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Abstract— In cellular CDMA systems that employ single-user
Previous analyses of CDMA cell coverage have mainly
detectors,
focused
in-cell
interference
limits
the
coverage
of
the
cell.
Thus
on the extension of cell coverage that results from soft
for a given upper limit on transmit power, the coverage of a cell is 
and hard handoff [3]–[6]. Our goal is to derive an analytical
inversely proportional to the number of users in it. This tradeoff
between
coverage and number of users is explicitly characterized

relationship between coverage and capacity. To facilitate the
we do not include the effects of soft handoff and
sectorization—the extension of our analysis to these cases is
discussed in Section VII.
 e first consider the case where the number of users in
theWcell
is deterministic and the other-cell interference density
is known. For this case, we derive an equation relating the
coverage and number of users, for a given upper bound on
outage probability. We also derive an equation for the  pole
capacity of a cell, i.e., the maximum number of users a cell can
support if there is no constraint on the peak received power.
We then extend the analysis to the case where the number
of users is random. Here we provide equations that can be
!used to obtain a tradeoff curve between cell coverage and
the average number of users, for an arbitrary distribution on
the number of users. This analysis will allow prediction of
coverage for a projected capacity (carried traffic)," irrespective
of the admission policy1 !used to achieve that capacity or the
#resulting call blocking probability.
$The remainder of this paper is organized as follows: in
%Section
we introduce the notation used in the paper and
derive anII,expression
for the outage probability. In Section III,
&we use the condition for power control feasibility to precisely
define cell pole capacity. Then, in Section IV, we derive an
'explicit equation for coverage as a function of the number
of users in the cell. This analysis is extended to the random
!user case in Section V, where a relationship between coverage
and carried traffic is derived for a general admission policy. Section VI provides numerical results that illustrate our
analysis techniques. Our conclusions are given in Section VII.

here. Our analysis may be used in cellular planning to set hard
limits on the number of users admitted into the cell in order to
meet coverage requirements. Furthermore, our approach allows
us to arrive at a precise definition for the  pole capacity of a cell,
which serves as an upper bound on the number of users a cell
can support as the coverage shrinks to zero. We also present
a technique to calculate cell coverage as a function of carried
traffic, for any given admission policy.

analysis,

Index Terms— Capacity, CDMA, cellular systems, coverage,
pole capacity.
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I. INTRODUCTION
N ACCURATE prediction of cell coverage as a function

of user capacity is essential in code-division multiple access (CDMA) network design and deployment, and is therefore
of

great
distance



interest. Cell coverage is defined as the maximum
that a given user of interest can be from the base
station and still have a reliable received signal strength at the
base station.
In cellular CDMA systems with nonorthogonal users and
single-user detection (such as the reverse-link of IS-95 [1])
it is well known that the coverage of a cell has an inverse
relationship with the user capacity of the cell. An increase
in the number of active users in the cell causes the total
interference
seen at the receiver to increase. This causes an
increase in the required received power for each user, due
to the fact that each user has to maintain a certain signal-tointerference ratio at the receiver for satisfactory performance.
For a maximum allowable transmit power, an increase in
the
required received power will result in a decrease in the
maximum distance a mobile can be from the base station,
thereby reducing coverage. We will assume that coverage
is limited by the maximum transmit power at the mobile,
although for some systems the forward link might be the
limiting link [2].

Manuscript received June 11, 1997; revised May 6, 1998. This work was
supported in part by Nortel’s Global External Research Program.
V. V. Veeravalli is with the School of Electrical Engineering, Cornell
University, Ithaca, NY 14853 USA (e-mail: venu@ee.cornell.edu).
A. Sendonaris was with the Department of Electrical and Computer
Engineering, Rice University, Houston, TX 77005 USA. He is now with
Qualcomm, Inc., Santa Clara, CA USA (e-mail: sendos@qualcomm.com).
Publisher Item Identifier S 0018-9545(99)07385-5.

II. PROBLEM FORMULATION

We will begin by introducing the relevant variables and the
notation required for our analysis.
• For any power or signal-to-interference ratio variable
'expressed in decibels, denotes
.

• denotes the number of users in the cell, i.e., those being
controlled by the cell’s base station (BS).

(





)

1A

“rise over thermal noise” admission policy [7] guarantees power control
feasibility at the time of admission [8], and thus affects our probability of
outage calculations. However, at all other times after admission, power control
feasibility is not guaranteed, for this or any admission policy, and, therefore,
needs to be considered during probability of outage calculations. We note that
our calculations are independent of the admission policy.
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is



the power received at the BS from the th user
in watts. (The received power in decibel-watts is, by the
above notation, given by
.)
") for
is the signal-to-interference ratio (SIR or
•
the th user.

is the voice activity factor of th user. The variables
•
are modeled as independent Bernoulli random variables that take the value &with probability *, and the
+value &with probability
.
denotes the information bit rate
bits per second.
•
denotes the system bandwidth inin hertz.
•
is background noise power spectral density.
•
• is the other-cell interference density.
$The signal-to-interference ratio (SIR) for the th user at the
BS may be expressed in terms of the received powers of the
+various users as [7]

,(1)
$The SIR requirements for the various users in the cell vary
&with time due to changes in the multipath fading environment
and

imperfections in power control. In particular, let
denote
the target SIR that is a function of the target frame error
denote the
rate (FER) and the multipath conditions, and let

'error in the power control algorithm. Then, the required SIR
for the th user is given by
,(2)
is,
That
demanding

is the SIR that the power control algorithm is
from the mobile at that particular point in time,
'even though the target SIR may be slightly different. Field
trials reported in [9] have shown that the SIR requirements
are well modeled by log-normal random variables. Furthermore,
we can assume that the fading processes that cause
the fluctuations
in SIR requirements for the various users are
independent. By the above discussion, we can model
at any given time by independent and identically distributed
,(i.i.d.) log-normal random variables.
*, the required
In order to meet the SIR requirements
#received powers
must satisfy the power control equations

,(3)

A. Outage Equation
If the SIR of a given user is lower than the desired value
for a certain period of time, we have an outage, i.e., a
-noticeable degradation in call quality. If the outage lasts long
'enough, then the call is dropped. Ideally, we would like to
limit the probability of outage (and, of course, call drop) to
a small number. If estimates of the autocorrelation function
of the fading experienced by the mobile are available, one

can

predict the outage probability along a particular given
mobile trajectory [10]. But for our coverage analysis, we
a measure of service quality for the mobile user

require
that encompasses .all possible fading scenarios. As a result,
a coverage analysis that depends on minimum duration outage
[10] would be intractable, if not unrealistic. Our approach,
therefore,
is to simply look at the probability of instantaneous
outage, that is, the event that the SIR falls below the required
+value at any time. The justification for this is two-fold.
First, this corresponds to a worst case outage probability
measure. If we contain the probability of instantaneous outage
to a small value, say *, then the probability of outage will
necessarily be smaller than
. The reason is that any event
corresponding to outage will always contain an instantaneous
outage event. The precise relationship between outage and
instantaneous outage depends on the nature of the fading
'experienced by the mobile. In the worst case, when the fading
is perfectly correlated for a duration equal to the minimum
duration
for outage, the events will have the same probability.
$Thus containing
the probability of instantaneous outage to
/guarantees that the worst case outage probability is also
contained to .
%Second, it is clear that, due to the time correlation in the
is below some threshold *,
fading, whenever the SIR
'even instantaneously, it will necessarily be below any other
threshold
for a duration that is greater than or equal to
the duration of being
below . Therefore, we can address the
minimum duration outage issue by analyzing instantaneous
outage using an SIR threshold that is lower than the actual
threshold. That is, given a fading environment, and given
that the SIR should not fall below a threshold equal to
such that the
for a period exceeding *, there exists a
0probability of instantaneous outage corresponding to 'equals
the probability of minimum duration outage corresponding to
and . Therefore, we are able to use a simpler analysis in
order to determine coverage. In doing so, we not only avoid
the complexity of the calculations involving minimum duration
outage but, more importantly, we avoid the intractability of
these calculations. The intractability is due to the fact that,
for our coverage analysis, we need to take into account all
0possible fading scenarios that a mobile user may face in a
/given cellular environment. In practice, the desired can be
found empirically for different cellular environments, such as
#rural, urban, dense urban, highway, etc. Finding *, however,
is beyond the scope of our paper.
Based on the above discussion, we focus on the instanta-neous outage event for user *, i.e., the event
. There
are two ways in which this event can happen: i) the power
control equations of (3) do not have a feasible solution2 ,(call
") and ii) the power control equations have a
this event
at the
feasible solution, but the maximum transmit power
"
mobile is exceeded (call this event
). Thus the probability
of outage is given by

,(4)
2 That is, no matter how large the received powers are, the SIR requirements
of the users cannot be satisfied.

1 VEERAVALLI AND SENDONARIS: COVERAGE–CAPACITY TRADEOFF IN CELLULAR CDMA SYSTEMS
&where

is the complement of event

*, i.e.,

is the

'event that the power control equations have a feasible solution.
We will use the outage equation to characterize the capac-

ity–coverage tradeoff. To begin the analysis, we focus on the
feasibility of the power control equations of (3).

2

34

5
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III. POWER CONTROL FEASIBILITY AND POLE CAPACITY
It can be shown that the equations (3) have a feasible
*, ") if and only if

solution (i.e.,

,(5)
6Under this condition, it can be shown that the required received
0power for user is given by
,(6)

computed

!using
ternatively,forwevarious
may obtain

Monte Carlo techniques. Alas follows:

The above solution to the power control equations has been
derived
previously by other researchers [11]–[13]. For com-

0pleteness, we have included a sketch of the derivation in the
Appendix.
From (5), the probability that the power control equations
of (3) do not have a feasible solution (event
of (4)) is
/given by

,(7)
6Under

the log-normal assumption on required SIR’s, the
*,
is always nonzero as long as
and
increases with increasing . Thus even if there
&were no constraint on the maximum mobile transmit power,
the probability that the SIR requirements are not met ( ")
increases toward &with increasing . This leads us to the
following definition of  pole capacity,* that characterizes one
'extreme of the capacity–coverage tradeoff curve.
be the maximum allowable outage
Definition 1: Let
0probability. The pole capacity
of a cell is the maximum
number of users that can be accommodated in the cell such
that
*, if there is no constraint on the maximum
received power for the various users.
3From the above definition, it is clear that
serves
as an upper bound on the maximum number of users that
can be accommodated in the cell as the coverage of the
cell shrinks to zero. This is due to the fact that for any
7finite maximum transmit power, the maximum received power
increases dramatically as the coverage decreases toward zero.
Numerical results given in Section VI will show that our
coverage–capacity tradeoff curves do indeed approach
for shrinking coverage.
as a func*, we simply evaluate
tionToofcalculate
and pick the largest value of such that
can be
. For a given set of parameter values,

,(8)
&where
0pdf of

denotes the set of all users for which
denotes the set of all subsets of
*, and 
. It can be shown

*,
the set
that the

is given by

0probability of event

,(9)
*, where and are the mean and variance,
for
are
respectively, of
. Due to the fact that the
may
the probability density function (pdf) of
i.i.d.,
be obtained by repeated numerical convolution of the pdf given
in (9) with itself. This leads to a numerical approximation of
for any *, and thus to an approximation
of
. An example of this calculation is given in Table I,
along with Monte Carlo simulation results.
depends not only on
As mentioned previously,
*, but also on the probability that the required transmit
0power at the mobile exceeds the maximum allowed transmit
0power, i.e., on
. As a result, as the number of users
increases, the coverage of the cell decreases monotonically
&with essentially zero coverage in the vicinity of
. In the
-next section, we determine the coverage for all
.
 4

 

IV. COVERAGE VERSUS NUMBER

OF

6USERS

Without loss of generality, we will focus on the coverage
seen by user 1 when the number of users in the cell is . Let

1446

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 48, NO. 5, SEPTEMBER 1999

 the distance of user 1 from BS. Then, the transmit power
8
 INDEPENDENCE OF THE  R}ECEIVED T PABLE
GOWERS.IITHHIS 8 TFABLE  D}EMONSTRATES THAT
,(inbedecibel-watts)
of user 1 is given in terms of its received
  S  NEGLIGIBLE CGOMPARED

THE PERCENTAGE CHANGE IN ANY GIVEN  X
0power at the BS by
 F
TO THE  P}ERCENTAGE CHHANGE IN ¡ ¢ GOVER A £ W¤IDE  RIFANGE
OF VARIATIONS OF
¥
8

4
F

H
©
¦

§
¨ .
,(10) ¿Á
PARTICULAR EXAMPLE, ªh«¬¯® , °²±²³µ´²¶·O¸ dBm/Hz, ¹º¼»½²¾ ,
ÀIN ÂTÃ HIS
ÄÆÅ MHz,
PL
Ç¼ÈÉEÊXË Ì kb/s, ÍhÎ¼Ï`Ð ÑcÒ , ÓfÔÖÕ¼× dB, AND ØXÙÛÚÝÜrÞ ß dB
&where PL

is the path loss at distance from the BS (includis a random variable representing
ing antenna gains) and
shadow fading. The path loss is usually well modeled as (see,
'e.g., Hata’s model [14])

,(11)

PL

shadow fading variable
is well modeled as a zero-mean
The
[14].
Gaussian random variable with variance
for user 1 is the probability
of event
thatThe probability
'exceeds
*, the maximum power available at the
Thus by (4), the probability of outage at a distance
mobile.
from the BS is given by

independent for

; we will use this approximation in

our analysis.
3From (3), the required SIR for the user 1 at the BS may be

,(12) 'expressed in terms of the received powers of the other users as

5PL

$The largest outage probability is seen at the edge of the cell.
We can hence define the coverage of the cell
to be the
distance from the BS at which
'equals the maximum
allowable
a

outage probability
solution to

5PL

. Thus

is obtained as

,(13)

In (13), there are two quantities that depend on the number
of users in the system:
and . As demonstrated

can easily be computed as a function of
in Table I,

,(15)
%Since

is log-normal,
is
the required SIR
Gaussian.
(Typical values for the mean and standard deviation
dB and
dB [9].) If we let
of are
and denote the mean and second moment of *, then we

can

easily show that

,(16)

—we denote this function by
. Thus a relationship 
between
coverage and number of users may be derived if we and
,(17)
7find the distribution of *, conditioned on
*, as a function
of .
&where
.
6Using the i.i.d. approximation
* , we
for
A. Statistics of Received Power
can obtain equations for all of the moments of by taking
2Conditioned on
*, the power control equations have a 'expectations of appropriate powers in (15). A moment analysis
feasible
solution and this solution for user 1 is given by [see !using four moments reveals that
,(6)]
à3 is very well, approximated


,(14)

This equation can be used in estimating the distribution of
+via Monte Carlo techniques. In the following, we
suggest a more useful way of approximating the pdf of
.
The solution to the power control equations of (3) results
in random variables
 are identically distributed; however, they are dependent inthat
general. Nevertheless,
show that variations
numerical solutions to (3) for
that are at least

cause variations in
in a particular
an order of magnitude larger than variations in *, for any
,(see Table II). This suggests that
are approximately

(see Table III).
by a log-normal random variable for
need to be
Thus only the mean and second moment of
calculated. These are given by

,(18)
and

,(19)

á3

A similar result could be obtained from (14) by approximating sums of
log-normal random variables by log-normal rv’s [15]. However, the presence
of the Bernoulli voice activity factors could pose some additional problems.

âOã
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b
8 TABLE III
ä LGOG-NGORMAL ( AåPPROXIMATION FOR
 R}ECEIVED  PGOWER. THHE 8 THHIRD CGOLUMN have been specified, so all that remains to be determined is the
correlation between them. We can argue that the correlation
ç¡è
 
G
G
TABULATES THE FIRST FOUR MOMENTS OF æ é , DERIVED USING (15), WHEREAS 
and is close to zero, since the fluctuations in the
G
G
G G
between
THE SECOND COLUMN TABULATES THE MOMENTS OF A LOG-NORMAL rv, THAT
are mainly due to multipath fading
 IS, êìë í\îrïñðµòEóÆÿ ôöõr÷ùøûúýüAþ   
 . I N THIS  PF ARTICULAR
required received power
FOR
and imperfections in power control, whereas the fluctuations
EXAMPLE,  ,  !#"%$& dBm/Hz, '(*)+, , -/.01 243
MHz, 57698;:=< > kb/s, ?A@7BDC EGF , HAIKJ*L dB, AND M=NKO*PDQ R dB
are due to shadow fading. We can hence compute the
in
in (13) as
conditional probability
5PL

,(22)
&where we have used the path loss model of (11), and where
is the complementary cdf of a zero-mean, unit-variance
Gaussian

random variable. Substituting (22) in (13),
the following
explicit equation relating the coverage

the

we get
and

number of users :

,(23)
&where
&written explicitly as a function of
is
Numerical examples
as a function of
that describe

.

are

given in Section VI.
approaches
Remark 1: It should be noted that as
in (23), approaches
. However, the since the path-loss
model we assumed is not valid for in the neighborhood of
*, the actual limiting value of is strictly less than
.
Fig. 1. Justification for independence assumption and log-normal approxi-

X

U V
W mation. The complementary cdf of S T under the log-normal approximation
is compared with that obtained via Monte Carlo techniques. The accuracy of
the approximation decreases as Y approaches Z\[4]_^ ` .

6Under the log-normal approximation for *, is Gaussian.
can easily be calculated in terms
The mean and variance of
of
and as given below
,(20)
and

,(21)

a

final justification for the independence assumption and
theAslog-normal
*, we compare the
approximation for the

complementary

cumulative distribution function (cdf) of the
&with the actual complementary cdf
for
obtained from (14) using Monte Carlo techniques in Fig. 1. It
. As
is clear that the approximation is very good for
approaches
*, the approximation is stochastically smaller
than the actual required received power, indicating that the
coverage estimate based on the log-normal approximation is
slightly optimistic.

approximation

B. Equation Relating Coverage and Number of Users

Now, in order to evaluate the probability on the left-hand
sider (LHS) of (13), we need to determine the joint statistics of
and . The means and variances of these random variables

V.

 4

2 (

COVERAGE VERSUS CAPACITY



as a function of derived in the
The equation for
0previous section may be used in CDMA cellular network
0planning to set hard limits on the maximum number of users
that can be admitted into the cell, such that prespecified
coverage requirements are met. It may also be of interest in
cellular planning to design cell coverages and capacities to
match projected traffic densities in the network. In this case it
may be appropriate to model the number of users in a cell as
a random variable (denoted by "). The statistics of &will be
a function of the cell admission policy and the offered traffic.
c
Our goal here is to derive a relationship between the mean
of *, which we denote by *, and cell coverage
. We will
#refer to *, which represents the carried traffic in the cell, as
capacity. Clearly, can be related to the Erlang capacity of
the cell through the blocking probability [9].
denote the probability mass function (pmf) of
d
Let

. Clearly, any useful admission policy will not allow to
'exceed
*, since power control becomes infeasible with
0probability greater than &when the number of users exceeds
. Power control feasibility can sometimes automatically
be guaranteed
by the admission policy. For example, in the
admission policy suggested by Viterbi [7], users are admitted
into the cell until the total interference seen at the base station
'exceeds the background noise level by a factor
. It
is shown in [8] that this admission policy guarantees power
control feasibility at the time of admission, which implies that
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the number of users admitted in the cell is smaller than

&with high probability. However, to guarantee system stability

at all times after admission, it would be necessary to always
hard-limit the number of users to a maximum of

. It might

actually be preferable to hard-limit the users to a number that
to guarantee a minimum
is considerably smaller than
coverage.

that support of
to Inthethesetfollowing, we assume
. Conditioned on
Gaussian with mean
and variance

is limited
*, is
. Thus we
can compute the average outage probability at distance by
averaging (12) over the distribution of to get

5PL
Hence the cell coverage

,(24)

Fig. 2. Coverage versus number of users: sensitivity to variations in
other-cell interference. The parameter g denotes the ratio hji kl .

satisfies the equation
,(25)

Given

a model for the pmf of the number of users, we can

!use (25) to obtain a plot of coverage versus capacity. As an
'example, suppose has a Poisson distribution4 &with parameter
*, truncated at
*, i.e.,
,(26)
$Then the average number of users in the cell is given by
,(27)
By solving (25) and (27) for various values of *, we can obtain
+versus that is parameterized by .
a
An example of this calculation is given in Section VI.

a tradeoff curve for

VI. N UMERICAL eR4 ESULTS
The parameter values used in our numerical results are as
follows:
f

MHz
kb/s


,(varieddBin Fig. 3)
dB
dB

bandwidth;
bit rate;
+voice activity factor;
median SIR required;
standard deviation of SIR required;
path-loss constant;

4 For an admission policy based on interference levels, the pmf is well
modeled as Poisson [9].

m

Fig. 3. Coverage versus number of users: sensitivity to variations in no .

dB
dBm
dBm/Hz

path-loss exponent;
maximum mobile transmit power;
thermal noise PSD;
maximum outage probability;
dB
shadow fading standard deviation
&where and are obtained using Hata’s model [14, p. 119]
for a medium-sized city with carrier frequency of 900 MHz,
transmit antenna height of 50 m, receive antenna height of 1
m, and a net antenna gain of 6 dB.
Without loss of generality, we will assume that the othercell interference density is a multiple of the background
thermal noise density . In Fig. 2, we plot coverage versus
-number of users for various values of *, using (23). Note that
the pole capacity is unaffected by . In Fig. 3, we fix
and vary the median SIR requirement . As expected, the
tradeoff curves are considerably more sensitive to variations
in &when the number of users is large. Finally, in Fig. 4, we
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a 
PPENDIX
%SOLUTION TO THE PAOWER
2CONTROL EQUATIONS

$The solution to (3)
defining
the vectors

is obtained as follows. We begin by

..
.

..
.

..
.

,(28)

The equations in (3) may be rewritten in terms of these vectors

as

,(29)
m

&where
Fig. 4. Coverage versus capacity for a truncated Poisson user distribution.
q r_st .
The parameter p denotes the ratio 4

is the -dimensional identity matrix. The matrix
in (29) is a rank- modification of the diagonal
multiplying
matrix /given by

0plot coverage versus capacity (carried traffic), using the model
/given in (26). It can be seen that the curves in Fig. 4
for

,(30)

are lower than the corresponding curves in Fig. 2. This is to

It is easy to show that

be expected due to the concavity of the capacity as a function
of

,(31)

the number of users.

VII.

Thus the solution to (29) may be written as
CONCLUSIONS

We derived an explicit relationship for the coverage of a cell

as a function of the number of users in it. This relationship

,(32)

may

be used in cellular planning for setting hard limits on
the number
of users admitted into a cell in order to meet
coverage requirements. Our analysis also allowed us to arrive
at a precise definition for the pole capacity of a cell.
We have also presented a way to determine the tradeoff
between
coverage and average number of users in the random
!user case. This technique may be used to characterize the
capacity–coverage tradeoff for an arbitrary admission policy.
%Such a characterization would be particularly useful in optimally locating base stations in a geographical area based on
0prior information about traffic nodes.
Avenues for further research include extending the ca0pacity–coverage analysis to incorporate the effects of using
soft handoff, and of using sectorized cells. Extension to
sectorized cells should be straightforward, with the understanding that the sectors in a given cell could, in general, have
different capacity–coverage operating points. Incorporating
soft handoff in the analysis is more complex. The outage
condition would correspond to all of the base stations in
soft handoff not meeting SIR requirements (assuming that
selection diversity is used). Also, the analysis would need
to incorporate the correlations between the shadow fading
0processes seen by the various base stations, and the correlations between their SIR requirements. Such an analysis
&would lead to a precise characterization of the improvement
in the capacity–coverage tradeoff that results from soft handoff.

&which can be simplified to yield
,(33)
&where

,(34)

easy to see that (33) is identical to (6). It is also clear that
Ittheissolution
given in (33) is feasible if and only if

,(35)
&which is the condition given in (5).
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