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Abstract— We analyze the outage and capacity performance
of an interference based admission control strategy in cellular
CDMA systems. Most approaches to estimate the outage probabil-
ity and the system capacity of CDMA systems in the literature do
not take interference based admission control into account. In this
paper, we present an analytical model to evaluate the outage prob-
ability and the capacity on the reverse link of cellular CDMA sys-
tems with interference based admission control. We make two main
approximations in the outage analysis — one based on the central
limit theorem (CLT) and the other based on the Chernoff bound
(CB). We also obtain an improved approximation to the outage
probability using Edgeworth expansion. It is shown that the con-
sidered admission control policy results in increased system capac-
ity compared to that with no admission control, by about 30% for
an outage probability of 0.01.

I. INTRODUCTION

Capacity of CDMA systems without taking interference
based admission control into account had been evaluated by
Evans ef al in [1], where they had obtained lower and upper
bounds on CDMA system capacity. Chan ef al in [2], and Kar-
mani et al in [3], applied Edgeworth expansion to obtain better
approximations to the outage probability as compared to the
bounds given in [1]. It is noted that admission control strategies
based on signal-to-interference ratio measurements can reduce
outage probability. In this paper, we are concerned with the an-
alytical means to evaluate the outage and capacity in cellular
CDMA systems with admission control based on interference-
to-signal (I/S) measurements.

We consider an admission control policy which allows only
those incoming calls whose (I/.S) levels at their respective base
stations are below a specified threshold. Such admitted calls in
a given cell can cause outage to other ongoing calls in the sys-
tem, i.e., may cause the I/S at the base stations corresponding
to any of the ongoing calls cross the threshold. Without admis-
sion control, new calls would be admitted irrespective of the
I/S levels, provided spreading codes are available at the re-
spective base stations. However, with admission control, by al-
lowing only those calls that see an acceptable I /.S level at their
respective base stations, the outage probability can get reduced.

We develop an analytical model to evaluate the outage prob-
ability and the capacity on the reverse link of cellular CDMA
systems which employ the above admission control policy. We
model the system as an M /G /oo queue, and make two main
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approximations in the outage analysis — one based on the cen-
tral limit theorem (CLT) and the other based on the Chernoff
bound (CB). We further obtain an improved approximation to
the outage probability using Edgeworth expansion. It is shown
that the considered admission control policy results in increased
system capacity compared to that with no admission control, by
about 30% for an outage probability of 0.01.

II. PROBLEM DEFINITION

Consider a CDMA cellular system with circular cells. The
problem is to devise an analytical model for computing the out-
age probability for this system with admission control, and eval-
uating the system capacity for a given outage performance. The
admission control strategy considered is as follows. When a
new call arrives in a cell, the corresponding base station mea-
sures the I /S ratio and compares this with a specified threshold,
€°. The call is admitted if spreading codes are available for al-
location and if I/S < €°. The call is blocked otherwise. We
consider the following system model for our analysis.

o There are IV cells in the system (N=61) and each cell has

a maximum of n spreading codes available for allocation.
All the cells are assumed to be of equal radius R with the
base stations located at the center of each cell.

« Mobiles are uniformly distributed over the area of each
cell and all the mobiles are assumed to have either very
low mobility or no mobility.

o The call arrival process in each cell is Poisson with mean
arrival rate A and the call holding time is exponentially
distributed with mean p~! seconds.

o The signal undergoes distance attenuation and shadow
loss. The distance loss exponent v is taken to be 4 and
the shadow loss is assumed to be log-normally distributed
with zero mean and variance o2.

o We assume perfect power control, i.e., each base station
receives unit power from the mobiles attached to it irre-
spective of the position of the mobiles.

III. PERFORMANCE ANALYSIS

In cellular CDMA, because of universal frequency reuse, mo-
biles in all the cells in the system contribute to the interference
seen by any given base station. Here, we assume that the inter-
ference seen by a base station is due to the mobiles in its first
tier of neighboring cells (i.e., we ignore the interference due to
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cells other than the first tier neighboring cells as negligible'). In
an N-cell CDMA system, for a givencell k,1 < k < N, let Sy,
denote the set of cells that includes cell k£ and its neighboring
celﬁzt A;i denote the number of active mobiles in it neigh-
boring cell to the k" cell, 1 < i < 6,1 < k < N. The
total number of interferers A} seen by cell k is then given
by A}, = Agr + Ay, where Ay, is the number of interfer-
ing mobiles to cell k from all neighbors of cell k, given by

Ay = >ies, Ajg, and Ay, is the number of active mobiles
itk

in cell £ when a new call arrives. A cell with a maximum of

n spreading codes can be modeled as an M /G /n/n loss sys-

tem with Ay as the queue length process. Accordingly, the
probability mass function of Ay, is given by [7]

o™

l )
1=0 I .
0 otherwise,

where p = \/p, A is the mean call arrival rate in a cell and p~!

is the mean call holding time.

Let M;; = (rp,,,0m,,;) denote the co-ordinates of the j"
mobile in the i*" cell, and let B; = (ry,,8,) denote the co-
ordinates of the base station of cell i. Let D(M;;, B;) denote
the distance between mobile m;; and base station b;. Hence,

D (M;;, B;) = rfi —+ r;znij — 27y, T ; COS (Hmij - 0(,1,). ?2)

Let I; (A},) be the I/S experienced at the base station of
cell k. The interference I is due to the mobiles present in cell
k itself as well as the mobiles present in the neighboring cells
to cell k. If we denote the I/S at the base station of cell k
due to those A, mobiles not present in cell & (or present in the
neighboring cells to cell k) as I}, (A ), then, with perfect power

control, I} (A},) is given by

I (AL) = Agg + Te(Ag), 3)
Ak bji
D*(M;;,B;) 10~ 10

I (Ag) = (Mg B) T @)
iesy j=1 D*(M;j, By) 10~ 10

i#k

where 1;; denotes a normally distributed random variable with
zero mean and variance o2, which corresponds to the shadow
loss from mobile j to the base station of cell i. Note that
It (Ag) is conditioned on the number of interferers in the
neighboring cells, A, and the location of the interferers in
the neighboring cells. Therefore, I}, (Ay) needs to be averaged
over the number of interferers and their locations (as will be
done later in Eqns. (18), (25) and (34)).

A. Outage without Admission Control

The outage probability in a CDMA system without the /S
based admission control is given by

pout(eo,A;C) = Pr{I,'c(Af,c) > e} 5)

LHenceforth, we use the term neighboring cells to mean the first tier of cells
around the cell-of-interest.
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We first compute the outage probability conditioned on Ay
and then average over Agy. We define € = € — Ag,. Hence,
the outage probability conditioned on Ay, when thereisno /S
based admission control, pyq:(€), is given by

Pout(€) = Y Pr{li (T) > e} Pr{A =T}. ©)
T

Thus, for CDMA systems with no admission control, the outage
probability averaged over Ayy, is given by

pout(eo) = Z pout(f) Pr{Akk = Tk} (M

T}, =0

B. Outage with Admission Control

With I/S based admission control, we are interested in the
probability that a new call arriving in cell ¢ causes an outage in
cell k. The outage probability conditioned on A;, Ay and Ay,
denoted as p*,; (A;, A, €), can be written as

p;ut(Ai,Ak,e) = Pr{Ik(Ak) > E‘Il(A-L) S E,Ik(Ak - 1) S E} . (8)

The above equation gives the probability that a newly admitted
call in cell 7 (because of I;(A;) < €) causes an outage in cell
k (I,(Ag) > €) given that there was no outage in cell k before
admitting the new call in cell ¢ (I (Ax — 1) < €). We assume
that I;(A;) is statistically independent of I, (Ay) to simplify
the analysis. Hence, p%,;(A;, Ak, €) becomes independent of
the cell ¢ in which the call arrives, and hence can be denoted by
Dt (Ak, €), which can be written as

Dot (Aks€) = Pri{lp(Ag) > €e|I}(Ar —1) <€} ©

Averaging over Ay, the outage probability conditioned on Ay,
Diui(€), is given by

Pou(@=1- [

i€S),
i#k

1- Zp;ut(T, Pr{A, =T} . (10)
T

To compute Pr {A;, = T'} in the above equation, we model the
system as an M /G /oo queue. Note that a more accurate model
for the system is an M /G /c/c loss model where ¢ denotes the
maximum possible interferers from the neighboring cells to cell
k. However, since c is typically large in a CDMA system, we
can approximate the system by an M /G /oo queue. The num-
ber of interferers Ay is then the queue length process of an
M /G /oo queue and hence, is a Poisson random variable [7].
Therefore, defining p = Ny, p, where N}, is the number of neigh-
boring cells to cell k& (N = 6),

e PpT

T!

Pr{A, =T} = (11)

Finally, the outage probability in Eqn. (10) is averaged over
Ay (whose probability mass function is given in Eqn. (1)) to
obtain

Pout(€) = Y Pout() Pr{dp = Tp}. (12)

T}, =0
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It is noted that the key step in the outage probability com-
putation in the above is the evaluation of Eqn. (9). In order to
evaluate Eqn. (9), we need to compute the joint probability

Pjoint = Pr{Ik(Ak) > E,Ik(Ak — 1) < 6}, (13)

and the marginal probability

Pmarginal = Pr{lk(Ak - 1) < E} . (14)

To evaluate the marginal probability in Eqn. (14), we use ap-
proximations based on central limit theorem (CLT) and Cher-
noff bound (CB). To evaluate the joint probability in Eqn. (13),
one can model the random process I}, (Ay) as a continuous state
space Markov chain, which can be solved by the theory of ran-
dom walks given in [4]. However, this approach tends to be
complex. Hence, we adopt a simpler method which uses the ap-
proximation made in the evaluation of the marginal probability
in Eqn. (14). The CLT and CB approximations are illustrated
in the following subsections.

1) Approximation using CLT: In order to evaluate the cdf
of I (Ay — 1) in Eqn. (14), we approximate the summation in
Eqn. (4) by a normal random variable with mean pa, —1 and
variance U2Ak- _,» given by

Dk )
(—au(.?“)+2a202)
HAR—1 = 5 5 € ‘ )

i€5) j=1
i#k

15)

(16)

Ajg )
(3) 15,22
—2 . 2, .
A= 3 D) iy

i€S) j=1
ik
where a = lnl((l)o),Ziesk A;r = Ap — 1, and
itk
4
() _ D (Mij, Bi)
v) =101 — 17
‘u‘zk: 0810 D4 (Mij,Bk) ( )
Averaging over the location of the interferers,

Pr{I;(Ar — 1) > €} is given by,

pr{zk(Arl)x}:/-“/(#)ﬁ

Q (%) 1+ -redridoy - - - dredds,
OAL—1

(18)

y2 - . .
where Q(z) = \/%7 [.° e~ dy. Since the mobile locations

are independent of each other, the averaging over the location
of the interferers can be obtained by replacing the mean of the
normal random variable in Eqn. (15) by

711/,1,5?‘6) +2a20'2

pap—1 = (Mg — De 19)

and the variance in Eqn. (16) by

C90,0) 15,2,2 .
O_Zk71 _ (Ak B 1)6( 2ap;y +2a%0 )(82a202 B 1). 20)
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We can evaluate the marginal probability Pr {I(Ay) > €} ina
similar manner. This completes the evaluation of the marginal
probability in Eqn. (14) using CLT.

Next, we proceed to obtain the joint probability in Eqn. (13)
using CLT as follows. Here, I, (Ag — 1) and I}, (Ay) are jointly
normal with a correlation coefficient . If fa, (z,y) is the joint
pdf of I, (Ag — 1) and I, (Ag), then

1 22
1 T 3(1=r2) [0_270102+02
) P S— : 2],
2wo1024/(1 —12)

where £ = z — uA'k,gj =Y — PA,—1,01 = 047, and o, =
oa,—1. The correlation coefficient, r, is defined as

.o E I (Ap — DIk (Ap)] — pagpa, -1

(22)
OALOAL—1
We can rewrite It (Ay) in Eqn. (4) as
I(AR) = k(A = 1) + X, 23)
where
n DA(My; B-)lO*%
X9 = AR (24)

Yk
D*(M;j, B)10~ To-

denotes the /.S brought in by the newly arriving call which we

say, without loss of generality, as the j¢* mobile in cell i. From
Eqns. (23) and (24), we can evaluate E [I;,(Ag) I (Ax — 1)]

in Eqn. (22) by using the fact that Xi(,f) and I (A — 1) are
statistically independent. Conditioned on the location of the
newly arriving call, X z(,g )is a log-normally distributed random
) Q¥ .

variable of the form X Z(,g) = 10~ 710", where Qgi) is normally

Yji
D (Mi;,B:)10 I;k and variance
D4(Mij,Bk)10_T
202. Hence, by using the CLT approximation on Ij,(Ay) and
I, (A — 1), we can evaluate Eqn. (13) from Eqns. (21), (22),
(23) and (24), as

6
Pr{Iu(Ag) > &, Ty (A — 1) < ¢} = (Wl?) //

oo €
/ / fa, (z,y)r1 - - - redydrdridf - - - dredfs.
€ — 00

distributed with mean 10 log;

(25)

Finally, we substitute the values obtained from Eqns. (18) and
(25) in Eqns. (9), (10) and (12) and compute the outage proba-
bility.

2) Approximation using Chernoff Bound: In this subsec-
tion, we present another approximation to evaluate the marginal
Pr{I;(Ag — 1) > €}, by applying the Chernoff bound in Eqn.
(4). For a set of m i.i.d random variables {Z;},1 < i < m, the
Chernoff bound is given by [5],

m
Pr{zzi > F} < e (),
=1

(26)
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where I (L) = sup, [sT' — x(s)] and x(s) = In(E {e*?1})
is known as the logarithm of the moment generating function
(LMGF). Here, we use the equality condition in Eqn. (26) as an
approximation to obtain Pr{I; (A — 1) > €}. To obtain this
approximation, we need to evaluate the pdf of I}, (Ag) in Eqn.
(4). Each term in the summation in Eqn. (4) is a log-normal
random variable of the form 10T where ¢ is a normal random
variable with mean ,u(J ) given by Eqn. (17) and variance 202
Hence, by assuming I; and I; to be independent for j # k,
I;.,(Ag—1) can be approxirnated to follow a log-normal distri-
bution of the form 10~ 16 where € is normally distributed with
mean fia, —1 dB and standard deviation 6a, 1 dB. We apply

the Fenton’s method [6] (i.e., approximate the sum of indepen-
dent log-normal r.v’s by a log-normal r.v) to obtain the expres-

sions for fia,—1 and 63, 4, as
2_2
AZ il 1+e2a o2 ( 2a“ 0 71)77 (27)
Opnp—17= a2 ezazazcz ’
1 eaQ(é'QAk_172a'2)
= 28
fre—1= o 1 (28)
o ()
where 1) = Zzesk Z 2 , and ( =

—ang)

D icsy Z]A:M
itk

Following a similar argument as in Section III-B.1, we

_ )
can use the approximations Zlesk Z TR = (Ag —

1)e ~2aufy) , and Zlesk Z o _““Ei) = (Ap — 1)8_““%) to com-
pute fia,—1 and UAk—l in Eqns. (27) and (28). From these
values we obtain the LMGF x(s), using which the marginal in

Eqn. (14) can be evaluated.

Next, to evaluate the joint probability in Eqn. (13), we use
the Fenton’s method of approximating sum of log-normals by a
log-normal [6]. We rewrite Eqn. (13) as

Pr{fk(Ak)>€dB,ik(Ak_1) SEdB}, 29)

where eqp = 10logy,(€), I.(Ar) = 10logyo Ix(Ay) and
Ik(Ak — 1) = 10 loglo I&(Ak — 1) SiNI‘ICG Ik (Ak) and
I, (Ay, — 1) are log-normal, I, (A — 1) and Ij,(A},) are jointly
normal with correlation coefficient 7, given by
E[I(Ay = DI(AK)] = pa,—18a,

TAL—10A,

F= (30)
To evaluate the expectation [IN(Ak - l)f(AK)], we again

use Eqn. (23) and use the approximation In(1 + z) = x for
|z| < 1, to obtain

()
Xk

i(Ak) :f(Ak -1+ m

(3D

From Eqn. (31), we obtain

E [I(Ar — DI(AR)] = B [I2 (A — 1] + (32)
. X9
E|[I(Ap —1)—2——
(B )Ik(Ak -1
0-7803-7376-6/02/$17.00 (c) 2002 | EEE.

Using the approximation In(1 4+ z) = z for |z| < 1 again, we
have

E [I(Ay - 1) K(A)] =

E[IZ( Ak -1)]
T2 Ik(Ak—l — 2P Akfl
(€] (3)

The ratio T (ii]f)_ and 5 ()Zk)_l are log-normal variables of

(33)

the form 10~ and 10_%, respectively, where Qisa normally
distributed random variable with mean ,u%) — pa, —1 and vari-
_4, and Q is normally distributed with mean

()

Wi, — 2pA,—1 and variance o2 + QUQArl' From Eqns. (30)

and (33), we evaluate 7 and hence the joint probability in Eqn.
(29) as

2 2
ance 0% + O,

Pr{Ik (Ak) > egps In(Ap — 1) < edB} 7rR2 / / (34)
<dB

[ [t

whereif £ = o — pa, and § =y — pa, -1,

--redydxdridf; - - - dredfs,

Jay(@y) = e 0T ol )
2wo1024/ (1 — 72)
From Eqns. (30), (33), (34) and (35), we can evaluate Eqn.

(29) and hence the Eqn. (13). We substitute this value and the
CB approximation for the marginal, to compute the conditional
outage probability in Eqn. (10). Finally, we average p},, over
Ay as in Eqn. (12) to obtain the outage probability.

3) Approximation using Edgeworth Expansion: In the fol-
lowing, we obtain an improved approximation to the outage
probability by using Edgeworth correction to the CLT approx-
imation of the marginal derived in Section III-B.1. We define

y = B hzna . Then, by Edgeworth expansion, the cdf

OAp—1
of Y, F(y) kPr{Y < y},is given by [3]

F(y) = P(y) = C1(y) + C2(y) — Ca(y) + Ca(y), (36)
where C1(y), C2(y), C3(y), Ca(y) are correction
terms of the Edgeworth expansion. The expres-
sions for C1(y),C2(y),Cs(y),Cs(y) are given by

2
Cily) = H70(),Cay) = BZO(y) + H£20(y),Cs(y) =

HIOW + IRIOW + FRIOW) w G =
”—42@() - J;QZ“)() v dzzog) )
where P(y) = [Y -1 e -5 dt, 2 (y) = dm(g(y),%_Q =

e ( Lt > , and k; is the i** cumulant of Y. Here, to
NN
compute the Pjyn¢, We use the Fenton’s method as described
in Section III-B.2.

Note that the admission control policy will block new incom-
ing calls if either I/S > €° or all the n spreading codes are
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already allocated to ongoing calls. The probability of blocking
is then given by

Py =1—[1—=p4(e )] [1 = pb (p,0)], @37

where p, (p,n) is given by the Erlang-B formula [7] as
Do (pan) = nipk'

k=0 kI

IV. RESULTS AND DISCUSSION

In this Section, we present the numerical results for the out-
age probability and the capacity of a CDMA system with and
without I/S based admission control. The system capacity is
defined as the load up to which a desired outage probability can
be maintained. We use the following values in our numerical
computations: N = 61 cells, n = 64 spreading codes, cell ra-
dius R = 1, mean call arrival rate per cell, A, in the range 0.1
to 0.2 in steps of 0.01, mean call holding time, 1~ = 100 sec-
onds, and o = 8 dB. As in [2],[3], we use a call admission /S
threshold value of € = 14 dB.

Figure 1 shows the outage probability as a function of Erlang
load per cell with and without admission control. Both simu-
lation as well as analytical results using CB approximation are
shown. It is observed that without admission control an outage
probability of 0.01 occurs at a load of about 15 Erlangs/cell,
whereas with admission control the same outage performance
is achieved at a load of 20 Erlangs/cell. This is due to admit-
ting new calls only when the /S criterion is not violated. The
increase in the load essentially translates into an increase in the
number of active mobiles in the system, as explained below.
Each cell can be modeled as an M/G/n/n loss system with
a blocking probability p;, as given in Eqn. (37). The average
number of users in a cell for an Erlang load of p is given by
p(1— pZ) [7]. Therefore, for an outage of 0.01, a load of 15 (or
20) Erlangs per cell translates to 14.9 (or 19.8) users per cell.
This is an increase of 33% of additional users in the system due
to I/.S based admission control.

From Fig. 1, it is also observed that using the CB approxima-
tion to compute the Py,qrginar OVerestimates the outage proba-
bility (i.e., underestimates capacity). The accuracy of the out-
age performance predicted by the CLT and CB approximations
are illustrated in detail in Fig. 2. From Fig. 2, we note that
while the CB approximation overestimates the outage proba-
bility, the CLT approximation underestimates it. From Fig. 1,
we further observe that the CB approximation is more accurate
(closer to the simulation curve) than the CLT approximation. In
addition, the Edgeworth correction to the Py,4rginai Tesults in
a performance that is closer to that predicted by simulation, as
compared to the CLT approximation.

V. CONCLUSIONS

We presented an analytical model to evaluate the outage
probability and the capacity on the reverse link of cellular
CDMA systems with I/.S based admission control. We used
two main approximations in the outage analysis — one based on
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Simulations (without Admission Control)
Simulations (with Admission Control)
Chernoff Bound (with Admission Control)
Chernoff bound (without Admission control)

Outage Probability
3

| . 1 . 1 1 1 1 .
10 11 12 13 14 15 16 17 18 19 20
Load Per Cell (Erlangs)

Fig. 1. Outage performance with and without admission control.
cells. n = 64 spreading codes.

10" T T T T T T

CLT Approximation

Chernoff Bound Approximation
Simulations

Edgeworth Correction

Outage Probability

L L L L
16 17 18 19 20

L L L L
10 1 12 13 14

15
Load (Erlangs)

Fig. 2. Outage performance with admission control predicted by analysis and
simulations. N = 61 cells. n = 64 spreading codes.

the central limit theorem and the other based on the Chernoff
bound. It was shown that the CLT approximation underesti-
mated the outage performance, whereas the CB approximation
overestimated the outage. Also, the CB approximation resulted
in a more accurate estimate of the outage than the CLT approx-
imation. We further obtained an improved approximation to the
outage probability using Edgeworth expansion. It was shown
that the considered admission control policy results in increased
system capacity compared to that with no admission control, by
about 30% for an outage probability of 0.01.
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