9-11 contain plots
future work. for o = 0.01, o = 0.05, and« = 0.1, respectively. In all three

cases, the intensityis equal to unityg = 8, andy = 4. Again,
the outage probability. is a free parameter, depicted on the
axis of the graphs. Thegaxis depicts the grid distanekas pre-

One assumption that may need to be reconsidered in futdieted by the model.
work is our assumption that the macroscopic selection diversityThe corresponding Monte Carlo simulation results depicted
always includes the reference base station. This assumption inthe graphs now assume that only users in the first-tier triangles
plies that as soon as a mobile creates a large amount of interfarthe second tier, type 2 triangles, include the reference base
ence at a base station, it instantaneously switches this base st@ion in the macroscopic selection diversity. All other users
tion into its macroscopic selection diversity active set, therelbginging out to a distance?Srom the reference base station only

Distance between Base Stations
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