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Abstract— We present an approach to defining probability of outage the second order statitics of the interference and/or fading. A
as a system-wide QoS measure for cellular systems. We describe how tocharacterization of outage both in terms of the threskaldd
use this approach to define an admission region where the requirements . . .
on probability of outage are satisfied. We illustrate the approach by con- the time duration has a_ppeared Only n [4] and [10]' One key
structing the aforementioned admission region for a few examples. feature of [4] and [10] is that the effect of other users on the
outage probability is not taken into account. That is, the effect
of the (random) number of active users and the statistical vari-

ation of their channels on the probability of outage is ignored.

Outage probability is an important performance measufdtention in t_)oth [4] _and [10] is restricted on one user g_nd on
in cellular networks. In a cellular scenario low signal téhe effect of its physical channel on the outage probability.
noise plus interference ratios (SNIR) can increase bit error ratdn general, the performance of a wireless system critically
(BER), but more importantly if this ratio remains low for adepends on two factor¢t) the condition of the physical chan-
long enough duration, it can cause an outage in an ongoimg; and(ii) the interference created by other users. The ap-
service (due to loss of synchronization, etc). This will resufiroach to outage that we propose captures both of the afore-
in disconnection of an admitted call. In most common scenamentioned factors. By incorporating the effect of multiple ac-
ios, this is considered a more severe form of low performancess interference into our approach, we are able to relate the
than blocking (which occurs when a new call is denied a@robability of outage to the number and type of users present
mission to the cell, hence the network). As a result, outagethe system and, therefore, to determine an admission region
probability is considered a main performance measure for tassociated with the maximum acceptable outage probability
ditional cellular networks. We believe that outage probabilifypr each type of user.
together with average bit error rate and throughput can formyy. salient features of our approach are the following:

a reasonab.le set of performgnce criteria or.quality of .serviﬁgl) We model the statistical variation of the physical chan-

(QoS) requwe_ments fo_r certain types of traffic (e.g. voice arp_]c& by a Markov Chain (as in [10]{F2) We consider several

data streams in pre-third-generation CDMA systems). In thig,eq of ysers in terms of their statistical activity, and QoS re-

vv_ork we provide a procedure to determlnlng_t.he admission 'Eirements(F 3) We fix the total number of users admitted by

gion of a cellular system where the probability of outage fqfe system, and we assume that the status of each user switches

each user cannot exceed a prespecified threshold (dependifideen “active” and “inactive” according to a Markov rule

on the class of the user). _ (independent of F1)). The status of a particular user is not
We describe an outage by two parametefig:the SNIR  necessarily independent of that of another user.

thresholdy; and(ii) a minimum duratiort. An outage occurs .
: . As a result of the aforementioned features, we can construct
when the SNIR remains below the threshgléor a period . ) :
a model which allows us to define, for any multiple access

longer than or equal to . . cheme, the SNIR and hence, determine for any parameters
In most of the currently available literature (e.g. see [3], [5], 441 the probability of outage as a function of the fixed

and [7]), an outage is assumed to occur when the SNIR f dmber of users present in the system. This in turn allows us

?elow ta thtrﬁ sholgy'. Wef bellevte that Fh|s '.?.nOt sum?i.mto nalytically determine the capacity of the system associated
o capture the essence of an outage, since it ignores statis{ical 1,2 vimum acceptable probability of outage.

correlation or burstiness in the incoming traffic stream. Itis in- o ; i ]
tuitively expected that traffic streams with high level of bursti- 1herefore, the contribution of this paper is twofoldt)
ness are more probable to cause an outage than non-bursfe/development of an approximate statistical model for out-
iid streams with the same level of instantaneous intereferen@@®; andii) the analytic determination of an admission region
Similarly, the memory present in fading channels directly afthere under any admission strategy the desired performance
fects how long the impairment will last, hence it affects thef the system with regard to outage is guaranteed.

occurance of an outage. In other words, the drop in the SNIRThe paper is organized as follows: In Section Il, we con-
belowydoes not resultin an outage instantaneously; an outagjruct a stochastic model and analytically calculate the prob-
results in when the SNIR is low for an extended period of timé&em of probability of outage. In Section Il we present ex-
i.e. atime period that exceeds a minimum duratiowith this amples illustrating the modeling and results in Section Il. In
definition, the occurance of outage events strictly depend 8ection IV we conclude the paper.

I. INTRODUCTION



[I. OUTAGE-BASED ADMISSION REGION FORMULTIUSER presence, power, and channel statistics of the other active users
SYSTEMS WITH MARKOV CHANNELS admitted in the system. Therefore, to determine the probabil-

ity of outage, we needi) to model the channel degradation;
(i) to model the interference of other admitted users; (@nd

We address the issue of outage probability within the coy construct a “Super Markov Chain” combinitig, andii)
text of QoS requirements. A user in the system encountersialyrder to describe the the received SNIRugf
outage event when its received SNIR at the base station fall§; js very common to model the effect of the channel on
below a threshold for an extended period of time. Hence, &\IR in the absence of other users as a Markov chain. The
outage is experienced by each user individually. Therefotgyjigity of such model has been extensively studied and con-
the key conceptual issue is how to formulate probability @frmed in the literature (see [9]). The most commonly used
outage as a system-wide QoS criterion. We address thisdgample of this kind is the Gilbert Channel. In general, such a

sue by introducing a fictitious observer/user and by definingc is defined by its state-spatk = {hy,hz,...,h}, and its
the system-wide outage measure as the probability of outgghsition matrix

for this user. To guarantee that probability of outage meets

the requirements for every type of user that may be admitted A = [ay] = [Prob{X(t+ 1) = h |X(t) = hy}]. ()

by the system we proceed as follows: We consider a sepa-

rate fictitious observer/user for each type of traffic. SuchNpote that in case of an ideal power control mechank$nis

user is always active and is identical to the actual users of ti&gluced to a singletofh}, and hencé = 1; whereas in case

same type in terms of the statistics of the physical channef,power control with quantized erratd, we haveH = {h—

SNIR threshold, and minimum outage duration. Each ficth,h+ &}.

tious observer/user does not create any interference in the syd0 model the interference of other admitted users, we as-

tem, hence has no effect on the performance of the syst@wne that there are types of users in terms of QoS require-

The probability of outage for such a user is a conservatiients, transmission Power, and the activity factor [7], and

bound on the outage probability of each user of the same typeere argMz,Mz,--- ,M_) users admitted to the system (not

Hence, the system-wide QoS requirement in terms of prabcluding up). At any time slot, each admitted user can be

ability of outage is met if the probability of outage for eaclactive (on) or inactive (off). Since only active users interfere

of the aforementioned fictitious users is below a prespecifiadth the received signal ofip, we need to find an appropri-

value (that depends on the type of user) which reflects the Qa8 model to describe the evolution of the users’ “on” periods.

requirement. In this paper, we assume that active and inactive periods for
In this section, we construct the outage-based admissi@miser of type evolve according to &-order Markov chain.

region following the above philosophy. In Section II-B, weConsequently, we can model the activity of usef typel by

formulate the outage problem associated with a fictitious od-Markov chain of sizé8, = 2 ; we denote the states of this

server/usetp whose statistical variation of its channel, théarkov chain by an integey € 1,2,...,By. In general we as-

SNIR thresholdy, and the minimum outage duratianare sume that the activity of all users can be correlated. Based on

given. We fix the number of admitted users, and model the &fe above, we can express the state of users (in terms of being

fect of channel variations and interference as a super Marl@stive or inactive) by the following random array:

chain (SMC). Then, we identify the states of the SMC where 1 My 1 ML

the combination of channel variation and interference causesa ~ (":--->N0) = ((04,...,ngY), -, (nL,...,nCY)). (2)

SNIR belowy. In Section II-C, we use the formulation of Sec—B tructi thi | ding t K

tion II-B to calculate the outage probability associated with y construction, this array evolves according 1o a known

(when the number of admitted users is fixed). In Section II_ﬂ.YIarkov rule. LetT be the transition matrix for this Markov

we construct an admission region where the system-wide Q%}?m’ I.€.
in terms of outage probability is guaranteed. Tij = Prob{(ng, -+ ,n.) | (my,---,m.)}. 3)

A. Philosophy of Our Approach

B. Outage Formulation for a Given Observer/User in the ) ) ) oM
To describe the received SNIR uof, we construct a “super

In this section we fix the number of admitted users, anga oy chain” (SMC) which represents the variation of the
then formulate the probability of an outage for a fictitious Otb'hysical channel fot the channel variation of other users,

server/usetp, whose channel statistics, SNIR threshpldnd 5 the state of the admitted users. The states of this SMC are
minimum outage durationare given. arrays of type

In a wireless setting the received SNIR of a observer/user
Up depends on two decoupled factors: 1) the effect of physi- 5 = (hUo7(hl7l’... 7h1,M1)’... ,(ng,--,n))
cal channel in the absence of other users; this captures events
like additive noise, fading, and/or shadowing (in the presenadereh’ € Hy, is the state of the channel between usgr
or absence of power-control mechanisms). 2) the effect of thied the base-statiom'k € H, for | = 1,2,...,L, andk =



1,1,---,M, is the state of physical channel (in the absengeobability. To deal with this difficulty, we can analyze the
of other users) between udeof typel and the base-station,worst case condition for user/obserwgr where all the other
andn, forl =12 ... L is a vector of lengtiM, defined in users are in their best physical channel realization. In other
(2). The state-space of this Super Markov Chain (SMC) wgords, we replacé; with a singleton{hl_} wherehl .. =

S = Hy, x |—”-=1 H,M' % I_I:‘=1{1a 2,... ,B|}’V". Since the state maxH,, and henceé\; = 1. In this situation the SNIR can be
of the physical channel for a usét;, is independent of the expressed as

number of the other users and their channel state the transition

u
probability for this SMC can be easily obtained, using (3). It ffﬁ(s) = hIE’P—OGIO_ (8)
'S N+ 31 MhesAN
M, My wherer, is the the total number of active users of typand

P=ToA ® -T-®AL®---®A1® -T-®A1®Ao 4) as beforen is the noise powerGy is the spreading gain for
userup, h' is the channel gain betweeg and the base sta-
whereA is the transition matrix of the Markov physical chantion, andR is the common transmitted power for all type-
nel between observer/usay and the base-station, aid for | users. Equation (8) implies that in this case the effect of
| =1,2,...,L is the transition matrix of the Markov physicapther users are like a noise term proportional to the number
channel between a user of typand the base-station. of active users. A state for the worst case scenario is a vec-
To determine the probability of outage, first we must specit@r of the form(h,ry,r2,---,r). If we denote byl (Iy,), the
the received SNIR of observer/usgrat each statec S. This Size of setH; (Hy,), then the dimension of the state space in
SNIR is a functionfy, : S —» R,.. The exact form off,(-) the worst case problem ig, x []i_y (M + 1); whereas the
depends on the dynamics of multiple access interference, &f€ space in the original formulation is of the dimension
possibly the power control mechanism. For instance, forl@ x [T ™ x k1B = Iy, x M1 (1 x B)™, which in
CDMA system where users of the same class have a comng@neral is much larger. In the worst case problem, the transi-
transmitted power and there is no power control, the form 8én matrix of the SMC is

function fy, is: ,
P=T ®Ao, 9)

hUoPyG
- L 0M|0 e (5) whereT' is defined as
N+ >R Y, Wikhs
!

wheren is the noise power (that includes the expected totaITij = Prob(ra,rz,..on) = j 1o, rz,- 1) =i (10)
interference from the adjacent cell& is the spreading gain 7/ can always be determined frofy define by (3), but in most
for useruo, h" is the channel gain betwedd' user of type cased can also be constructed using the traffic model of each
| and the basey x € {0,1} is an indicator function which yser type directly.
is equal to one when th€" type | user is active, an® is  As before, the sets of “bad” and “good” states are
the common transmitted power for all typesers. This form
can extend to CDMA systems with power control where each B
class of users has a common targeted power, and witére G
represents the error of the power control mechanism.

After specifying the SNIR of user at each state, we defineAnd an outage occurs when the state of the Markov chain re-

fu(S)

{seS|fg(9) <V}, (11)
= S-B (12)

the sets of “bad state$d, and “good statesG as mains in the seB for at leastr units of time.
B = {seS|fy(s) <V}, (6) C. Outage Analysis for a Given Observer/User in the Pres-
G = S_B @) ence of a Fixed Number of Users

The probability and frequency of an outage eventin the con-
Based on the above classification of states we can now fefructed SMC can be studied in the framework of [10].

mally define the probability of outage. Consider the constructed SMC and the associated transition
Definition 1: An outage is an event where the state of th@atrix P with it. We follow [1] and [10] to establish the nec-
SMC enterdB and stays iB for at leastr units of time. essary equations and relations that describe the probability of

Definition 2: The probability of an outage is defined to bgutage. Note that the SMC is mathematically equivalent to
the probability that a randomly selected time slot belongs {Re physical Markov Channel studied in [10], even though the
an outage event. SMC, in general, has a much larger state space, and it has a
very specific structure due to its construction. Hence, after in-
troducing the appropriate notation and definitions we can use

In general, the dimension of the matfcan be very large. results provided from [10] for the analysis of the probability
This creates a practical difficulty in the calculation of outagef outage.

B.1 Worst Case Scenario



C.1 Definitions a subset of its interior, the probability of an outage encoun-
ftered by each fictitious observer/user of typie less than a
prespecified threshol,, for all | = 1,2,... L.

The formulation of probability of outage presented in Sec-
tion 11-B and the analysis of Section II-C provide an expres-

« Let the row-vectont denote the stationary distribution o
SMC.
o Definetg andti as

ns) ifseG sion for the probability of outage of a fictitious user of tylpe
TG(s) = { 0 otherwise ’ (13) (1=1,2,...,L) as a functiory : Z} — R, of the vector of
i B admitted user = (M1,M>,... ,M_). Therefore, for a fixed
me(s) = { (T)[(S) ! rsf , (14) typel fictitious user (i.eHy, =Hi, Ao=A|, To =T, Yo=Y,
otherwise and fy,(-) = fi(-)) the region where QoS (expressed by the

probability of outage) is guaranteed for that type of user is

« DefinePg as the matrix with entries L | |
R = 9 ([0,Pmax) = {M:g1(M) < Prayl- (18)

. [ PG,j) ifjeB 15
Pa(i.]) = 0 ifjeG (15) Consequently, the region where the QoS is guaranteed for all
the users is
L L
C.2 Results R:=NR=N{M:9(M)<Phad- (19)
I=1 I=1

We establish an analytical expression for probability of out-

age. For that matter we need the following result from [10]. Since itis not desirable for any admission strategy to terminate
Fact. 1: The probability of outage is given as an unfinished service, we define the admission re8ias the

. _ 1 largest coordinate convex subsefbfi.e.
Poutage=TTePg ' 1+ TGP (1 —Pg) "1 (16)

Based on Fact 1 we establish an alternative analytical ex- A := sup{C: if Me C,M' <MthenM' € C}. (20)
pression for the probability of outage. The new expression is CcR
easier to compute as it involves neither inversion of a matrix
nor calculation of vectorg.
Proposition 1:

Recall that our analysis is valid for a fixed number of admit-
ted users. In a wireless system the number of users (active and
inactive) present in the system varies with time. To establish

Poutage= TP " (Tl — (T — 1)Ps) 1 (17) he validity of our analysis_ for wireless systems with dynam.ic
Proof: From (16) we have number of users present in the system we prove the following
theorem.
Pouta Theorem 1:The admission regiorA is a conservative
* bound on the dynamic number of admitted users (under any
_ T i -1
- TT[GPET‘ 1+16hR ™ ( Psi)l 1 admission policy resticted tA) for which the QoS expressed
= TR (T-DI+(-P) )1 by the probability of outage is met.
= (m—-TB)RR" ((r DI+ (11— pB)*l) 1 Proof: Fix a fictitious observer/user, say of typeRe-
. _— T M+ (1 1)1 strict an admission policy tA. SinceA is coordinate convex,
= (MeRs™ —TePs") ((T- 1)1 +(1-Fp)™") M(t) € A forallt, whereM(t) is the vector indicating the num-
= 1Py 1(1 —PR) (t=D1+( - PB)‘l) 1 ber of users of each type present in the system atttirdence
— TP ((T—1)(1 —Ps)+ 1)1 M(t) € R. PlckMO__: argmaxser, 9i (M). Smce_M(t) eR _
_ 1 (g 1 1 for all t, the probability of outage in a system with a dynamic
= TeRg (T - (1-1)Rg) number of admitted users for the aforementioned fictitious ob-
= ' (tl-(1-1)Ps)1 server/user is less than or equabiéM,). On the other hand,

_ _ _ as mentioned in Section II-A, the probability of outage of a
where the third equality holds sinag = m—Tig, and the fictitious user of typd is a conservative upper bound for the
fourth and the last equality result from the fact thgt= 1Pg. probability of outage experienced by a real typeser. Hence,

|
D. Constructing Admission Region PS&?@Q“S PO < 91 (Mp) < Phax (21)
. We now discuss how to use f[he res_ults obtained in S‘?/%ere the last inequality is due to the constructioRof
tion 1I-C to construct an admission region when the proba-Sincel is arbitrary, the admission regidk, defined by (20),

bility of outage is the QoS requirement under consMeratqg.a conservative bound on the number of users admitted by the

An admission region is the set of all combinations of admi namic system for which the QoS requirement expressed by
ted users such that if connection admissions are restricte Jg probability of outage is satisfied =
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[1l. SPECIAL CASES, EXAMPLES, DISCUSSION A. Example: Homogeneous Traffic

In this section we present examples illustrating our ap- We study the homogeneous traffic scenario. We first con-

proach. In all the examples we consider the outage problenpfiCt the SMC associated with this model. IMtdenote
a CDMA pre-third-generation wireless systems. In such s;}é‘-e number of admitted users in the system. We construct

i ' acmitt
tems, traffic mainly consists of voice, or data streams that ar = [Prob{r =i/r = j,M}]. For the cases that follow we

compressed and then treated as voice [8]. This kind of traffitSe different channel mode(li , Ao). We construct the tran-
fion probabilityP associated with eactH ,Ao) pair, using

when the number of users is fixed, can be appropriately modl
eled by an Engseth birth-death chain (see [1]). Therefore it\[§'" )
appropriate to follow the procedure given in Section 1-B.1. _For all the scenarios under study, we assume;that= 0.4,

In the remainder of the section we formally introduce th& = ‘002t (T is the time slot duration andk is the fading
Engseth traffic model. In Sections IlI-A and I1I-B we comYCl€).,y = 3.2dB, and the spreading gain@ = 64.
pute the probability of outage, and the resulting admission re-After identifying the transition matrix, determining the

gions under a variety of power control scenarios and systéi/R at each state, and finally labelling “bad” and “good”
parameters. states according to (11), (12), we calculate the probability of

an outage as a functian(M). Fig. 1 shows the result of such
calculation for CDMA systems when: 1) the channel fol-
ws a Gilbert model with average burst lengths of 4, with

denote the vector of the number of active users of each tyﬁge_ady-state probability of the bad-channel-state equallto 0

Then the transition probability for the Engseth model is give‘?‘f‘d,T =77 (the value recommended by ITU-T [6]); 1) _chan—
as follows: nel is similar to one of (1), and= 15T; 2) the channel is an

appropriate approximation to a Rayleigh fading channel with
P{N(t+1) = n|N(t) = m,M} = the maximum Doppler frequency of 100 Hz as given by [9]
. — T andt = 7T; 2’) the channel is similar to (2) and= 15T; 3)

We considet types of traffic. Let the componehty of the
vectorM = (My, ... ,M_) represent the fixed number of user?
of typek admitted to the system. LBEt) = (N (t),... ,N.(t)) 0

(Mi— m)Ax if n=m+ & an ideal power control mechanism is implementedead’T;
Mk ifn=m-g& 3") the channelis similar to (3) ard= 15T; and 4) power con-
1 — 3 keKon Mk . trol is applied with error of 5% and= 7T. 4’) the channel is
— Ykekorr (Mk—MAk if n=m similar to (4) andt = 15T;

0 otherwise

B. Example: Two Types of Traffic

wheree is a column vector whose elements are all zero ex-We study the outage problem for the same CDMA system
cept for thek!™ element which is 1A is the activation rate as in Section Ill-A, when the traffic consists of two classes
of each inactive user of typl Ly is the probability of that of users with different activity factors, spreading gains, and
an active user becomes inaCtNe)ff = {k mg < Mk}, and Outage parameters; these parameter%_éﬁ?l =0.4, )\;fuz —
Kon = {k: 0 < m}. Note thatkﬁtHk is the activity factor of 0.6, G; =64, G, =32, P>, = 2P; 11, = T, y1 = 3.2dB, and
each stream. For voice users, this is aroudd Bor data users, y» = 3.3dB. We set the maximum acceptable probability of

it varies with the application, and it depends on the burstinesstage to be equal to 18. Under this specification, Fig. 2
and information bandwidth of the stream, as well as the coshows the admission region, when: 1) the channel is described

pression method employed. by a Gilbert model similar to the one in Section IlI-A ane-
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