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Distributed Admission Control for Power-Controlled
Cellular Wireless Systems

Mingbo Xiao, Ness B. Shroff, Senior Member, IEEE, and Edwin K. P. Chong, Senior Member, IEEE

Abstract—It is well known that power control can help to im-
prove spectrum utilization in cellular wireless systems. However,
many existing distributed power control algorithms do not work
well without an effective connection admission control (CAC)
mechanism, because they could diverge and result in dropping
existing calls when an infeasible call is admitted. In this work,
based on a system parameter defined as the discriminant, we
propose two distributed CAC algorithms for a power-controlled
system. Under these CAC schemes, an infeasible call is rejected
early, and incurs only a small disturbance to existing calls, while
a feasible call is admitted and the system converges to the Pareto
optimal power assignment. Simulation results demonstrate the
performance of our algorithms.

Index Terms—Cellular system, connection admission control,
distributed admission control, power control, signal-to-interfer-
ence ratio, wireless.

I. INTRODUCTION

T HE TREMENDOUS success of cellular phones has gen-
erated great interest in wireless networks. Wireless sub-

scribers have now begun to expect many advanced networking
capabilities, such as multimedia applications, multicasting, and
guaranteed quality of service (QoS). However, the wireless net-
work is characterized by scarce radio spectrum, an unreliable
propagation channel (with shadowing, multipath fading, etc.),
and node mobility, all of which lead to a number of interesting
open problems for network management in these systems [1]. In
this paper, we address one such important problem: connection
admission control (CAC).

The goal of an efficient CAC scheme is to guarantee the
quality of service of the ongoing connections, while at the same
time efficiently using the available radio spectrum. Connection
admission control in the form of bang-bang control (admission
or rejection) by itself is not effective to control and guarantee
QoS. This is especially true when a cellular system adopts fixed
channel allocation (FCA) with neither power control nor mo-
bility prediction. However, armed with dynamic channel allo-
cation (DCA), power control, and mobility prediction, CAC has
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many more degrees of freedom, and can be very useful in guar-
anteeing QoS. Our goal is to design an efficient CAC scheme
that is efficient, simple, and robust enough to implement.

Power control in a cellular system has been shown to have nu-
merousbenefits. It reducescochannelinterferenceandguarantees
the signal to interference ratio (SIR) of ongoing connections, re-
sulting in a higher utilization and/or better QoS. If power levels
are tuned continuously, power control can be a strong enhance-
ment to the bang-bang type of call admission control. There have
been numerous papers on power control, especially for CDMA
systems.Fromtheviewpointofpracticalapplications,distributed
power control schemes are of special interest and importance. In
[2], Yates unifies most of the known distributed power control
schemesunderaframeworkcalledstandardpowercontrol.Every
algorithm under this framework converges for both synchronous
and asynchronous cases, when the system is feasible. However, if
there isno feasiblepowerassignment,adistributedpowercontrol
algorithm can diverge or result in dropping an existing call. Thus,
a criterion is needed to decide if a set of mobiles in the system can
be served at the same time. A well-known criterion can be found
in [3], [4], but it requires global informationand isnot suitable for
distributed implementation.

Hence, the challenge to implement admission control for such
a power-controlled system lies in the limited (locally) available
information, as well as in the variable system capacity, which
depends on other cochannel users in the system. In power-con-
trolled systems, by adjusting the transmitted power, a commu-
nication link interacts with the rest of the network and can get
feedback information by monitoring the interference induced on
its receiver by the other reacting links. This feedback informa-
tion turns out to be sufficient for making admission decisions in
a distributed fashion. In this paper, we develop two distributed
CAC schemes that can be applied to power-controlled systems.
The basic procedure in our CAC schemes is as follows (for con-
venience, assume the downlink case). When a userfirst ar-
rives and wishes to be admitted, it measures the interference at
its receiver and then sets up a “control transmission” at a fixed
power level. The power control algorithms for the other users
will then react to this control transmission by correspondingly
increasing their power levels to overcome the associated inter-
ference. After the power levels for the other users have con-
verged, user again measures the resulting interference at its
receiver. If this new interference is greater than twice the orig-
inal interference, then the user is rejected; otherwise, it is ad-
mitted. While this scheme is a simple distributed procedure, we
show that the scheme is optimal in the sense that it never admits
any infeasible user and at the same time no other scheme can
admit more calls into the network. By an “infeasible user,” we
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mean a user whose admission into the system would result in
the undesirable situation where it is impossible for all users to
meet their SIR requirements.

Our scheme is based on a system parameter called the dis-
criminant. The discriminant characterizes the feasibility of a
new call arriving to a system with a set of feasible calls in ser-
vice. Our CAC algorithms are independent of the underlying
power control schemes and multiple access techniques used.
They are measurement based, and assume nothing about the
traffic statistics. We also show how the discriminant can be used
as a system robustness measure, and present several extensions
to our algorithms.

The rest of the paper is organized as follows. In Section II,
we first present the system model, and then some existing results
(mainly from [3], [5]). In Section III, we define the discriminant,
describe the admissibility conditions, and propose distributed
CAC mechanisms for power-controlled systems. In Section IV,
we discuss and extend the proposed algorithms. Numerical re-
sults are given in Section V. Finally, Section VI concludes the
paper and discusses directions toward future work.

II. SYSTEM MODEL AND OVERVIEW OF RELATED WORK

We consider a power-controlled cellular system where the
transmitted powers are continuously tunable. In the system,
every mobile is associated with a base station (called its home
base station) to communicate. To maintain a connection between
the mobile and its home base station, the SIR at the receiver
must be no less than some threshold, which corresponds to a
QoS requirement such as the bit-error rate. If a system has no
maximum constraint on the transmitted power level, we call it
unconstrained, otherwise,constrained. We first deal with uncon-
strained systems; we defer the constrained case to Section IV-A.
Though a call must be admissible in both uplink and downlink to
get admitted, we consider only downlink transmissions in this
paper, because the uplink can be treated similarly.

Let be the set of mobiles in the
system, and let be the downlink power level of mobile . Let

denote the gain from the home base station ofto mobile
. Then the power received at mobile from the downlink of
is . Let be the thermal noise received at mobile,

and let be its required SIR threshold. Then we require that

(1)

to maintain the downlink connection for mobile . Note that
this model is general enough to represent DS-CDMA systems
with matched-filter receivers [6], [7] or TDMA/FDMA systems
[3], by giving specific interpretations to the parameters.

We can rewrite (1) as .
Let be the identity matrix, ,

, and be the
nonnegative matrix with entry , if

, otherwise 0. Then the power assignmentis feasibleif

(2)

where is the all-zero vector with dimension, and the in-
equalities are componentwise. A power assignmentis said
to bePareto optimal(or simplyoptimal) if it is feasible and any
other feasible power assignment satisfies com-
ponentwise. For the system we just described, we now state a
theorem and two corollaries that directly follow from results in
[5], [4].

Theorem 1: The following statements are equivalent:

1) There exists a feasible power assignment.
2) The maximum modulus eigenvalue (Perron–Frobenius

eigenvalue) of is smaller than 1.
3) exists and is componentwise

positive.
Corollary 1: If is not componentwise

positive, then there is no feasible ; Otherwise, is Pareto
optimal.

Corollary 2: If a Pareto optimal assignment exists, then
the iterative power updating algorithm

, or equivalently

for (3)

converges (from arbitrary ) to with geometric
convergence.

The algorithm (3) is distributed and autonomous because it
relies only on local information. It is also asynchronously con-
vergent [4]. However, this algorithm does not work well without
an effective CAC, because it diverges and results in some ex-
isting calls being dropped if there is no feasible power assign-
ment. A modified algorithm of (3), DPC-ALP [5], may also ex-
perience convergence problems. The technique of probing [8],
[9] and a similar method in [10] aim to overcome this problem,
but they depend on approximations involving measurements of
small quantities and may not be easy to implement.

Two CAC schemes have been proposed in [6] for CDMA
systems: the transmitter-power-based call admission control
(TPCAC) and the receiver-power-based call admission control
(RPCAC). TPCAC is intended for a constrained system, and a
new call is admitted by it if and only if no constraint is violated
at all base stations after convergence. TPCAC is optimal and
can prevent the divergence resulting from infeasibility, but it
is not distributed. RPCAC admits a new call if and only if the
received power is lower than some threshold. This scheme is
distributed, but it is a heuristic and may admit inadmissible
calls resulting in divergence, as will be shown by Corollary 3
in the next section.

In [3], it has been shown that the problem of finding the
Pareto optimal power assignment can also be reformu-
lated as finding a basic feasible solution , through
Gaussian reduction, for the following set of linear equations:

(4)

The procedure can decide the feasible subset of mobiles in,
as well as the optimal power assignment. Though this algorithm
is centralized, it gives us the insight that a mobile is admissible
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 an
admissibility criterion and two distributed CAC algorithms.

III. A DMISSIBLE CONDITIONS AND DISTRIBUTED CAC
ALGORITHMS

The role of admission control is to decide if a new call can be
accepted; if yes, the problem then becomes one of using which
channel (or signature code) and at what power level. To achieve
higher spectrum utilization, the power control algorithm used
should converge to the Pareto optimal assignment, when it is
feasible. We call a power control algorithm satisfying this con-
ditionoptimal. Many existing power control algorithms [e.g., al-
gorithm (3)] are optimal, but DPC-ALP [5] is not. We only con-
sider the CAC problem for systems under optimal power control
throughout the paper. We also assume that the existing system
is initially in steady state. In this section, we consider the case
where feasible calls (namely, ) are in service, and
a new call arrives and tries to get admission. Let
denote the base station assigned to the new call.

A. Admissible Condition for Unconstrained Systems

Before admitting mobile , there are feasible calls in
the system, with power assignment . Hence, the following
inequality holds:

(5)

and the optimal power assignment is .
The newly arrived mobile (with SIR threshold , and
thermal noise ) is admissibleif and only if there exists a
power assignment for the downlinks satisfying

(6)

To be specific, there exist positive power assignmentsand
for the existing mobiles and , respectively, such

that

(7)

where

with

with

The quantity corresponds to the interference from the
downlink of to mobile , and from the downlink
of to mobile .

Let . We call
thediscriminant of , because it provides a criterion for the
admissibility of . This criterion is given by the following
theorem.

Theorem 2: Mobile is admissible if and only if
. Further, if is admissible, then the optimal

power assignment is given by

(8)

where .
Note that even though (the total interference power

received by mobile when it arrives) is lower than some
threshold, the discriminant can be negative if the SIR re-
quirement for the new mobile is high enough such that

(9)

Hence, we have the following Corollary:
Corollary 3: RPCAC in [6] can admit an inadmissible call

and result in divergence.
By Theorem 2, the inequality always holds.

In other words, every time a new call enters the system, all
the existing downlinks have to increase their powers to over-
come the interference resulting from the new call. The quan-
tity in (8) is the extra power required to overcome
the interference from the downlink of alone. The matrix

represents the coupling between theexisting
downlinks.

The quantity

is the transmitted power needed by base station to over-
come interference . However, there is a self-coupling ef-
fect for the new mobile : the initial power transmitted at
the downlink of results in a power increase of theex-
isting downlinks, and this increase in turn makes the downlink
transmitted power of itself increase. This effect is totally
captured by the discriminant , because

(10)

Note that the discriminant only depends on informa-
tion contained in matrix , so it is a parameter inherent to
the system. Unfortunately, the matrix involves global in-
formation. In fact, the quantity is just the th
pivoting variable in the Gaussian reduction tableau [see (4)],
which results in a centralized CAC criterion [3]. Therefore, the
discriminant by itself appears to be unsuitable as a distributed
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Fig. 1. Power assignment forn + 1 users.

CAC criterion. We next provide a technique to overcome this
limitation, resulting in a distributed CAC scheme.

B. Distributed CAC Schemes for Unconstrained Systems

A diagram illustrating the centralized power assignment
scheme (8) is shown in Fig. 1. In this diagram, the thick lines
represent vector information flows, the thin lines represent
scalar flows, and all flows are power. Here, each block repre-
sents a matrix multiplication [of the kind in (8)]. For ,
there is a feedback loop (with gain ), which gives rise
to the self-coupling effect and the problem of feasibility.

Before admitting mobile , the existing downlinks are
feasible. If we cut the forward path in Fig. 1, i.e., let base sta-
tion communicate with at a fixed power level (we
take defined above, to keep the initial SIR of the down-
link at ), then the feasibility of the existing downlinks
will not change. This is true because, for the existing down-
links, the additional interference resulting from is equiv-
alent to an increase in . The existing downlinks only have to
increase the transmitted power from to

, to maintain their desired SIRs. After this
increase, the downlink of has lower SIR than , be-
cause the received interference changes to

(11)

To increase the SIR back to , base station
has to increase the transmitted power for by

. We define

(12)

Then, the above equation yields

(13)

By Theorem 2, we have
Corollary 4: Mobile is admissible if and only if

, which is equivalent to .
Note that quantities , , , and 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.

-CAC Algorithm: In the above derivation, we assume that
the downlink power of is fixed at . However, as
mentioned before, arbitrary positive in place of
works. Then we have

(14)

where
is analogous to . With the

distributed computation of , we have the following
distributed CAC algorithm (see Fig. 2 for the flowchart):

-CAC:

1) Mobile measures and reports to base station
its received interference power . The base station
transmits to at a fixed power level .

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

3) After convergence, mobile reports its received in-
terference power to base station . The base
station calculates according to (14). If ,
then the new call is rejected. Otherwise, the base station
admits the call, and the downlinks adjust the trans-
mitted power iteratively to the Pareto optimal assignment.

According to Theorem 2, if the system becomes infeasible, mo-
bile is rejected by the algorithm; otherwise it is admitted,
and the system will converge to the optimal power assignment.
Note that -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 optimal. An 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 interference
received by mobile will increase monotonically during
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Fig. 2. Algorithm�-CAC.

the iterations of a monotonic and optimal power control. In this
case, we can use the result of Corollary 4 as a CAC criterion,
which is better than , because in the former we do not
need to wait until convergence to reject an infeasible call, thus
resulting in a smaller disturbance. Based on this new criterion,
we have the following simplified and improved distributed
admission algorithm (see Fig. 3 for the flowchart):

R-CAC:

1) Mobile measures its total interference and
reports this value to its home base station . The base
station transmits to mobile at fixed power level

.
2) The downlinks of the existing mobiles increase their

corresponding powers iteratively according to some dis-
tributed, monotonic and optimal power control algorithm.

3) During the process of iteration mobile measures
its received interference power . If it reaches (or ex-
ceeds) , then the new call is rejected. Otherwise,
after convergence, it is admitted. Mobile measures
and reports its received interference power to base
station . The base station calculates , and ad-
justs the transmitted power to ; the ex-
isting downlinks correspondingly increase their associ-
ated power levels.

As in -CAC, we can use instead of for the
initial transmission, but the criterion should be adjusted accord-
ingly. We may also let all downlinks iteratively increase
power after admitting , rather than adjust the power for

Fig. 3. Algorithm R-CAC.

to in one step, to reduce the disturbance
to existing calls.

We next discuss some implementation issues. Note that the
power control schemes considered here are not exactly those
in the third-generation WCDMA systems, which use fixed step
size updates (one-bit feedback) [11]. The schemes we assume
are not of fixed step size, so more than one-bit feedback infor-
mation of SIR is required for power adjustment. The power mea-
surement and the SIR estimation must be done over a proper
timescale, such that the fluctuations due to fast fading are av-
eraged out and the shadowing effect is tracked. This timescale
is typically longer than those specified in the third-generation
WCDMA systems. One possible implementation using current
technology is to feedback the SIR information over multiple
periods, one bit at a time. We should point out that it may be
difficult to implement such power control and admission con-
trol schemes in a fast moving environment. To have a system
working well under such situations, we may have to sacrifice
a little optimality by leaving some admission margin, which is
further discussed in Section IV-B-1.

IV. DISCUSSIONS ANDEXTENSIONS

In this section, we discuss and extend the above results. So far,
we have only considered SIR requirements, but no constraint
on the assigned power level. In practice, we may wish to take
into account constraints on the transmitted power, which is the
topic of the first subsection below. We then demonstrate that
the discriminant can be used as a system robustness measure,
and present ways to improve system robustness. We also con-
sider several extensions to the above described CAC algorithms.
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Fig. 4. p =p = (p � p )=(p � p ) = � .

These extensions will greatly increase applicability and improve
the system performance.

A. Constrained Systems

In practical systems, a power constraint exists in both the
downlink and the uplink. The power constraint is more serious
for the uplink transmission, where the transmitter (mobile) is
powered by a battery with limited power and lifetime. As be-
fore, consider the case wherefeasible calls are in service at
optimal downlink power, and a new call arrives and at-
tempts to be admitted. However, the difference here is that the
system is constrained, i.e., it has a maximum power constraint.

For the unconstrained systems, mobile is admissible if
and only if discriminant is positive. Further, if the trans-
mitted power of the downlink for is fixed, the feasibility
of the existing downlinks will not change. However, this is not
necessarily true for constrained systems, because even when

, the optimal unconstrained power assignment
may still have some component exceeding its corresponding
constraint. Our R-CAC and -CAC fail here.

Another difference is that the optimal distributed power con-
trol algorithm applied to a constrained system will always con-
verge; when the system is feasible, the resulting power assign-
ment is Pareto optimal; but when it is infeasible, there exists a
mobile of which the transmission power hits the constraint and
the achieved SIR is lower than its threshold [6]. From this fact,
a simple CAC criterion is recognized and used for TPCAC: a
new call is admissible if and only if no constraint is violated at
all cells after convergence [6]. Unfortunately, this criterion is
not suitable for distributed implementation, because the admis-
sion of a new call may result in violation of maximum power at a
cell far away. In [9], admission control for the constrained case is
done by broadcasting adistress signalwhen an existing link hits
the constraint boundary. This problem is also addressed in [12],
which presents both noninteractive and interactive schemes. The
noninteractive admission control scheme is based on a max-
imum-interference threshold, and may be subject to both types
of admission errors. The interactive scheme is referred to as
“soft and safe” admission control, which is free from admission
errors but requires exchanging global information on admission
margins. As far as we know, there is no effective way to over-
come this problem.

B. Further Discussions on the Discriminant

Having discussed the CAC algorithms, we now further elabo-
rate on the discriminant , which plays a fundamental role
in this paper.

1) Relationship Between Discriminant and Transmitted
Power: From Theorem 2, if mobile is admissible, then

Fig. 5. Powers versus� .

we have by (10). Combining this with
(13) yields

(15)

We illustrate the above relationship in Fig. 4. Clearly, the con-
dition will drive to (i.e., system di-
verges), because . This provides further insight into
our CAC criterion.

By fixing at 1, we obtain , and if
is admissible, then . Fig. 5 shows the

three powers , , and , versus . The plot
ends at because the existing calls are feasible,
and so by definition . The three powers are equal at

, which corresponds to . When is not ad-
missible (i.e., ), goes to , but remains
bounded and small. This observation illustrates the benefit of
using our CAC criterion together with a power control algo-
rithm compared to using the power control algorithm by itself.
To elaborate, we start from to get , then decide on
admissibility, and only when is admissible will the power
be tuned to . In contrast, in the case of using power con-
trol by itself, the scheme tries to achieve directly, and may
fail, resulting in divergence. Note that though fixed to 1 here, the
power depends on . Qualitatively, a smaller
corresponds to a larger interference , and hence also a
larger , which worsens the situation when is not
admissible.

The monotonicity of with also suggests that a
larger indicates a more robust system. To prevent the
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
modifying our CAC criteria into , where is a prede-
fined small positive number. Another robustness consideration
is the integrated base station assignment [6] and channel selec-
tion, by which we always choose the channel and base station
that maximize the discriminant (or minimize the transmitted
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power). We next discuss the robustness issue as it pertains to
the discriminant.

2) Discriminant as Robustness Measure:While the power
assignment given in Theorem 2 is optimal (when fea-
sible), it is on the border of infeasibility, and needs to be up-
dated whenever there is a path gain variation (e.g., due to user
mobility). However, a desirable system should berobust, i.e.,
it should still be feasible despite these variations. According to
Theorem 1, the maximum modulus eigenvalue of domi-
nates the convergence rate of distributed power controls, such
as (3), so this value provides a good measure forsystem robust-
ness,which indicates how far a feasible system is from the in-
feasibility boundary [10]. Hence, one way to improve system
robustness is to leave some robustness margin during the ad-
mission process. However, due to mobility, an initially robust
system can become unrobust or even infeasible.

In an unrobust system, we call the mobile corresponding to
the maximum modulus eigenvalue the “bottleneck,” because its
departure can improve the system robustness most. We are in-
terested to determine, in a distributed way, which mobile among
all in the system is the bottleneck. Once determined, the bottle-
neck mobile is encouraged to take an appropriate action (such as
inter/intracellular handoff, transmission rate regulation, or even
dropping from the system), so that the transmitted power levels
for the remaining links in the system will decrease significantly.
In this way, we can improve the robustness of the system. The
process to ascertain and hand off the bottleneck is just the re-
verse process of admission; while the former improves the ro-
bustness of the system, the latter tends to worsen the robustness.

Theorem 2 hints at a relationship between the discriminant
and the established system robustness measure. Next, we will
derive the relationship to show that the discriminant is also
an appropriate robustness measure. Following the discussion
in [5], [4], the matrix has nonnegative entries and it is
irreducible, since the links interact with each other; therefore,
by the Perron–Frobenius Theorem [4], [13], the maximum
modulus eigenvalue of is real, positive, and simple, while
the corresponding eigenvector is componentwise positive (or
negative). Without loss of generality, assume that in the feasible
system, mobile is the bottleneck. Denote the corre-
sponding eigenvalue by , and let be an associated
left eigenvector (remember that it is positive componentwise).
Then it is easy to show that the smallest modulus eigenvalue
of is , and corresponds to the same
eigenvector. Therefore, we have

(16)
that is,

(17)

Note that the third equation in (17) just means that the product
of the eigenvector and the last column of

equals , which is the maximum modulus
eigenvalue of . Thus the discriminant is
related to the robustness measure by

(18)

If the value of is large, then is larger, so
the eigenvalue is close to 1, and the system is unrobust. On
the other hand, if eigenvalue is close to 1, then
takes large values, because

(19)

Thus, the discriminant can be used as a good indicator of robust-
ness. We may treat the calls with small values of discriminant
as candidates for the bottleneck.

3) Adaptive Transmission:Considering the hostile environ-
ment encountered in wireless systems, sometimes it can be diffi-
cult or expensive to guarantee QoS for users. On the other hand,
some users may tolerate degraded service (lower transmission
rate or quality) when the transmission environment deteriorates.
Adaptive transmission schemes, including link adaptation [14]
and rate control [15], [16], have been proposed for this purpose.
The extension of admission control in such a scenario is partial
admission, which provides a degraded service, instead of drop-
ping a connection, when an admissible condition is not satisfied.

The extension of our distributed algorithm to such systems
turns out to be straightforward. By definition of the discriminant

, we have

(20)

If the admissible condition is , then the max-
imum admissible SIR for mobile is

(21)

which can be locally calculated. When the admissible condi-
tion is not satisfied, we only have to lower the SIR threshold of
mobile from to , which can be translated into
lower transmission rate or degraded quality of service.

C. Handoff Prioritization

So far, we have made efforts to use the spectrum efficiently,
and have not distinguished handoffs from new calls. However, it



XIAO et al.: DISTRIBUTED ADMISSION CONTROL FOR POWER-CONTROLLED CELLULAR WIRELESS SYSTEMS 797

is well known that dropping an ongoing call is more undesirable
than rejecting a new call. To give priority to handoff calls, guard
channels should be reserved for these calls in some form. While
our algorithms are flexible enough to combine with different
reservation schemes such as those in [17], [18], we may also
realize handoff prioritization using another method, discussed
next.

In the power-controlled system, a call always generates inter
fence to its neighboring cells, and the closer the caller to a
cell the stronger the interference, which tends to exclude the
same channel from other calls in that cell. Thus, even before a
call hands off to a neighboring cell, it has effectively occupied
some bandwidth in the cell. We can exploit this fact through
the “channel carrying” scheme [19], where a mobile can con-
tinue to use its previous channel after handoff. One advantage
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 channel set
carefully in advance, so that high cochannel interference will
not result from the “channel carrying.” In our case, any channel
is usable in each cell so long as the SIR and power constraints
are satisfied, so predefined channel partitioning is not necessary.
If the channel to be carried is not usable, then we can still choose
the best available channel using channel selection. Note that in
the downlink a feasible call is unlikely to become infeasible after
“channel carrying,” because though the base station changes in
the handoff, the interference to and from the call and the path
gain will not change much. We should point out that channel
carrying is not the same as soft handoff. The latter is used in
CDMA systems to keep connections with several neighboring
base stations, while the former involves only one base station
during the communication.

V. SIMULATION RESULTS

For simplicity, we consider a one-channel linear cellular
system consisting of 51 cells. Base stations use omnidirectional
antennas and are located at the center. The location of a mobile
in a cell is uniformly distributed. In the context of SIR-based
power control, the effect from fast fading is often assumed to
be averaged out in power measurements or by diversity [6],
[20]. Thus, the path gain is modeled as

(22)

where is the distance between mobile and home base
station of mobile , and the attenuation factor models the
power variation due to shadowing. We assume all to be in-
dependent and identically log-normally distributed random vari-
ables with 0-dB expectation and 8-dB log-variance as in [3], [6].

A. Channel Utilization

It is well known that power control can drastically improve
spectrum utilization and lower the blocking probability [6], [20].
The degree of improvement depends on the CAC scheme used.

Fig. 6. Channel utilization of linear cellular system.

To compare the performance of different CAC schemes, we sim-
ulate thechannel utilization,which is defined as the fraction of
cells in the system that can share a channel.

The simulation starts with no calls, and adds calls until the
blocking probability exceeds 2% for the central cell. We simu-
late the channel utilization for the linear cellular systems under
optimal CAC, TPCAC, RPCAC, and FCA schemes. The op-
timal CAC rejects a call if and only if the call is inadmissible, so
it provides the upper bound for CAC schemes. Our-CAC and
R-CAC are examples of optimal CAC schemes. TPCAC is op-
timal for constrained systems, but it is not distributed. RPCAC
admits a call only when 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
calls transmit at the maximum power. We assume the power
constraints for all calls to be 1 in the simulations of FCA and
TPCAC.

The channel utilization plots for the linear cellular systems
are shown in Fig. 6, where one hundred simulations are per-
formed for each SIR threshold. Clearly, the power-controlled
system under optimal CAC has significant gains over FCA.
TPCAC and RPCAC have lower channel utilization than the
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
is more likely to result in divergence due to admission of
inadmissible call. We can also get the channel utilization of
DPC-ALP [5] by simply shifting the curve for optimal CAC
by dB leftward, where is the increased factor of SIR
requirement in DPC-ALP, which takes value greater than 1 [5].

B. Power Control and CAC Schemes

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-
gence, and admit feasible calls using optimal power assignment.
Since the power control (3) is monotonic and optimal, it is used
throughout the simulations. The SIR threshold for each call is
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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. 8. Evolution of power and SIR under DPC-ALP (the thick lines
correspond to the infeasible call and the heavily disturbed calls).

randomly chosen to illustrate that we can deal with heteroge-
neous QoS requirements. To compare the admission delay of
different algorithms, we assume that a new call admission be-
gins right after the existing calls settle down (within 0.05 dB of
the required SIRs).

The simulation results of the power control algorithm (3)
without CAC are shown in Fig. 7. We can see from the figure that
powers of all existing calls will increase during the admission
process. Also shown in the figure is the admission delay, which
depends on the position and circumstance of the arriving call.
In the simulation, 15 calls are admitted within 30 iterations, and
the longest admission delay is less than ten iterations. However,
when an infeasible call is admitted, the power control algorithm
will become unstable. This is shown by the power blow-up and
SIR oscillation highlighted in the figure. If we do not reject this
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
with [5]. The scheme works well when the system is
not congested. However, when the system becomes more unro-

Fig. 9. Average admission delay versus traffic load.

bust (or infeasible), big disturbance and long admission delays
(or divergence) arise, as shown by the highlighted lines in Fig. 8.

An important performance index of CAC is its correctness,
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
RPCAC reject less admissible calls, but at the same time some
infeasible calls may slip in and result in divergence. TPCAC
does not make a wrong admission decision, but it is not dis-
tributed. Our simulations verify the analytic result that-CAC
and R-CAC satisfy both conditions of being distributed and re-
jecting only when necessary.

Another performance index of CAC is the delay until deci-
sion. Note that FCA and RPCAC can make immediate admis-
sion decisions, so they have no delay in admitting or rejecting
an arriving call. We next simulate how long a distributed CAC
algorithm takes to admit or reject a call on average. It would be
interesting to simulate the delay versus the probability of infea-
sibility. However, the probability is not easy to obtain, because
the feasibility depends on locations, shadowing, and SIR thresh-
olds, etc. We simulate the delay versus the load instead. For each
load, 50 distribution patterns are simulated to calculate the av-
erage delays. From Fig. 9, the admission delay of DPC-ALP in-
creases rapidly with the traffic load (in term of channel utiliza-
tion), while that of our -CAC and R-CAC is low and insen-
sitive to the load. Since DPC-ALP may admit infeasible calls
and result in divergence, we only compare the delay until re-
jection for -CAC and R-CAC. Fig. 10 illustrates that R-CAC
can reject an infeasible call in approximately one iteration, no
matter what the traffic load. However, the delay until rejection
(different from the admission delay shown in Fig. 9) for-CAC
increases with the traffic load, which agrees with the intuition
that a higher traffic load corresponds to a more unrobust system.

VI. CONCLUSIONS ANDFURTHER WORK

We have studied the admission control problem for cellular
systems under optimal distributed power control. These systems
can achieve high spectrum utilization; however, if an infeasible
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Fig. 10. Average delay until rejection versus traffic load.

call is admitted, the power levels may diverge and result in drop-
ping an existing call.

We defined a system parameter for the newly arrived mobile,
called the discriminant, which provides an admissibility crite-
rion. Based on this criterion, we proposed a distributed CAC
scheme called -CAC. One disadvantage of -CAC is that it
has to wait until the system settles down to make an admis-
sion decision. We overcame this limitation, for systems under
monotonic and optimal power control, by using a simpler dis-
tributed scheme called R-CAC. Both algorithms are distributed,
in the sense that they only require locally available information.

Our CAC schemes for power-controlled systems are general, be-
cause we need not assume any particular multiple access tech-
nique, specific power control algorithm, or knowledge about the
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
the CAC algorithm to systems with handoff prioritization and
adjustable transmission rates.

In this work, we have not explicitly taken into account user
mobility; admissibility here depends only on the path gains at
the time of admission. Future work could incorporate mobility
models into the CAC criteria. However, our current CAC cri-
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-
tion of every burst connection, and the effect of mobility can be
ignored. Second, in cellular systems with dynamic base station
assignment or macrodiversity, the feasibility of a set of users is
not strongly dependent on their locations (see [22], [23]). More-
over, we believe that incorporating some robustness margin in
our scheme would be an effective way to deal with mobility.

While this work focuses on circuit-switched cellular systems,
we are exploring related issues that may arise in packet-switched
systems (e.g., maximizing throughput). Finally, another issue
needing further investigation is an optimal distributed CAC al-
gorithm for systems with power constraints.

(23)

(24)
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APPENDIX

PROOF OFTHEOREM 2

Proof: We have (23), shown at the bottom of the page.
From Corollary 1, we have (24), also at the bottom of the page.
Further, by (6), mobile is admissible if and only if

and , which is equivalent to , since the
existing downlinks are feasible and the matrix is
componentwise positive.
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