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The Coverage—Capacityradeof in
Cellular CDMA Systems

VenugopalV. Veeravalli,SeniorMember,IEEE, and Andrew SendonarisMember,|[EEE

Abstract—In cellular CDMA systemsthat employ single-user
detectors,in-cell interfer encelimits the coverageof the cell. Thus
for a givenupper limit on transmit power, the coverageof a cell is
inversely proportional to the number of usersin it. This tradeoff
betweencoverageand number of usersis explicitly characterized
here. Our analysismay be usedin cellular planning to set hard
limits on the number of usersadmitted into the cell in order to
meet coveragerequirements. Furthermor e, our approach allows
us to arrive at a precisedefinition for the pole capacity of a cell,
which servesas an upper bound on the number of usersa cell
can support as the coverage shrinks to zero. We also present
a technique to calculate cell coverageas a function of carried
traffic, for any given admission policy.

Index Terms— Capacity, CDMA, cellular systems, coverage,
pole capacity.

I. INTRODUCTION

N ACCURATE predictionof cell coverageasa function

of usercapacityis essentialn code-divisionmultiple ac-
cesg(CDMA) networkdesignanddeploymentandis therefore
of greatinterest.Cell coverageis definedas the maximum
distancethat a given user of interestcan be from the base
stationandstill havea reliable receivedsignal strengthat the
basestation.

In cellular CDMA systemswith nonorthogonalusersand
single-userdetection(such as the reverse-linkof 1S-95 [1])
it is well known that the coverageof a cell has an inverse
relationshipwith the user capacity of the cell. An increase
in the number of active usersin the cell causesthe total
interferenceseenat the receiverto increase.This causesan
increasein the requiredreceivedpower for eachuser, due
to the fact that eachuserhasto maintaina certainsignal-to-
interferenceratio at the receiverfor satisfactoryperformance.
For a maximum allowable transmit power, an increasein
the requiredreceivedpower will resultin a decreasen the
maximum distancea mobile can be from the base station,
thereby reducing coverage.We will assumethat coverage
is limited by the maximum transmit power at the mobile,
although for some systemsthe forward link might be the
limiting link [2].
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Previous analysesof CDMA cell coveragehave mainly
focusedon the extensiorof cell coveragehatresultsfrom soft
and hard handof [3]-[6]. Our goal is to derive an analytical
relationshipbetweencoverageand capacity.To facilitate the
analysis,we do not include the effects of soft handof and
sectorization—theextensionof our analysisto thesecasesis
discussedn SectionVII.

We first considerthe casewhere the numberof usersin
the cell is deterministicandthe other-cellinterferencedensity
is known. For this case,we derive an equationrelating the
coverageand numberof users,for a given upper boundon
outageprobability. We also derive an equationfor the pole
capacityof acell, i.e.,themaximumnumberof usersacell can
supportif thereis no constrainton the peakreceivedpower.

We then extendthe analysisto the casewherethe number
of usersis random.Here we provide equationsthat can be
usedto obtain a tradeof curve betweencell coverageand
the averagenumberof users,for an arbitrary distribution on
the number of users.This analysiswill allow prediction of
coveragdor a projectedcapacity(carried traffic), irrespective
of the admissionpolicy! usedto achievethat capacityor the
resulting call blocking probability.

The remainderof this paperis organizedas follows: in
Sectionll, we introducethe notationusedin the paperand
derivean expressiorfor the outageprobability. In Sectionlll,
we usethe conditionfor power control feasibility to precisely
define cell pole capacity.Then,in SectionlV, we derive an
explicit equationfor coverageas a function of the number
of usersin the cell. This analysisis extendecto the random
usercasein SectionV, wherea relationshipbetweerncoverage
and carried traffic is derived for a generaladmissionpol-
icy. SectionVI providesnumericalresultsthat illustrate our
analysistechniquesQOur conclusionsaregivenin SectionVII.

Il. PROBLEM FORMULATION

We will beginby introducingthe relevantvariablesandthe
notation requiredfor our analysis.

< For any power or signal-to-interferenceatio variable X
expressedn decibels,X denotes10*/1°,

* k denoteshe numberof usersin thecell, i.e.,thosebeing
controlledby the cell's basestation (BS).

1A “rise overthermalnoise”admissiorpolicy [7] guaranteegowercontrol
feasibility at the time of admission[8], and thus affects our probability of
outagecalculationsHowever atall othertimesafteradmissionpowercontrol
feasibility is not guaranteedfor this or any admissionpolicy, and,therefore,
needgo be considerediuring probability of outagecalculationsWe notethat
our calculationsareindependenof the admissionpolicy.
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. S‘j is the power receivedat the BS from the jth user
in watts. (The receivedpowerin decibel-wattss, by the
abovenotation,given by S; = 10 log S‘j.)

» £; is the signal-to-interferenceatio (SIR or £, /1) for
the jth user.

* v; is the voice activity factor of jth user.The variables
{v;} aremodeledasindependenBernoulli randomvari-
ablesthat take the value 1 with probability p, and the
value 0 with probability 1 — p.

* R denoteghe informationbit ratein bits per second.

« W denoteghe systembandwidthin hertz.

« Ny is backgroundnoise power spectraldensity.

1 is the other-cellinterferencedensity.

The signal-to-interferenceatio (SIR) for the jth userat the

BS may be expressedn termsof the receivedpowersof the

various usersas [7]

~

g5 =

R

~ . 1
e (1)
+No+1

>

is it

The SIR requirementdor the varioususersin the cell vary
with time dueto changesn the multipathfading environment
and imperfectionsin power control. In particular, let £t
denotethetarget SIR thatis a functionof thetargetframeerror
rate (FER) andthe multipath conditions,andlet 6; denotethe
error in the power control algorithm. Then, the requiredSIR
for the jth useris given by

~x __ starget ¢
g =¢;706;.

@)

That is, &7 is the SIR that the power control algorithm is
demandingfrom the mobile at that particular point in time,
even thoughthe tamget SIR may be slightly different. Field
trials reportedin [9] have shownthat the SIR requirements
¢} are well modeledby log-normal randomvariables. Fur-
thermore we canassumehat the fading processeshat cause
the fluctuationsin SIR requirementdor the varioususersare
independentBy the above discussion,we can model {¢%}
at any given time by independentind identically distributed
(i.i.d.) log-normalrandomvariables.

In order to meetthe SIR requirements{é;}, the required
receivedpowers{ ﬁ;} mustsatisfythepowercontrolequations

ﬁ
& = - . 3)
Lo

A. OutageEquation

If the SIR of a given useris lower than the desiredvalue
for a certain period of time, we have an outage,i.e., a
noticeabledegradatiorin call quality. If the outagelastslong
enough,then the call is dropped.ldeally, we would like to
limit the probability of outage(and, of course,call drop) to
a small number.If estimatesof the autocorrelationfunction
of the fading experiencedoy the mobile are available,one
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can predict the outage probability along a particular given
mobile trajectory [10]. But for our coverageanalysis, we
require a measureof service quality for the mobile user
that encompasseall possiblefading scenariosAs a result,
a coverageanalysisthatdepend®n minimum durationoutage
[10] would be intractable,if not unrealistic. Our approach,
therefore s to simply look at the probability of instantaneous
outage thatis, the eventthatthe SIR falls below the required
value at any time. The justification for this is two-fold.

First, this corresponddo a worst caseoutage probability
measurelf we containthe probability of instantaneousutage
to a small value, say p,,, thenthe probability of outagewill
necessarilybe smallerthan p,,. The reasonis that any event
correspondindgo outagewill alwayscontainan instantaneous
outage event. The precise relationship betweenoutage and
instantaneousoutage dependson the nature of the fading
experiencedy the mobile. In the worstcase whenthe fading
is perfectly correlatedfor a duration equalto the minimum
durationfor outage the eventswill havethe sameprobability.
Thus containing the probability of instantaneousutage to
pm guaranteeshat the worst caseoutageprobability is also
containedto p,,.

Second,it is clearthat, due to the time correlationin the
fading, wheneverthe SIR ¢ is below some threshold £*,
eveninstantaneouslyit will necessarilybe below any other
thresholdé’ > &* for a durationthatis greaterthanor equalto
the durationof beingbelow é*. Therefore we canaddresghe
minimum duration outageissue by analyzing instantaneous
outageusing an SIR thresholdthat is lower than the actual
threshold. That is, given a fading environment,and given
that the SIR should not fall below a thresholdequal to ¢’
for a period exceedingr, thereexistsa é* < & suchthatthe
probability of instantaneousutagecorrespondingo é* equals
the probability of minimum durationoutagecorrespondingo
& and . Therefore,we are ableto usea simpler analysisin
orderto determinecoverageln doing so, we not only avoid
thecomplexityof the calculationsnvolving minimumduration
outagebut, more importantly, we avoid the intractability of
thesecalculations.The intractability is due to the fact that,
for our coverageanalysis,we needto take into accountall
possiblefading scenariosthat a mobile user may face in a
given cellular environmentIn practice,the desiredé* canbe
found empirically for differentcellular environmentssuchas
rural, urban,denseurban, highway, etc. Finding £*, however,
is beyondthe scopeof our paper.

Basedon the abovediscussionwe focus on the instanta-
neousoutageeventfor usery, i.e.,theevent{¢; < £5}. There
are two ways in which this eventcan happen:i) the power
control equationsof (3) do not havea feasiblesolutior? (call
this event A,;) andii) the power control equationshave a
feasiblesolution,butthe maximumtransmitpower S, atthe
mobileis exceededcall this eventB,,;). Thusthe probability
of outageis given by

Pout = P(Aout) + [1 - P(Aout)]P(Bout|Ac )

out

(4)

2Thatis, no matterhow largethereceivedpowersare,the SIR requirements
of the userscannotbe satisfied.
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where A¢ . is the complemenbf event A, i.€., AL, is the
eventthatthe powercontrolequationshaveafeasiblesolution.

We will usethe outageequationto characterizehe capac-
ity—coveragetradeof. To beginthe analysis,we focuson the
feasibility of the power control equationsof (3).

Iil.

It can be shown that the equations(3) have a feasible
solution (i.e., ST € (0, o), V) if andonly if

POWER CONTROL FEASIBILITY AND POLE CAPACITY

k 2K
R &y,

B 5
1 W + Réfw ( )
Underthis condition,it canbeshownthattherequiredreceived
power for userj is given by

(No + )W Ré3
. W + REA*I/,'
2 ReTy; .
W + Réry,

The abovesolution to the power control equationshas been
derived previously by other researcher$l1]-[13]. For com-
pletenesswe haveincludeda sketchof the derivationin the
Appendix.

From (5), the probability that the power control equations

of (3) do not have a feasiblesolution (event A, of (4)) is
given by

(6)

ReTy;
Aout) <Z W + Réry; = 1>' (7)

Under the log-normal assumptionon required SIR’s, the
probability of event A, is alwaysnonzeroaslong ask > 2,
and P(A.y) increaseswith increasingk. Thusevenif there
were no constrainton the maximummobile transmit power,
the probability that the SIR requirementsare not met ()
increasestoward 1 with increasingk. This leadsus to the
following definition of pole capacity that characterizeone
extremeof the capacity—coverag&adeof curve.

Definition1: Let p,, be the maximum allowable outage
probability. The pole capacityk,,.i. of a cell is the maximum
numberof usersthat can be accommodatedh the cell such
that P,y < pm, if thereis no constrainton the maximum
receivedpower for the varioususers.

From the above definition, it is clear that k.. serves
as an upper bound on the maximum number of usersthat
can be accommodatedn the cell as the coverageof the
cell shrinks to zero. This is due to the fact that for any
finite maximumtransmitpower,the maximumreceivedpower
increasesiramaticallyasthe coveragedecreasetowardzero.
Numerical results given in SectionVI will show that our
coverage—capacitjradeof curvesdo indeedapproachk.ie
for shrinking coverage.

To calculatekpore, We simply evaluateP(Aq.) asa func-
tion of & andpick the largestvalueof k suchthat P(Aq,) <

. FOr a given set of parametervalues, P(A.,,:) can be
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TABLE |
P(Aout) AND PoLE CAPACITY. THE PARAMETER VALUES FOR
THIS ExampLE ARE W = 1.25 MHz, R = 14.4 kb/s,
p = 045, me = 7 dB, AND 0. = 2.5 dB. FORA MAXIMUM
OUTAGE PROBABILITY p;, = 0.05, WE SEE THAT kpole = 24

k P(Aput)
Numerical convolution | Monte Carlo
1 0.0000 0.0000
2 2.4328e-13 -

5 2.3803e-09
8 4.5911c-07 -
11 1.8888e-05 1.860e-5
14 2.9411e-04 2.921¢-4
17 0.0023 0.0023
18 0.0041 0.0039
19 0.0069 0.0073
20 0.0112 0.0110
21 0.0173 0.0175
22 0.0257 0.0267
23 0.0370 0.0368
24 0.0516 0.0518

computedfor various k& using Monte Carlo techniques.Al-
ternatively,we may obtain P(A.y;) asfollows:

)
> i)

ACP({1,---, k})
[k L
_ y ki >
> (Hennor(S =) ©
j=0 =1
=1,

where A denotesthe set of all usersfor which ;
P({1, -, k}) denotesthe set of all subsetsof the set
{1, ---, k}, and o; = (W/Ré?). It can be shown that the
pdf of (1/(«; + 1)) is given by

10 1 1

In 10 /2702 z(1—x)
s 2
- exp <_ (10 108‘10 (VIEIQT) +m5) ) (9)
20

for 0 < x < 1, wherem, ando? arethe meanand variance,
respectively,of 10 log,, £;. Due to the fact that the ér are
i.i.d., the probability densityfunction (pdf) of E’_l = +1 may
beobtainedby repeatedumericalconvolutionof thepdf given
in (9) with itself This leadsto a numericalapproximationof

P(E7 = +1 > 1) for any j, andthusto an approximation

of P(A..). An exampleof this calculationis givenin Tablel,
along with Monte Carlo simulationresults.

As mentioned previously, F,,; dependsnot only on
P(Aqut), butalsoon the probability thatthe requiredtransmit
power at the mobile exceedghe maximum allowed transmit
power,i.e., on P(Boy ). As a result,asthe numberof users
k increasesthe coverageof the cell decreasesnonotonically
with essentiallyzero coveragen the vicinity of kpol. In the
next section,we determinethe coveragefor all £ < kpole.

P(Aout) = P(A)P<

fasory(e) =

IV. COVERAGE VERSUSNUMBER OF USERS

Without loss of generality,we will focuson the coverage
seenby userl whenthe numberof usersin the cell is k. Let
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d bethedistanceof userl from BS. Then,the transmitpower
(in decibel-watts)of userl is givenin termsof its received
power S; at the BS by

Strans = Sl + PL(d) + Zl (10)

wherePL (d) is the pathlossatdistancei from the BS (includ-
ing antennagains)and Z; is a randomvariablerepresenting
shadowfading. The pathlossis usuallywell modeledas(see,
e.g., Hata’s model [14])

PL(d) = K1 + K log d. (11)

TheshadowfadingvariableZ; is well modeledasazero-mean
Gaussiarrandomvariablewith variancec? [14].

The probability of event B,,,,; for userl is the probability
that Si..us €XceedssS,, .., the maximumpoweravailableatthe
mobile. Thusby (4), the probability of outageat a distanced
from the BS is given by

Pout = P(Aout) + [1 - P(Aout)]
- P(SF 4+ PL(d) + Z1 > S| AS).

out

(12)

The largestoutageprobability is seenat the edgeof the cell.
We can hencedefinethe coverageof the cell R..; to be the
distancefrom the BS at which F,,; equalsthe maximum
allowable outage probability p,,. Thus R..; is obtainedas
a solution to

P(Aout) + [1 - P(Aout)]

' P(Sf + PL(Rcell) + Zl > Smax|Agut) = Pm- (13)

In (13), there are two quantitiesthat dependon the number

of usersk in the system: P(A..:) and S;. As demonstrated

in Tablel, P(A..:) caneasilybe computedasa function of

k—we denotethis function by P4(k). Thus a relationship
betweercoverageandnumberof usersk may be derivedif we

find the distributionof .51, conditionedon A¢,,,, as a function
of k.

A. Statisticsof ReceivedPower

Conditionedon A¢,,,, the power control equationshave a

feasiblesolution andthis solutionfor userl is given by [see
(6)]
(No + W Réy
W + Réin
b Rery,

L« W 4+ Ry,
i=1 g

(14)
1

This equationcan be usedin estimatingthe distribution of
S7(k) via Monte Carlo techniques.In the following, we
suggest moreusefulway of approximatinghe pdf of S‘l*(k).
The solutionto the power control equationsof (3) results
in randomvariablesS?, 53, ---, 57 that are identically dis-
tributed;however theyaredependenin generalNevertheless,
numericalsolutionsto (3) for & < kpoe Showthat variations
in a particular £; causevariations in ﬁ; that are at least
an order of magnitudelarger than variationsin ﬁi*, for any
i # j (seeTablell). Thissuggesti;hat{é‘;} areapproximately
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TABLE I
INDEPENDENCEOF THE RECEIVED POWERS THIS TABLE DEMONSTRATES THAT
THE PERCENGE CHANGE IN ANY GIVEN ST, i # j IS NEGLIGIBLE COMPARED
TO THE PERCENTRGE CHANGE IN 5‘;‘ OVER A WIDE RANGE OF VARIATIONS OF
é’; IN THIS PARTICULAR ExampPLE, k = 15, Ng = —169 dBm/Hz,I = 2Ny,
W =1.25 MHz, R = 14.4 kb/s,p = 0.45, mc = 7 dB, AND 0. = 2.5 dB

% change | % change max {% change in S}}
in &% in St

-20.0 -20.2 -0.6

-14.3 -14.4 -0.4

-8.6 -8.7 -0.3

-2.9 -2.9 -0.1

2.9 2.9 0.1

8.6 8.7 0.3

14.3 14.5 0.4

20.0 20.3 0.6

independentor k < kpo1e; We will usethis approximationin
our analysis.

From (3), the requiredSIR for the user1 at the BS may be
expressedh termsof the receivedpowersof the otherusersas

=)

g = (15)

N

1, 8%

k
> +No+1
=2
Since the required SIR é7 is log-normal,e¥ = 10 log £} is
Gaussian(Typical valuesfor the meanandstandardieviation
of et arem. = 7dB ando. = 2.5 dB [9].) If we let m;
and ¢: denotethe meanand secondmomentof £7, thenwe

can easily show that

2
me = exp <@) exp (fm.) (16)
and
65 = €exp (2([305)2) eXp (2[37715) (17)
where 3 = 1u(10)/10. A N
Using the i.i.d. approximationfor {S7, 55, ---, S5}, we

can obtain equationsfor all of the momentsof S; by taking
expectation®f appropriatgpowersin (15). A momentanalysis
usingfour momentgevealsthat ﬁf is very well approximated
by alog-normalrandomvariablé for & < kpole (se€Tablelll).
Thus only the meanand secondmomentof S; needto be
calculated.Theseare given by

mg(k) = W(/ ot D)
R

(18)
— p(k — 1)me

and

{[(No + DW + p(k — ymg]* — (k — 1)p*m% }6e

2
(%) - otk -
19)

3A similar result could be obtainedfrom (14) by approximatingsumsof
log-normalrandomvariablesby log-normalrv’s [15]. However,the presence
of theBernoullivoiceactivity factorsy; couldposesomeadditionalproblems.

65(k)
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TABLE Il
LoG-NORMAL APPROXIMATION FOR RECEIVED POWER. THE THIRD COLUMN
TABULATES THE FIRST FOUR MOMENTSOF S}, DERIVED USING (15), WHEREAS
THE SECOND COLUMN TABULATESTHE MOMENTSOF A LOG-NORMAL rv, THAT
Is, E[X?] = 6’)’(("_1)/2/171’;(("_2) FOR p > 2. IN THIS PARTICULAR
ExaMPLE, k = 15, Ng = —169 dBm/Hz,I = 2Np, W = 1.25
MHz, R = 14.4 kb/s,p = 0.45, mc = 7 dB, AND 0. = 2.5 dB

l If S} were log-normal | Actual moments
E[S7] 5.63667e-15 5.63667e-15
E[(55)7) 4.55269¢-29 4.55269¢ 29
E[(5)7) 5.26908¢-43 5.27060c-43
E[(S5)7] 8.73826e-57 8.74817e-57
0 k=5 o k=10
10 10
< 53
n10” 010"
o a
107 107
-160 -150 -140 -160 -150 -140
0 k=14 o k=18
10 10
=< =< N
Ao N\ AL D
@/10 \\ 910 \\
o v o N
\ \
\ — Monte—Carlo '
102 \ | Pc’algn. approx. N
-150 -145 -140 -150 -145 -140

Fig. 1. Justificationfor independence@ssumptionand log-normal approxi-
mation. The complementarycdf of S; underthe log-normal approximation
is comparedwith that obtainedvia Monte Carlo techniquesThe accuracyof
the approximationdecreasesis k approaches: e

Under the log-normalapproximationfor §f, ST is Gaussian.

Themeanandvarianceof S} caneasilybe calculatedn terms
of mg and 6 as given below

ms(k) =20 log,o mg(k) — 5 logyy 65(k) (20)

and

o2(k) = %(10 logyo 62(k) — 20 logyy mg). (1)

As final justification for the independencassumptiorand
the log-normal approximationfor the 5‘;, we comparethe
complementarycumulative distribution function (cdf) of the
approximationfor S7 with the actual complementarycdf
obtainedfrom (14) usingMonte Carlo techniquesn Fig. 1. It
is clearthatthe approximations very goodfor & < kpole. AS
k approaches,,., theapproximatioris stochasticallysmaller
than the actual required receivedpower, indicating that the
coverageestimatebasedon the log-normal approximationis
slightly optimistic.

B. EquationRelatingCoverageand Numberof Users

Now, in orderto evaluatethe probability on the left-hand
sider(LHS) of (13), we needto determinethejoint statisticsof
ST andZ;. Themeansandvariancef theserandomvariables
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havebeenspecified soall thatremainsto be determineds the
correlationbetweenthem. We can argue that the correlation
betweenS} andZ; is closeto zero,sincethefluctuationsn the
requiredreceivedpower ST aremainly dueto multipathfading
and imperfectionsin power control, whereasthe fluctuations
in Z; are dueto shadowfading. We can hencecomputethe
conditional probability P( By | AL, in (13) as

out
P(Sf +PL (Rcell) + Z1 > SmaX|Agut)

_ Q Smax - (Kl + -[2(2 108 R;ell) — ms(k) (22)
og(k) +o%

wherewe have usedthe pathloss model of (11), and where
Q)(-) is the complementanycdf of a zero-meanunit-variance
Gaussiarnrandomvariable. Substituting(22) in (13), we get
thefollowing explicit equationrelatingthe coverageR...; and
the numberof usersk:

108‘ Rcell = |:Smax - Kl - mS(k)

—\/0&(k) +02Q7" <1)1’"__Ti‘4(1(£)ﬂ (23)

1
K,

where P4 (k) is P(Aq) written explicitly asa function of .

Numericalexamplesthat describeR...;; asa function of &
are given in SectionVI.

Remarkl: It should be notedthat as R..; approaches)
in (23), k approaches;,.i.. However,the sincethe path-loss
modelwe assumeds not valid for d in the neighborhoodof
0, the actuallimiting value of k is strictly lessthan ko1

V. COVERAGE VERSUS CAPACITY

The equationfor R..; as a function of &£ derivedin the
previous section may be usedin CDMA cellular network
planningto sethard limits on the maximumnumberof users
that can be admitted into the cell, such that prespecified
coveragerequirementsare met. It may also be of interestin
cellular planning to designcell coveragesand capacitiesto
matchprojectedtraffic densitiesn the network.In this caseit
may be appropriateto modelthe numberof usersin a cell as
a randomvariable (denotedby «). The statisticsof « will be
a function of the cell admissionpolicy andthe offeredtraffic.
Our goal hereis to derive a relationshipbetweenthe mean
of x, which we denoteby ¢, andcell coverageR...;;. We will
refer to ¢, which representghe carried traffic in the cell, as
capacity.Clearly, ¢ can be relatedto the Erlang capacity of
the cell throughthe blocking probability [9].

Let p.(-) denotethe probability massfunction (pmf) of
. Clearly, any useful admissionpolicy will not allow « to
exceedkpole, Since power control becomesinfeasible with
probability greaterthanp,,, whenthe numberof usersexceeds
kpole- POWer control feasibility can sometimesautomatically
be guaranteedy the admissionpolicy. For example,in the
admissionpolicy suggestedy Viterbi [7], usersare admitted
into the cell until the total interferenceseenat the basestation
exceedghe backgroundnoiselevel Ny by a factor+ > 1. It
is shownin [8] that this admissionpolicy guaranteepower
controlfeasibility at the time of admissionwhich impliesthat
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the numberof usersadmittedin the cell is smallerthan ko1
with high probability. However,to guaranteesystemstability
at all times after admission,it would be necessaryo always
hard-limit the numberof usersto a maximumof k... It might
actually be preferableto hard-limit the usersto a numberthat
is considerablysmaller than k.1 to guaranteea minimum
coverage.

In the following, we assumethat supportof p,. is limited
to the set {0, 1, ---, kpole . Conditionedon x = k, S is
Gaussianwith mean mgs(k) and variance s%(k). Thus we
can computethe averageoutageprobability at distanced by
averaging(12) over the distribution of x to get

ipn { (k)

+[1 — PA(k)]P(Sf—i—PL(d)"‘Z >SmaX|Aout)}
(24)

Pout( 1 p

Hencethe cell coverageR..; satisfiesthe equation

Pout(Rcell) =Dm- (25)
Given a model for the pmf of the numberof users,we can
use (25) to obtain a plot of coverageversuscapacity.As an

example supposes: hasa Poissordistributiorf with parameter

&, truncatedat kpgle, i.€.,
k_—¢& /1.
e = /k!
pn(k) = kpi—/v k= 07 17 Ty kpole- (26)
> et /!
Jj=0

Thenthe averagenumberof usersin the cell is given by

ngOIC C7‘5/191)01e!
kpole

S e ee/jt

i=0

c=¢|1- @7)

By solving (25) and(27) for variousvaluesof £, we canobtain
a tradeof curvefor R versusc thatis parameterizedby £.
An exampleof this calculationis givenin SectionVI.

VI.

The parametewaluesusedin our numericalresultsare as
follows:

NUMERICAL RESULTS

W =1.25 MHz bandwidth;
R =14.4 kb/s bit rate;
p =045 voice activity factor;
m. =7 dB

(variedin Fig. 3)  medianSIR required,;
oc.=25dB standarddeviationof SIR required;
K, =17.3dB path-lossconstant;

4For an admissionpolicy basedon interferencelevels, the pmf is well
modeledas Poisson[9].
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K, =233.8dB

Smax = 23 dBm

No = —169 dBm/Hz

Pm = 0.05 maximumoutageprobability;

oz =8dB shadowfading standarddeviation
whereK; and K, areobtainedusingHata’smodel[14, p. 119]
for a medium-sizeckity with carrier frequencyof 900 MHz,
transmitantennaheight of 50 m, receiveantennaheight of 1
m, and a net antennagain of 6 dB.

Without loss of generality,we will assumethat the other-
cell interferencedensity I is a multiple n of the background
thermalnoisedensity V. In Fig. 2, we plot coverageversus
numberof usersfor variousvaluesof 7, using(23). Note that
the pole capacityis unafectedby 7. In Fig. 3, we fix n = 2
and vary the medianSIR requirementmn.. As expectedthe
tradeof curvesare considerablymore sensitiveto variations
in m. whenthe numberof usersis large.Finally, in Fig. 4, we

path-lossexponent;
maximummobile transmitpower;
thermalnoise PSD;
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plot coverageversuscapacity(carriedtraffic), usingthe model
for p. givenin (26). It canbe seenthat the curvesin Fig. 4
are lower thanthe correspondingcurvesin Fig. 2. This is to
be expecteddueto the concavityof the capacityasa function
of the numberof users.

VII.

We derivedanexplicit relationshipfor the coverageof a cell
as a function of the numberof usersin it. This relationship
may be usedin cellular planning for setting hard limits on
the number of usersadmittedinto a cell in order to meet
coveragerequirementsOur analysisalsoallowedus to arrive
at a precisedefinition for the pole capacityof a cell.

We have also presenteda way to determinethe tradeof
betweencoverageandaveragenumberof usersin the random
user case. This techniquemay be usedto characterizethe
capacity—coveragtaadeof for an arbitrary admissionpolicy.
Sucha characterizatiorwould be particularly useful in opti-
mally locating basestationsin a geographicabreabasedon
prior information abouttraffic nodes.

Avenuesfor further researchinclude extendingthe ca-
pacity—coverageanalysisto incorporatethe effects of using
soft handof, and of using sectorizedcells. Extension to
sectorizeatellsshouldbe straightforwardyith theunderstand-
ing that the sectorsin a given cell could, in general,have
different capacity—coverageperating points. Incorporating
soft handof in the analysisis more complex. The outage
condition would correspondto all of the base stationsin
soft handof not meeting SIR requirements(assumingthat
selectiondiversity is used). Also, the analysiswould need
to incorporatethe correlationsbetweenthe shadow fading
processesseen by the various base stations, and the cor-
relations betweentheir SIR requirements.Such an analysis
would lead to a precisecharacterizatiorof the improvement
in the capacity—coveragtradeof that resultsfrom soft hand-
off.
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APPENDIX
SOLUTION TO THE POWER CONTROL EQUATIONS

The solution to (3) is obtainedas follows. We begin by
defining the vectors

€1
=] (28

Ak
€k

1

St
§=|:

N
[
|m>

s 5 Vg
Theequationsn (3) mayberewrittenin termsof thesevectors
as

K

-, &) — Remh)S

= (No + I)WRe*

(WI + R diag(évy, - -
(29)
where I is the k-dimensionalidentity matrix. The matrix

multiplying S* in (29) is arank-1 modificationof the diagonal
matrix B given by

B =WI + Rdiag (€51, -+, Extn). (30)
It is easyto show that
(B-Rev")y ' =B '+ M. (31)
1—- RyTB &
Thus the solutionto (29) may be written as
5" =(No+I)WRB™'¢*
L o+ I)WR?B*_@}TB*@* 32)
1—- RyTB &*
which can be simplified to yield
where
%:—Wf;:éz*u/ i=1, k. (34)

It is easyto seethat(33) is identicalto (6). It is alsoclearthat
the solutiongivenin (33) is feasibleif andonly if

'V <1 (35)

which is the condition given in (5).
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