790 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 9, NO. 6, DECEMBER 2001

Distributed Admission Control for Power-Controlled
Cellular Wireless Systems

Mingbo Xiao, Ness B. ShroffSenior Member, IEEEand Edwin K. P. ChongSenior Member, IEEE

Abstract—t is well known that power control can help to im- many more degrees of freedom, and can be very useful in guar-
prove spectrum utilization in cellular wireless systems. However, anteeing QoS. Our goal is to design an efficient CAC scheme
many existing distributed power control algorithms do not work that is efficient, simple, and robust enough to implement
well without an effective connection admission control (CAC) o ’ )
mechanism, because they could diverge and result in dropping Power control in a cellular system hgs been shown to have nu-
existing calls when an infeasible call is admitted. In this work, Merousbenefits. ltreducescochannelinterferenceandguarantees
based on a system parameter defined as the discriminant, we the signal to interference ratio (SIR) of ongoing connections, re-
propose two distributed CAC algorithms for a power-controlled  sulting in a higher utilization and/or better QoS. If power levels
system. Under these CAC schemes, an infeasible call is rejectedare tuned continuously, power control can be a strong enhance-

early, and incurs only a small disturbance to existing calls, while ttothe b b i f call admissi trol. Th h
a feasible call is admitted and the system converges to the ParetoMeNt10 the bang-bangtype of call admission control. 1here have

optimal power assignment. Simulation results demonstrate the been numerous papers on power control, especially for CDMA
performance of our algorithms. systems. Fromthe viewpoint of practical applications, distributed

Index Terms—Cellular system, connection admission control, powercontro'l §chemes are of special irjterest and importance. In
distributed admission control, power control, signal-to-interfer-  [2], Yates unifies most of the known distributed power control
ence ratio, wireless. schemesunderaframework cal&tdndard power controEvery
algorithm under this framework converges for both synchronous
and asynchronous cases, whenthe system s feasible. However, if
thereis nofeasible power assignment, adistributed power control

HE TREMENDOUS success of cellular phones has geatgorithm can diverge or resultin dropping an existing call. Thus,

erated great interest in wireless networks. Wireless suberiterion is needed to decide if a set of mobiles in the system can
scribers have now begun to expect many advanced networkiigserved at the same time. A well-known criterion can be found
capabilities, such as multimedia applications, multicasting, ainf{3], [4], butitrequires global information and is not suitable for
guaranteed quality of service (QoS). However, the wireless neistributed implementation.
work is characterized by scarce radio spectrum, an unreliabledence, the challenge to implement admission control for such
propagation channel (with shadowing, multipath fading, etca,power-controlled system lies in the limited (locally) available
and node mobility, all of which lead to a number of interestinghformation, as well as in the variable system capacity, which
open problems for network management in these systems [1]dépends on other cochannel users in the system. In power-con-
this paper, we address one such important problem: connectimled systems, by adjusting the transmitted power, a commu-
admission control (CAC). nication link interacts with the rest of the network and can get

The goal of an efficient CAC scheme is to guarantee theedback information by monitoring the interference induced on
quality of service of the ongoing connections, while at the sarite receiver by the other reacting links. This feedback informa-
time efficiently using the available radio spectrum. Connectiafon turns out to be sufficient for making admission decisions in
admission control in the form of bang-bang control (admissiendistributed fashion. In this paper, we develop two distributed
or rejection) by itself is not effective to control and guarante@ AC schemes that can be applied to power-controlled systems.
QoS. This is especially true when a cellular system adopts fixgtle basic procedure in our CAC schemes is as follows (for con-
channel allocation (FCA) with neither power control nor movenience, assume the downlink case). When a Usdirst ar-
bility prediction. However, armed with dynamic channel allorives and wishes to be admitted, it measures the interference at
cation (DCA), power control, and mobility prediction, CAC hasts receiver and then sets up a “control transmission” at a fixed
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mean a user whose admission into the system would resultihere0,, is the all-zero vector with dimensiom, and the in-

the undesirable situation where it is impossible for all users égualities are componentwise. A power assignni&nis said

meet their SIR requirements. to bePareto optimalor simplyoptimal) if it is feasible and any
Our scheme is based on a system parameter called the diter feasible power assignmeR} satisfiesP,, > P, com-

criminant. The discriminant characterizes the feasibility of ponentwise. For the system we just described, we now state a

new call arriving to a system with a set of feasible calls in setheorem and two corollaries that directly follow from results in

vice. Our CAC algorithms are independent of the underlyif®], [4].

power control schemes and multiple access techniques used.heorem 1: The following statements are equivalent:

They are measurement based, and assume nothing about thg) There exists a feasible power assignment

traffic statistics. We also show how the discriminant can be used2) The maximum modulus eigenvalue (Perron—Frobenius

as a system robustness measure, and present several extensionseigenvalue) of, is smaller than 1.

to our algorithms. 3) (I,—F,)~! = 352 ,(F,)F exists and is componentwise
The rest of the paper is organized as follows. In Section I, positive.

we first present the system model, and then some existing resu“&orollary 1: If P! = (I,, — F,)~*U, is not componentwise

(mainly from [3], [5]). In Section I, we define the discriminant,positive, then there is no feasiblé,; Otherwise,P’, is Pareto
describe the admissibility conditions, and propose distributggimal.

CAC mechanisms for power-controlled systems. In Section | ' Corollary 2: If a Pareto optimal assignmef, exists, then

we discuss and extend the proposed algorithms. Numerical §i§s iterative power updating algorithi®, (k+1) = F, P, (k) +
sults are given in Section V. Finally, Section VI concludes thgn or equivalently
paper and discusses directions toward future work.
pilk+1) = :
Il. SYSTEM MODEL AND OVERVIEW OF RELATED WORK SIR; (k)

pi(k), fori=1,...,n 3)

We consider a power-controlled cellular system where tlnverges (from arbitrary,,(0) > 0) to P’ with geometric
transmitted powers are continuously tunable. In the systeopnvergence.
every mobile is associated with a base station (called its homeThe algorithm (3) is distributed and autonomous because it
base station) to communicate. To maintain a connection betweaehes only on local information. It is also asynchronously con-
the mobile and its home base station, the SIR at the receivergent [4]. However, this algorithm does not work well without
must be no less than some threshold, which corresponds tamaeffective CAC, because it diverges and results in some ex-
QoS requirement such as the bit-error rate. If a system hasisting calls being dropped if there is no feasible power assign-
maximum constraint on the transmitted power level, we callihent. A modified algorithm of (3), DPC-ALP [5], may also ex-
unconstrainegotherwisegonstrainedWe first deal with uncon- perience convergence problems. The technique of probing [8],
strained systems; we defer the constrained case to Section IVf3}.and a similar method in [10] aim to overcome this problem,
Though a call must be admissible in both uplink and downlink tout they depend on approximations involving measurements of
get admitted, we consider only downlink transmissions in th@nall quantities and may not be easy to implement.
paper, because the uplink can be treated similarly. Two CAC schemes have been proposed in [6] for CDMA

LetM,, = {m1, ma, ..., m,} be the set ok mobilesinthe systems: the transmitter-power-based call admission control
system, and lei; be the downlink power level of mobite,;. Let (TPCAC) and the receiver-power-based call admission control
G,;; denote the gain from the home base statiomgto mobile (RPCAC). TPCAC is intended for a constrained system, and a
m;. Then the power received at mobilg from the downlink of new call is admitted by it if and only if no constraint is violated
m; is Gy;p;. Letn; be the thermal noise received at mobile, at all base stations after convergence. TPCAC is optimal and
and lety; be its required SIR threshold. Then we require that can prevent the divergence resulting from infeasibility, but it

is not distributed. RPCAC admits a new call if and only if the

SIR; = Giipi > v, (1) received power is lower than some threshold. This scheme is
ZGijpj +n distributed, but it is a heuristic and may admit inadmissible
i calls resulting in divergence, as will be shown by Corollary 3

- _ i . in the next section.
to maintain the downlink connection for mobite;. Note that In [3], it has been shown that the problem of finding the

this model is general enough to represent DS-CDMA systeipgreto optimal power assignmeff, can also be reformu-
with matched-filter receivers [6], [7] or TDMA/FDMA systems|ated as finding a basic feasible solutipf® _xZ]T, through

[3], by giving specific interpretations to the parameters. Gaussian reduction, for the following set of linear equations:
We can rewrite (1) ag;—>_,;(viGi; /Gii)pj 2 (vimi | G )-

Let I,, be then x n identity matrix, P, = [p1, pa, - -, pa]”, (I, — )P, +1,X, =U, @)

Un = [nm /G, v2m2/Ga2, - - -, Yt /Grn]t, andF;, be the PTX, =0; P,, X, >0,.

n X n nonnegative matrix wit, 7) entry F;; = v, Gy /Gy, if
i # j, otherwise 0. Then the power assignméhtis feasibleif ~ The procedure can decide the feasible subset of mobilks,in
as well as the optimal power assignment. Though this algorithm
(In— Fp)P, 2 Uy 2 is centralized, it gives us the insight that a mobile is admissible
{pn >0, 2) if and only if its pivoting variable in the Gaussian reduction



792 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 9, NO. 6, DECEMBER 2001

tableau is positive. Based on this insight, we next provide dine quantityl; ,,+1 corresponds to the interference from the
admissibility criterion and two distributed CAC algorithms.  downlink ofm,,4; to mobilem;, andf;, 4, ; from the downlink
of m,; to mobilemntl. .
ll. ADMISSIBLE CONDITIONS AND DISTRIBUTED CAC LetAppy=1—F (In—F,) ' F 4. WecallA, 4
ALGORITHMS thediscriminant ofm,,+1, because it provides a criterion for the

The role of admission control is to decide if a new call can ln[adrglz%blllty Ofm..41. This criterion is given by the following

accepted; if yes, the problem then becomes one of using whic heorem 2: Mobile m is admissible if and onlv if
channel (or signature code) and at what power level. To achieée > 0 Fﬁrther ifmn+1 is admissible. then the o ﬁmal
higher spectrum utilization, the power control algorithm useg@”** ' ! ntl ' P

should converge to the Pareto optimal assignment, when itiRVer assignment;., is given by

feasible. We call a power control algorithm satisfying this con- pr

dition optimal Many existing power control algorithms [e.g., al- Py = [ " }

gorithm (3)] are optimal, but DPC-ALP [5] is not. We only con- p"jl iz .

sider the CAC problem for systems under optimal power control Bl (Ln = 25) 7 1 Pig
throughout the paper. We also assume that the existing system = Ynt1 Rinitial (8)
is initially in steady state. In this section, we consider the case Gy, nt18nt1 et

wherer feasible calls (nhamelyp,, ..., m,)arein service, and WhereR;L“f{aI:[Gn+171, Gtz o) Gn+l,n]P:7 T

a new callm,; arrives and tries to get admission. LB,

initial i
denote the base station assigned to the new call. Note that even thougi;™"/*" (the total interference power

received by mobilen,,; when it arrives) is lower than some
threshold, the discriminank,, ; can be negative if the SIR re-

A. Admissibl ition f i . : o
dmissible Condition for Unconstrained Systems quirement for the new mobiler,,+1 is high enough such that

Before admitting mobiler.,, 1, there aren feasible calls in

the system, with power assignme?i .1q. Hence, the following gl > Grg1,n41 _ )
inequa”ty holds: [Gn+171, Gn+172, . Gn—l—l,n](-[n — Fn)_lF.er_l
9)
(In - Fn)Pn,old Z Un (5)
Pooa > G, Hence, we have the following Corollary:

Corollary 3: RPCAC in [6] can admit an inadmissible call

and the optimal power assignment , = (I, — F,,) "' U,.. and result in divergence. - .
The newly arrived mobilen,, 1 (with SIR thresholdy,.;,and  BY Theorem 2, the inequalit’; > P ;4 always holds.
thermal noisey,..1) is admissibleif and only if there exists a In other words, every time a new call enters the system, all

power assignmer, 1 for the (n + 1) downlinks satisfying the existing downlinks have _to increase their powers to over-
come the interference resulting from the new call. The quan-

(1 — Fog1)Prog1 2 Upa tity ﬁynﬂpzﬂ in (8) is the extra power required to overcome
Prg1 > Osr. (®)  the interference from the downlink of,,+1 alone. The matrix
(I, — F,)~! represents the coupling between thexisting
To be specific, there exist positive power assignméntsand downlinks.
pny1 for then existing mobiles anahn,,,;, respectively, such  The quantity
that itial
Yt B H ™ det initial

= Pn
o zlen] @ Gutmar — T

Prt1 tnt1 is the transmitted power needed by base staBign; to over-
come interferenc&:"}'{*. However, there is a self-coupling ef-
fect for the new mobilen,,,1: the initial power transmitted at

 Fy )" the downlink ofm,, 41 results in a power increase of theex-
isting downlinks, and this increase in turn makes the downlink

with transmitted power ofz,,41 itself increase. This effect is totally

captured by the discriminagt,, ;, because

In - Fn _ﬁ, n+1

T
_Fn+1,- 1

where

—

F-,n—l—l = [Fl,n—l—la FQ,n—l—la

%Gf,, n+1
Finyr = —5—— * initial
. Gii - Pnt1 = Dng1 /An-l—l- (10)
Frgr, =Fass s Fast2 o Paga ] Note that the discriminan,,,; only depends on informa-
with tion contained in matri¥’, 1, So it is a parameter inherent to
the system. Unfortunately, the matd,; involves global in-
Fog1i= 1 Gt i formation. In fact, the quantity/A,, 41 is just the(n + 1)th
Grg1, nt1 pivoting variable in the Gaussian reduction tableau [see (4)],
 Ynd1Tndl which results in a centralized CAC criterion [3]. Therefore, the
Untt = Grtt ntt discriminant by itself appears to be unsuitable as a distributed
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(In+1 - Fn+1 )

U, P,
Upey pn+1
Fig. 1. Power assignment far+ 1 users.
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Then, the above equation yields

new

An+1=2—p"—+1=2

initial
n+1

new

_ n+1
initial *
RAY

(13)

By Theorem 2, we have

Corollary 4: Mobile m,; is admissible if and only if
ey < 2pital which is equivalent tdR2eY < 2RI,

Note that quantitiep:™"™!, p2e, Rm4al, and R2Y are in-
dependent of the iterative power control algorithm used. The
CAC criterion only requires the algorithm to be optimal. Thus,
the admissibility criterion given above is very general. Most im-
portantly, we can check the criterion in a distributed and asyn-
chronous manner, as described next.

A-CAC Algorithm: In the above derivation, we assume that
the downlink power ofmn, 4, is fixed atpiniial, However, as
mentioned before, arbitrary positiye_1(0) in place ofpi®it!
works. Then we have

CAC criterion. We next provide a technique to overcome this

limitation, resulting in a distributed CAC scheme.

B. Distributed CAC Schemes for Unconstrained Systems

mitial
7n+1(R’:L+1 - R;Lnﬁa)

Grt1, n+1Pn+1(0)

An-l—l =1- (14)

initial
Where}E;Jrl =R [Grg, 1 Gty 2, -+ Grgr, o (L —

A diagram illustrating the centralized power assignmedt.)™"F. n41Pn+1(0) is analogous toR:%Y. With the
scheme (8) is shown in Fig. 1. In this diagram, the thick linedistributed computation ofA,,;, we have the following
represent vector information flows, the thin lines represefiistributed CAC algorithm (see Fig. 2 for the flowchart):
scalar flows, and all flows are power. Here, each block repre-A-CAC:

sents a matrix multiplication [of the kind in (8)]. Fen,,41,

there is a feedback loop (with galn- A,, 1), which gives rise

to the self-coupling effect and the problem of feasibility.

Before admitting mobiler.,, 1, then existing downlinks are
feasible. If we cut the forward pathl in Fig. 1, i.e., let base sta-
tion B,,+1 communicate withn,,; at a fixed power level (we

1) Mobilem,+; measures and reports to base stafipn ;
its received interference pow&'i*!. The base station
transmits ton,,, at a fixed power levep,, 1(0).

2) The downlinks of then existing mobiles increase their
corresponding powers iteratively according to some dis-
tributed, optimal power control algorithm [e.g., (3)].

takepi®i*! defined above, to keep the initial SIR of the down- 3) After convergence, mobile:,, . reports its received in-

link at ~v,+1), then the feasibility of the: existing downlinks
will not change. This is true because, for the existing down-
links, the additional interference resulting frem,; is equiv-
alent to an increase iti,,. The existing downlinks only have to

increase the transmitted power fraRf , to P 14 + (£ —
E)F
increase, the downlink of:,,; has lower SIR than,,:, be-
cause the received interference changes to

initial

A pinitial
R:i‘i = R;n-;—ia + [Gn—l—l, 1, Gn—l—l,?a L) Gn—l—l,n]

(1= B F sl > B, )

To increase the SIR back te,.i, base stationB,
has to increase the transmitted power fat,,.; by

— —

FYr, (Iy— F)7'E qipnitsl We define

new

new __ ry"'i’an-i-l
n+1 — G
n+1,n+1

— —

___initial T —1 initial
_pn—l—l + Fn—l—l, (In - Fn) F,Tl-l-lpn—l—l

=P+ (1 BT @2

terference powert, , ; to base statior3, ;. The base
station calculatea,, ., according to (14). 1A, +; <0,

then the new call is rejected. Otherwise, the base station
admits the call, and thg: +1) downlinks adjust the trans-
mitted power iteratively to the Pareto optimal assignment.

LE L 41pitel, to maintain their desired SIRs. After thisAccording to Theorem 2, if the system becomes infeasible, mo-

bile m,,41 is rejected by the algorithm; otherwise it is admitted,
and the system will converge to the optimal power assignment.
Note thatA-CAC makes the admission decision after the system
converges, so the delay until a call is rejected may be large. We
next present another algorithm, R-CAC, to overcome this limi-
tation. Our simulations show that with R-CAC, the delay until
rejecting an infeasible call is reduced to one iteration for most
of the cases.

R-CAC Algorithm: If an optimal power control algorithm
monotonically increases the transmitted powers (from the
steady state values) during the admission process, we call it
monotonic and optimalAn example of such an algorithm is
algorithm (3). It should be pointed out, however, that the SIRs
may not increase monotonically during the admission process.
The monotonic and optimal power control is of special interest
and importance in CAC, because it is less aggressive and will
result in a more stable system. Note that the interferéticg
received by mobilen,; will increase monotonically during



794 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 9, NO. 6, DECEMBER 2001

k=0 k=0 .
Link (n+1) measures initial interference Link (n+1) measures Rinital
Fix Pn+1 at Pn+1(0) Fix Pn+1 at Pri3®

»
>

y

o . Existing links adjust power levels
Existing links adjust power levels K++ according to algorithm (3)
according to algorithm (3) l

l E Link (n+1) measures the received
-+

interference Rn+1(k)

y

\

Converge?
Y - N
l Rn+1(K) < 2RNal o
Link (n+1) measures new interference
Calculate An+1 using (16) Y Y
Reject
l :
N
Y
v A4 Admit link (n+1)
Reject All links adjust power levels using (3)
Admit link (n+1)
All links adjust power levels using (3) Fig. 3. Algorithm R-CAC.
Fig. 2. AlgorithmA-CAC. M1 to PRSR/AL L in one step, to reduce the disturbance

to existing calls.
. . . . . We next discuss some implementation issues. Note that the
the iterations of a monotonic and optimal power control. In this

... power control schemes considered here are not exactly those
case, we can use the result of Corollary 4 as a CAC criterid) y

which is better thamy,,; > 0, because in the former we do no n the third generatlo_n WCDMA systems, which use fixed step
) . : , . size updates (one-bit feedback) [11]. The schemes we assume

need to wait until convergence to reject an infeasible call, thUs . . . ;
S ; , ..’ . are not of fixed step size, so more than one-bit feedback infor-
resulting in a smaller disturbance. Based on this new criterion,

. L . L ation of SIR is required for power adjustment. The power mea-
we have the following simplified and improved distribute L
. . . ) surement and the SIR estimation must be done over a proper
admission algorithm (see Fig. 3 for the flowchart):

R-CAC: timescale, such that the fluc_:tuations QUe to fast faQing are av-
o eraged out and the shadowing effect is tracked. This timescale
1) Mobile m,, 4, measures its total interfereng&}4*' and s typically longer than those specified in the third-generation
reports this value to its home base statign.;. The base \wCDMA systems. One possible implementation using current
station transmits to mobilen,,, at fixed power level technology is to feedback the SIR information over multiple
Pt = (Y41/ G, ) R periods, one bit at a time. We should point out that it may be
2) The downlinks of the: existing mobiles increase their gifficult to implement such power control and admission con-
corresponding powers iteratively according to some digp| schemes in a fast moving environment. To have a system
tributed, monotonic and optimal power control algorithmyorking well under such situations, we may have to sacrifice
3) During the process of iteration mobiie,,,., measures j |ittle optimality by leaving some admission margin, which is
its received interference pows, ... If it reaches (or ex- fyrther discussed in Section IV-B-1.
ceedspR™"! then the new call is rejected. Otherwise,
after convergence, it is admitted. Mobilg,; measures
and reports its received interference pod#f’;] to base
stationB,,;1. The base station calculatgs, 1, and ad- In this section, we discuss and extend the above results. So far,
justs the transmitted power tg"i*!/A, 1;; then ex- we have only considered SIR requirements, but no constraint
isting downlinks correspondingly increase their assoabn the assigned power level. In practice, we may wish to take
ated power levels. into account constraints on the transmitted power, which is the
As in A-CAC, we can us&,1(0) instead ofP!! for the ~ topic of the first subsection below. We then demonstrate that
initial transmission, but the criterion should be adjusted accorttie discriminant can be used as a system robustness measure,
ingly. We may also let alin + 1) downlinks iteratively increase and present ways to improve system robustness. We also con-
power after admittingn,.+1, rather than adjust the power forsider several extensions to the above described CAC algorithms.

IV. DISCUSSIONS ANDEXTENSIONS
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10 — . ; . .
! initial_
“ - pg+1 =2-An,4
8 ‘\ --- pn+1=1/An-r-1
initiall  pynew . s \ 1
0 Pu+i Pn+1 P+t 6l \\ i
- \
. . . A . A . ) \
Fig. 4. pii™/phgn = (3 — et/ (P4 — PR = A, Z sl \ §
o \
. . . . - . 4+ A E
These extensions will greatly increase applicability and improv N
N
the system performance. 3r AN
A. Constrained Systems 2T e sl e |
In practical systems, a power constraint exists in both th 1 o i

downlink and the uplink. The power constraint is more seriou 8 s : : s : :
for the uplink transmission, where the transmitter (mobile) is ~ 2 0 0.2 0.4 A 0.6 0.8 ! 12
powered by a battery with limited power and lifetime. As be-
fore, consider the case whetiefeasible calls are in service atFig. 5. Powers versud,, ;.
optimal downlink power, and a new cait,,,; arrives and at-
tempts to be admitted. However, the difference here is that the haveA,; = p%*/pi,, by (10). Combining this with
system is constrained, i.e., it has a maximum power constrai(t3) yields

For the unconstrained systems, mohilg,; is admissible if
and only if discriminant,,.,, is positive. Further, if the trans- AL PRt oprey — ! (15)
mitted power of the downlink fom,, 1, is fixed, the feasibility ntl = P - Phyt — pgljﬂal'
of the existing downlinks will not change. However, this is not
necessarily true for constrained systems, because even Wigdj|lustrate the above relationship in Fig. 4. Clearly, the con-

Ay,y1 > 0, the optimal unconstrained power assignmgfit;  dition prey = 2pimitial will drive pf,; to oo (i.e., system di-

may still have some component exceeding its correspondiigges), becauge®'i*! > 0. This provides further insight into
constraint. Our R-CAC and-CAC fail here. our CAC criterion.

Another difference is that the optimal distributed power con- By fixing pirital at 1, we obtaip?S = 2 — A1, and if
trol algorithm applied to a constrained system will always cony, ., is admissible, thep?,, = 1/A,41. Fig. 5 shows the
verge; when the system is feasible, the resulting power assighee powerginitial, prew “andpr ,,, versusA,,4;. The plot
ment is Pareto optimal; but when it is infeasible, there existseqds atA,; = 1 because the: existing calls are feasible,

mobile of which the transmission power hits the constraint anghd so by definition,,; < 1. The three powers are equal at
the achieved SIR is lower than its threshold [6]. From this fach ., = 1, which corresponds to = 0. Whenm,, ;1 is not ad-
a simple CAC criterion is recognized and used for TPCAC: gjssible (i.e.A,,1 < 0), P41 gOes toso, butple remains

new call is admissible if and only if no constraint is violated g§ounded and small. This observation illustrates the benefit of
all cells after convergence [6]. Unfortunately, this criterion i§sing our CAC criterion together with a power control algo-
not suitable for distributed implementation, because the admjghm compared to using the power control algorithm by itself.
sion of a new call may result in violation of maximum power at & elaborate, we start fromﬁljﬂal to getpre, then decide on
cell far away. In [9], admission control for the constrained Caseé@missibility, and only whem,,,; is admissible will the power
done by broadcastingdiistress Signa’Vhen an eXiSting link hits be tuned tq):-l—l' In contrast, in the case of using power con-
the constraint boundary. This problem is also addressed in [1g}) py itself, the scheme tries to achievg, ; directly, and may

which presents both noninteractive and interactive schemes. 4 resulting in divergence. Note that though fixed to 1 here, the

noninteractive admission control scheme is based on a M@¥werpititial depends om,,41. Qualitatively, a smallery,, 4
imum-interference threshold, and may be subject to both tyn@srresponds to a larger interferenB@i{*!, and hence also a
of admission errors. The interactive scheme is referred t0 ggger pixitiel, which worsens the situation when,,; is not
“soft and safe” admission control, which is free from admissioggmissible.

errors but requires exchanging global information on admissionThe monotonicity ofp?,, with A,,;; also suggests that a
margins. As far as we know, there is no effective way to ovefgrger A, indicates a more robust system. To prevent the
come this problem. transmitted powers and admission delays becoming impracti-
cally large, we need to leave some robustness margin for the
system during the admission process. This can be achieved by
Having discussed the CAC algorithms, we now further elabaiodifying our CAC criteria intd\,,+; > ¢, wherez is a prede-
rate on the discriminam,, 11, which plays a fundamental rolefined small positive number. Another robustness consideration
in this paper. is the integrated base station assignment [6] and channel selec-
1) Relationship Between Discriminant and Transmittetion, by which we always choose the channel and base station
Power: From Theorem 2, if mobilen, ., is admissible, then that maximize the discriminant (or minimize the transmitted

initial

B. Further Discussions on the Discriminant
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power). We next discuss the robustness issue as it pertaindNte that the third equation in (17) just means that the product
the discriminant. of the eigenvectof?’ T 1] and the last column ofZ,, 41 —

2) Discriminant as Robustness Measuiélhile the power F;,.1)~! equalsl/(1— X, +1), which is the maximum modulus
assignmentP;,; given in Theorem 2 is optimal (when fea-eigenvalue of I, 1 — F,41)7*. Thus the discriminanmh,, 1 is
sible), it is on the border of infeasibility, and needs to be upelated to the robustness measiye; by
dated whenever there is a path gain variation (e.g., due to user

mobility). However, a desirable system shouldrbbust,i.e., 1 1
it should still be feasible despite these variations. Accordingto A, 41 (1— )1+ 17T(_7n - Fn)flﬁ_mﬂ)
Theorem 1, the maximum modulus eigenvalue‘pf.; domi- 1

istri < (18)
nates the convergence rate of distributed power controls, such 1— st

as (3), so this value provides a good measursystem robust-

nesswhich indicates how far a feasible system is from the inf the value ofl /A, is large, therl /(1 — A,.41) is larger, so
feasibility boundary [10]. Hence, one way to improve systeffie eigenvalug.,. ; is close to 1, and the system is unrobust. On

robustness is to leave some robustness margin during the @@ other hand, if eigenvalug,; is close to 1, ther /A, 4
mission process. However, due to mobility, an initially robushkes large values, because

system can become unrobust or even infeasible.

In an unrobust system, we call the mobile corresponding to Apgr =1— ﬁrLT-I—l (I, — Fn)_l-ﬁ-,n—l—l
the maximum modulus eigenvalue the “bottleneck,” because its < s
departure can improve the system robustness most. We are in- ~1- Iinﬂ, (il = Fo) " F
terested to determine, in a distributed way, which mobile among =1-VTF .1
all in the system is the bottleneck. Once determined, the bottle- =1— Ans1. (19)

neck mobile is encouraged to take an appropriate action (such as

inter/intracellular handoff, transmission rate regulation, or eVefhus, the discriminant can be used as a good indicator of robust-
dropping from the system), so that the transmitted power levelsss \we may treat the calls with small values of discriminant
for the remaining links in the system will decrease significantlyg ~andidates for the bottleneck.
In this way, we can improve the robustness of the'system. Thes) Adaptive TransmissionConsidering the hostile environ-
process to ascertain and hand off the bottleneck is just the fesnt encountered in wireless systems, sometimes it can be diffi-
verse process of admission; while the former improves the 1g;¢ or expensive to guarantee QoS for users. On the other hand,
bustness of the system, the latter tends to worsen the robusingsge ysers may tolerate degraded service (lower transmission
Theorem 2 hints at a relationship between the discrimingilie or quality) when the transmission environment deteriorates.
and the established system robustness measure. Next, we M&ptive transmission schemes, including link adaptation [14]
derive the relatlonshlp to show that the d|s.cr|m|nant' is al%d rate control [15], [16], have been proposed for this purpose.
an appropriate robustness measure. Following the discussigqy extension of admission control in such a scenario is partial
in [5], [4], the matrix I,.+, has nonnegative entries and it iS;ymission, which provides a degraded service, instead of drop-
irreducible, since the links interact with each other; thereforgy, g 5 connection, when an admissible condition is not satisfied.
by the Perron-Frobenius Theorem [4], [13], the maximum o extension of our distributed algorithm to such systems

modulus eigenvalue df;,.., is real, positive, and simple, while ¢ \rns ot to be straightforward. By definition of the discriminant
the corresponding eigenvector is componentwise positive (8T " "we have

negative). Without loss of generality, assume that in the feasiblé'
system, mobilem,.,, is the bottleneck. Denote the corre-; _ A, 1
sponding eigenvalue by, .1, and letV' ™ 1] be an associated =
left eigenvector (remember that it is positive componentwise).
Then it is easy to show that the smallest modulus eigenvalue

of ({41 — Frq1) is (1 — A,41), and corresponds to the same R
eigenvector. Therefore, we have If the admissible condition igln+1 > An+1, then the max-

imum admissible SIR for mobile:, 11 is

= [Grti, 15 -5 Grga,nl
Yn+1 Gn—l—l,n—l—l

. (In - Fn)_lﬁ,n+l~ (20)

— In - Fn _ﬁ n+1 — 1-— A
78 ’ =(1-Ag) VT 1 g = —— Ly 21
[ } P, . ( +1) [ } bt = A e (21)
(16)
that is, which can be locally calculated. When the admissible condi-

tion is not satisfied, we only have to lower the SIR threshold of
. mobilem,, 1 from ~,4+1 to 4,41, which can be translated into
A1 =VTF o1 lower transmission rate or degraded quality of service.

T _ 7T _ -1
v _F"+17'()‘"+1I”’ ) C. Handoff Prioritization

Apgp1 =1 = Any1) (1 + VI, - Fn)’lﬁ.,nﬂ) . So far, we have made efforts to use the spectrum efficiently,
(17) and have not distinguished handoffs from new calls. However, it
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is well known that dropping an ongoing call is more undesirabl

than rejecting a new call. To give priority to handoff calls, guarc - # ;?:g«_c;\c
channels should be reserved for these calls in some form. Wh %71 -~  RPCAC

our algorithms are flexible enough to combine with different FCA
reservation schemes such as those in [17], [18], we may al: ¢ ®®

realize handoff prioritization using another method, discusse‘%

next. %0.5— »
In the power-controlled system, a call always generates int'% Sl ea AN
fence to its neighboring cells, and the closer the caller to Eo4r IRPNANPN

cell the stronger the interference, which tends to exclude tfg
same channel from other calls in that cell. Thus, even before o3
call hands off to a neighboring cell, it has effectively occupiec
some bandwidth in the cell. We can exploit this fact througt o2}
the “channel carrying” scheme [19], where a mobile can cor
tinue to use its previous channel after handoff. One advantar
of “channel carrying” is that it does not require channel alloca ¢
tion during handoffs to maintain communication. The original
scheme is based on FCA, and has to partition the channelmgt6. Channel utilization of linear cellular system.
carefully in advance, so that high cochannel interference will

not result from the *channel carrying.” In our case, any chaanFI) compare the performance of different CAC schemes, we sim-
S 1

is usable in each cell so long as the SIR and power constrain e L . !
"t . L ulate thechannel utilizationwhich is defined as the fraction of
are satisfied, so predefined channel partitioning is not necessary, .
- . cells in the system that can share a channel.
If the channel to be carried is not usable, then we can still choo$ he simulation starts with no calls. and adds calls until the
the best available channel using channel selection. Note thaﬁigckin robability exceeds 2% for the central cell. We simu-
the downlink a feasible call is unlikely to become infeasible aft»]f:({l 9p y 0 .

“channel carrying,” because though the base station changeX |tref the channel utilization for the linear cellular systems under

the handoff, the interference to and from the call and the paﬁﬁ“mal CAC, TPCAC, RPCAC, and FCA schemes. The op-

gain will not change much. We should point out that chann?wal CAC rejects a call if and only if the call is inadmissible, so
carrying is not the same as soft handoff. The latter is used' rovides the upper bound for CAC schemes. QHEAC and

. . . . R-CAC are examples of optimal CAC schemes. TPCAC is op-
CDMA systems to keep connections with several nelghbonrt]%]al for constrained systems, but it is not distributed. RPCAC

base stations, while the former involves only one base statiog . : . .
during the communication. admits a call only W_hen_ the received interference is lower than
some threshold, which is taken to be 0.5 here. Unlike the above
schemes, FCA is for systems without power control, where all
V. SIMULATION RESULTS calls transmit at the maximum power. We assume the power
constraints for all calls to be 1 in the simulations of FCA and
For simplicity, we consider a one-channel linear cellularPCAC.
system consisting of 51 cells. Base stations use omnidirectionairhe channel utilization plots for the linear cellular systems
antennas and are located at the center. The location of a mokile shown in Fig. 6, where one hundred simulations are per-
in a cell is uniformly distributed. In the context of SIR-base¢ormed for each SIR threshold. Clearly, the power-controlled
power control, the effect from fast fading is often assumed tystem under optimal CAC has significant gains over FCA.
be averaged out in power measurements or by diversity []PCAC and RPCAC have lower channel utilization than the
[20]. Thus, the path gaifty;; is modeled as optimal CAC, depending on the power constraint and interfer-
ence threshold respectively. The utilization of RPCAC can be
improved by choosing a larger threshold, but larger threshold
Gij = d—f (22) is more likely to result in divergence due to admission of
i inadmissible call. We can also get the channel utilization of
DPC-ALP [5] by simply shifting the curve for optimal CAC
whered;; is the distance between mobite; and home base by 101og é dB leftward, where$ is the increased factor of SIR
station of mobilen;, and the attenuation factet;; models the requirement in DPC-ALP, which takes value greater than 1 [5].
power variation due to shadowing. We assumedgjlto be in-
dependent and identically log-normally distributed random vafs  power Control and CAC Schemes
ables with 0-dB expectation and 8-dB log-variance as in [3], [6].

6 8 10

12 1I4 1I6 1I8 2I0 22
SIR Threshold (dB)

In this section, we simulate the evolution of power and SIR
for different algorithms to illustrate that our distributed CAC
algorithms can reject infeasible calls without resulting in diver-

It is well known that power control can drastically improvegence, and admit feasible calls using optimal power assignment.
spectrum utilization and lower the blocking probability [6], [20] Since the power control (3) is monotonic and optimal, it is used
The degree of improvement depends on the CAC scheme ughdoughout the simulations. The SIR threshold for each call is

A. Channel Utilization
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Fig. 7. Power control without CAC (the two thick lines corresponds to the
infeasible call and the heavily disturbed call). Fig. 9. Average admission delay versus traffic load.
0.06 . : - .
0.05 bust (or infeasible), big disturbance and long admission delays
0'04 (or divergence) arise, as shown by the highlighted lines in Fig. 8.
£ 0.03 L- An important performance index of CAC is its correctness,
T 602 | i.e., whether an admissible call is admitted and an inadmissible

call is rejected. FCA rejects all inadmissible calls and some ad-
missible calls, so its channel utilization is low. DPC-ALP and

0.01

0 ; .
0 2 40 e ﬁgrano‘n"s" 120 140 160 180 RPCAC reject less admissible calls, but at the same time some
250 : : : : : ‘ : : infeasible calls may slip in and result in divergence. TPCAC
200 == — — e e — does not make a wrong admission decision, but it is not dis-
- 150 % I : ; — v ______ - tributed. Our simulations verif_y_ the analy_tic re_sul_t tsCAC
B 100 = and R-CAC satisfy both conditions of being distributed and re-
jecting only when necessary.
50 e — . Another performance index of CAC is the delay until deci-
0 80 700720140 50 T80  Sion. Note that FCA and RPCAC can make immediate admis-

lterations sion decisions, so they have no delay in admitting or rejecting
Fig. 8. Evolution of power and SIR under DPC-ALP (the thick Iinesan ar_rlvmg call. We ne)_(t Slmu_late how long a distributed CAC
correspond to the infeasible call and the heavily disturbed calls). algorithm takes to admit or reject a call on average. It would be
interesting to simulate the delay versus the probability of infea-
domlv ch 1o illustrate that deal with het sibility. However, the probability is not easy to obtain, because
an omy; osen 1o 1 uf raTe at we cat\rr: eg with ederlogt%- feasibility depends on locations, shadowing, and SIR thresh-
gifous ?Ol re_?huwemen s 10 Comp?re €a lrlnlsdsm_n €AY, s, etc. We simulate the delay versus the load instead. For each
ferent algorithms, we assume that a new call admission q ad, 50 distribution patterns are simulated to calculate the av-
gins r|gh.t after the existing calls settle down (within 0.05 dB o rage delays. From Fig. 9, the admission delay of DPC-ALP in-
the requ!red S.IRS)' . reases rapidly with the traffic load (in term of channel utiliza-
The simulation results of the power control algorithm (3§on) while that of ourA-CAC and R-CAC is low and insen-
without CAC are_shown n F|g._7._ We can see fromtheflgu_re t_hgftive to the load. Since DPC-ALP may admit infeasible calls
powers of all existing calls will increase during the admissio nd result in divergence, we only compare the delay until re-
process. Also shown in the figure is the admission delay, whi tion for A-CAC and R-'CAC Fig. 10 illustrates that R-CAC
depend; on the position and cwcgmstamg of the armving Catyn reject an infeasible call in approximately one iteration, no
In the simulation, 15 calls are admitted within 30 iterations, a atter what the traffic load. However, the delay until rejection
the longest admission delay is less than ten iterations. Howev fferent from the admissioh delay sh,own in Fig. 9) ICAC
when an infeasible call is admitted, the power control algorith creases with the traffic load, which agrees with the intuition

will become unstable. This is shown by the power blow-up aNMflat a higher traffic load corresponds to a more unrobust system
SIR oscillation highlighted in the figure. If we do not reject this '9 I P ! ustsy '

call, the SIRs of all existing calls will eventually drop and os-
cillate while the power levels increase without bound.

Fig. 8 plots the evolution of power and SIR for DPC-ALP We have studied the admission control problem for cellular
with 6 = 1.05 [5]. The scheme works well when the system isystems under optimal distributed power control. These systems
not congested. However, when the system becomes more uman achieve high spectrum utilization; however, if an infeasible

VI. CONCLUSIONS AND FURTHER WORK
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16 ‘ ' ' ' ' Our CAC schemes for power-controlled systems are general, be-
1al cause we need not assume any particular multiple access tech-

nigue, specific power control algorithm, or knowledge about the
1oL | traffic. In combination with DCA and power control, our CAC

schemes can greatly improve the spectrum efficiency over tra-
ditional CAC schemes.

We illustrated that the discriminant can be used as a robust-
ness measure for power-controlled systems, and provided dis-
tributed ways to improve system robustness. We also extended

-
o
T

Delay until Rejection
o]

6r the CAC algorithm to systems with handoff prioritization and
adjustable transmission rates.
4ar In this work, we have not explicitly taken into account user
5l | mobility; admissibility here depends only on the path gains at
_____ S N the time of admission. Future work could incorporate mobility
0 s s ‘ s ‘ . models into the CAC criteria. However, our current CAC cri-
0 o203 (cyf)o 50 60 70 teria are still applicable in some mobility situations. First, in

certain wireless data services, “burst connections” are set up
whenever a burst of data is to be transmitted [21], and the du-
ration of such connections may be short relative to the mobility
of users. In this case, the CAC mechanism is used at the initia-
callis admitted, the power levels may diverge and resultin drogien of every burst connection, and the effect of mobility can be
ping an existing call. ignored. Second, in cellular systems with dynamic base station
We defined a system parameter for the newly arrived mobilgssignment or macrodiversity, the feasibility of a set of users is
called the discriminant, which provides an admissibility critenot strongly dependent on their locations (see [22], [23]). More-
rion. Based on this criterion, we proposed a distributed CAGver, we believe that incorporating some robustness margin in
scheme called\-CAC. One disadvantage df-CAC is that it our scheme would be an effective way to deal with mobility.
has to wait until the system settles down to make an admis-While this work focuses on circuit-switched cellular systems,
sion decision. We overcame this limitation, for systems undese are exploring related issues that may arise in packet-switched
monotonic and optimal power control, by using a simpler disystems (e.g., maximizing throughput). Finally, another issue
tributed scheme called R-CAC. Both algorithms are distributedeeding further investigation is an optimal distributed CAC al-
in the sense that they only require locally available informatiogorithm for systems with power constraints.

Fig. 10. Average delay until rejection versus traffic load.

[ In - Fn _ﬁ,n—l—l
(Lng1 — Fn-l-l)_l = =
_Fn—l—l, . 1
_(I _r )_1 + (In - Fn)_lﬁ,n+lﬁrLT+1,~(In - Fn)_l (In - Fn)_lﬁ,n—l—l
o " " An+1 An+1 (23)
ﬁr?+1,-(ln/ - Fn)_l 1
L An-|—]‘ An—l—l
Py U,
[ . } = (L1 — Fagr) ™ { }
pn—l—l Un1
I I,— F)'F . FT  (I,—F,)™! I,— F)7'F,
(In — F) U, + ( " E P L IS
_ An+1 An-|—1
ﬁ7?+17.(1n, - Fn)_lUn + Un+1
L An-l—l
[Py ia+ (I — Fn)_lﬁ,nﬂPZﬂ
= Ynt1 Rinitial (24)
L Gn—l—l,n—l—lAn—l—l el
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[22] S. V. Hanly, “Capacity and power control in spread spectrum macrodi-

versity radio networks,TEEE Trans. Communvol. 44, pp. 247-256,
Feb. 1996.

Proof: We have (23), shown at the bottom of the page.[23] J. D. Herdtner and E. K. P. Chong, “Analysis of a class of distributed

From Corollary 1, we have (24), also at the bottom of the page.
Further, by (6), mobiler,,; is admissible ifand only if;; , ; >
0 andP: > 0, which is equivalent ta\,,; > 0, since then
existing downlinks are feasible and the matifx — F,, )~ is
componentwise positive. [ |
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