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CALL ADMISSION CONTROL FOR A
WIRELESS NETWORK

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
Application No. 60/585,252, filed on Jul. 2, 2004, entitled
“Admission Control for Call and Packet QoS Guarantee in 3G
and beyond cellular networks”, by Ghaderi, et al.

FIELD OF THE INVENTION

This invention relates in general to the field of wireless
communication networks and more particularly to call admis-
sion control in wireless communication networks.

BACKGROUND

Call admission control (CAC) is a key element for provid-
ing quality of service (QoS) in wireless communication net-
works. Traditional call admission control techniques typi-
cally only address call level QoS because of the underlying
circuit based network architecture. In contrast, emerging
wireless technologies such as third generation (3G) and
fourth generation (4G) wireless networks tend to be packet-
switched rather than circuit-switched because the packet-
based architecture provides for better sharing of scarce wire-
less resources.

CAC using a guard channel (GC) scheme is currently used
in circuit-switched wireless cellular networks supporting
voice calls. The GC scheme works well in minimizing
blocked and dropped calls in circuit-switched networks.
Other call admission control schemes have also been pro-
posed over the years which have looked at call dropping and
call blocking probabilities as the QoS parameters considered,
but these schemes have failed to address the unique require-
ments of a wireless packet-switched network. As such, a need
exists in the art for a CAC technique which can take into
account some of the unique requirements found in packet-
switched wireless networks.

SUMMARY OF INVENTION

A call admission method and apparatus are disclosed
which maximizes the wireless channel utilization subject to a
predetermined bound on the call dropping and packet loss
probabilities for variable-bit-rate traffic in a packet switched
network.

In accordance with a first aspect of the invention, a method
for providing new call admission control in a communication
site, includes accepting a new call in instances where an
acceptance ratio exceeds one of an average packet loss prob-
ability or a target loss probability for a prescribed time inter-
val.

In another aspect of the invention, a communication con-
troller includes a traffic discriminator operable to control
whether a new call session is to be established, said new call
session being admitted in instances where an acceptance ratio
exceeds one of an average packet loss probability or a target
loss probability for a prescribed time interval.

In still another aspect of the invention, a method for deter-
mining an acceptance ratio for a communication site that is
used in making a call admission control decision, includes
collecting information the communication site receives from
adjacent communication sites and information available
locally to the communication site to determine a time-depen-
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dent mean and a time-dependent variance of the number of
calls handled by the communication site. The mean and vari-
ance of the number of calls are used to find the mean and
variance of packet arrivals at the communication site in order
to approximate a time-dependent packet arrival.

Other aspects and features of the present invention will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
of the invention in conjunction with the accompanying fig-
ures.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may best be understood by reference to the
following description, taken in conjunction with the accom-
panying drawings in which:

FIG. 1 shows a transition diagram of a call admission
control mechanism in accordance with one embodiment of
the invention.

FIG. 2 shows a diagram of a cellular system in accordance
with one embodiment of the invention.

FIG. 3 shows a more detail view of some of the cells in the
system of FIG. 2.

FIG. 4 shows a detailed block diagram of a cell site in
accordance with one embodiment of the invention.

FIG. 5 shows a two state Markov model representing pack-
etized voice traffic.

FIG. 6 shows a diagram highlighting blocking probability
simulation results in accordance with one embodiment of the
invention.

FIG. 7 shows a diagram highlighting packet loss probabil-
ity simulation results in accordance with one embodiment of
the invention

FIG. 8 shows a diagram highlighting channel utilization
simulation results in accordance with one embodiment of the
invention.

FIG. 9 shows a diagram comparing blocking probability
simulation results for two embodiments of the invention.

FIG. 10 shows a diagram comparing packet loss probabil-
ity simulation results for two embodiments of the invention.

FIG. 11 shows a diagram highlighting blocking probability
simulation results at different mobility levels in accordance
with one embodiment of the invention.

FIG. 12 shows a diagram highlighting packet loss prob-
ability simulation results at different mobility levels in accor-
dance with one embodiment of the invention.

FIG. 13 shows a diagram highlighting channel utilization
simulation results at different mobility levels in accordance
with one embodiment of the invention.

FIG. 14 shows a diagram highlighting blocking probability
results using different control intervals in accordance with
one embodiment of the invention.

FIG. 15 shows a diagram highlighting packet loss prob-
ability results using different control intervals in accordance
with an embodiment of the invention.

FIG. 16 shows a diagram highlighting blocking probability
results using different control intervals for different mobility
patterns in accordance with an embodiment of the invention.

FIG. 17 shows a diagram highlighting packet loss prob-
ability results using different control intervals for different
mobility patterns in accordance with an embodiment of the
invention.

FIG. 18 shows a diagram highlighting blocking probability
simulation result using lognormal versus exponential resi-
dence times in accordance with an embodiment of the inven-
tion.
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FIG. 19 shows a diagram highlighting packet loss prob-
ability simulation result using lognormal versus exponential
residence times in accordance with an embodiment of the
invention.

DETAILED DESCRIPTION OF THE
EMBODIMENT(S)

While the specification concludes with claims defining the
features of the invention that are regarded as novel, it is
believed that the invention will be better understood from a
consideration of the following description in conjunction
with the drawing figures.

Inwireless packet networks there exist two levels of quality
of service, namely, call-level and packet-level. At the call
level, two important parameters which determine the QoS are
call blocking probability and call dropping probability. Since
dropping a call in progress has greater negative impact from
a network user’s perspective, handoff calls are given higher
priority than new calls trying to gain access to the wireless
network’s resources. This preferential treatment of handoffs
increases the blocking of new calls and hence degrades the
utilization of wireless bandwidth.

Atthe packet level, packet loss probability, delay and jitter
are some of the most important QoS parameters. There is
always a tradeoff between the network utilization and the
QoS perceived by users. The present invention’s call admis-
sion control scheme addresses the QoS constraints found in a
packet-switched wireless network while maximizing the uti-
lization of the network resources.

In accordance with an embodiment of the invention, a
packetized fractional guard channel call admission control
(PFG CAC) technique for wireless packet networks such as
cellular packet networks (although other wireless networks,
such as wireless LANs, can also take advantage of the PFG
CAQ) is disclosed that achieves high bandwidth utilization
while satisfying a target packet loss probability without drop-
ping any ongoing calls. A goal of the PFG CAC is to maxi-
mize the bandwidth utilization for a given cell capacity, while
achieving a zero (or close to zero) percent call drop probabil-
ity subject to a hard constraint on the packet loss probability.
The PFG CAC can be used with voice calls and data sessions,
the difference between the two types having no impact on the
PFG CAC. The terms “call” and “session” can be used inter-
changeably when discussing the PFG CAC. The PFG CAC
can be implemented in a fully distributed manner were it
resides at each communication site (e.g., base station) of a
communication system or in a semi-distributed manner par-
tially residing at the communication site(s) and partially at a
central control location, or fully centralized at a central con-
trol location.

Some aspects of the PFG CAC include:

1) PFG CAC achieves zero percent call dropping;

2) PFG CAC is dynamic, therefore, adapts to a wide range
of system parameters and traffic conditions;

3) PFG CAC is distributed and takes into consideration the
information from direct neighboring cells in making admis-
sion decisions; and

4) The PFG CAC is stochastic and periodic in order to
reduce the overhead associated with distributed control
schemes used in some networks.

Below is some of the notation which will be used in the
discussion of the PFG CAC of the present invention:

B: total number of cells in the network;

A,: the set of adjacent cells of cell 1;

c,: capacity of cell 1, which is equal to the packet transmis-
sion rate of base station i;
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R,(1): packet arrival rate at time t in cell i;

L,(t): packet loss probability at time t in cell ;

N,(t): number of active calls at time t in cell 1;

a,: new call acceptance ratio in cell i;

A;: new call arrival rate into cell i;

1/u: mean call duration;

1/h: mean cell residency time;

T: length of the control period;

P, : target packet loss probability;

r,;: routing probability from cell jeA, to cell i;

P;: handoff probability from cell jeA, to cell i;

E[z]: the mean of random variable z;

V[z]: the variance of random variable z; and

7: the time-averaged value of random variable z.

The communication system used in accordance with one
embodiment of the invention is not required to have uniform
loading among the different cells which make up the system.
Each cell can experience a different load, e.g. some cells can
be over utilized while others are underutilized. Also cells may
have different capacity levels which changes from time to
time, although in one embodiment, the cell capacity is
assumed to be fixed over time. However, the approach can be
extended to include cases in which c,, varies over time.

The cell residence time distribution may not be exponential
but exponential distributions provide the mean value analysis,
which indicates the performance trend of the system. Further-
more, the call admission control algorithm in one embodi-
ment involves a periodic control where the length of the
control period is set to much less than the average cell resi-
dency time of a call to make the algorithm insensitive to this
assumption. Although the analysis that is discussed below is
based on exponentially distributed call durations and cell
residency times, due to the periodical structure of the control
algorithm, the PFG CAC is not very sensitive to the assump-
tion of exponentially distributed cell residency times. This is
important since cell residency times are usually not exponen-
tial in practice. For call durations, it is very common to
assume exponential durations which are inherited from the
fixed telephony analysis suggesting that user behavior has not
changed (or at least call durations have the same characteris-
tics despite migration from fixed lines to mobile phones).

Maximum Occupancy in a Cell: Letting M, denote the
maximum occupancy, i.e., maximum number of calls, in cell
i under the average bandwidth assignment scheme which
allocates to each variable-bit-rate (VBR) call a share of band-
width equal to the call’s average bandwidth requirement, and
letting m denote the average bandwidth of a call, then:

(Equation 1)

Although this technique achieves high bandwidth utiliza-
tion, it leads to ahigh rate of packet loss. If there are more than
M, calls in cell i, then the cell is in an overloaded state. In the
overloaded state, probability of packet loss is very high. The
PFG CAC in one embodiment of the invention rejects new
call requests when a cell is in an overloaded state.

Time-Dependent Handoff Probability: If random variable
t, denotes the call duration and variable t, denotes the cell
residency time of a typical call, these variables can be used to
compute useful probabilities that will be used in determining
the PFG CAC of the present invention. We also let P,(t)
denote the probability that a call hands off to another cell by
time t and remains active until time t, given that it has been
active at time zero and P (t) denotes the probability that a call
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remains active in its home cell until time t, given that it has
been active at time zero. Then,

P,(0) = Pr(t, < DPr(ty > 1), (Equation?2)
— (1 _ eih’)eiw

Pi(t) = Prt, > DPr(ty > 1). (Equation 3)
— e*(/lﬁ»h)l

These equations are valid as far as the memoryless property of
call duration and cell residency is satisfied. On average, for
any call which arrives at time t'e(0,t], the average handoff and
stay probabilities P, and P, are expressed as:

1 't
= —f Pyt -1)dr,
tJo

Pyr) = ;fPS(t—t’)dt’.
0

(Equation 4)

(Equation 5)

It is assumed that during a control period each call experi-
ences at most one handoff. This assumption is justified by
setting the length of the control period T reasonably shorter
than the average cell residency time. Since cell residency is
exponentially distributed, the number of cell crossings (hand-
off events) that an active call experiences during its lifetime
has a Poisson distribution with the mean rate h. Therefore, Th
is the expected number of handoffs during an interval of
length T for an arbitrary call. By setting T<<1/h the probabil-
ity of having more than one handoff during the interval of
length T is negligible. More specifically for uniform networks
were each cell has A neighbors, the control interval is given
by:

(Equation 6)

where 9 is the probability of having more than one handoff
(multiple handoff probability).

Finally, if P;,(t) denotes the time-dependent handoff prob-
ability that an active call in cell j at time 0 will be in cell i at
time t, where je A, and since each call experiences at most one
handoff during the control period, it is obtained that:

P{O)=P(0)r;; (Equation 7)

Similarly, the average handoff probability f’ji(t) for a call
which arrives at any time t'ee (0,t] is given by:
Pji(l):P WD (Equation 8)

Call Admission Control Algorithm
The PFG CAC in accordance with one embodiment of the
invention comprises two main components. The first compo-
nent is responsible for retrieving the required information
from the neighboring cells and computing the acceptance
ratio. Since each call experiences at most one handoff during
a control period, the immediate neighbors of cell i, i.e. A, are
the ones that will affect the number of calls, and consequently
the packet arrival process in cell i during a control period.
Hence, in the PFG CAC, information exchange is limited to
direct neighboring cells. Using the computed acceptance
ratio, the second component enforces the admission control
locally in each cell. The previously discussed probabilities
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are used to find the maximum acceptance ratio for a given cell
1 with respect to the pre-specified packet loss probability P;.

As mentioned earlier, to reduce the signaling overhead, the
PFG CAC has a periodic structure. All the information
exchange and acceptance ratio computations happen only
once at the beginning of each control period of length T.
Several steps involved in the PFG CAC include:

1) At the beginning of a control period each cell i sends the
following information to its adjacent cell(s):

a) the number of active calls in the cell at the beginning of
the control period denoted by N,(0); and

b) the number of new calls, N,, which were admitted in the
last control period.

2) Bach cell i receives N (0) and N; from every adjacent cell
JEA,.

3) Cell i uses the received information and those available
locally to compute the acceptance ratio a, using the technique
which will be described further below.

4) The computed acceptance ratio a, is used to admit call
requests into cell i using a local control algorithm that is
discussed below.

In the PFG CAC, handoffs are always accepted with prob-
ability 1 even when the destination cell is overloaded. In this
situation, accepting incoming handoffs may increase the
number of dropped packets.

For the sake of mathematical modeling it is assumed that
there is no buffer in the system. Packets are served as they
arrive, and packets that arrive while there is no idle transmis-
sion channel are dropped.

Let s, denote the state of cell i, where there are s calls active
in the cell. Let a,(s) denote the acceptance ratio where the cell
state is s;. FIG. 1 shows a state transition diagram of the PFG
CAC in cell i. In FIG. 1, v, is the handoff arrival rate into cell
i, and M, is the maximum occupancy given by equation 1.

For an accurate control, the call blocking probability in
each period is effectively given by complementing the accep-
tance ratio. Therefore, by averaging acceptance ratios over a
number of control periods, the call blocking probability in
cell i denoted by P,, is expressed as:

1-4

Dp=1-a. (Equation 9)

Consequently, the average network-wide call blocking
probability for the considered network is given by:

B (Equation 10)

Z A; ppi
=

The pseudo-code for the local admission control in cell i is
given by the algorithm shown in Table 1 below. In this algo-
rithm, X, is a call requesting a connection into cell i. The
acceptance ratio for the respective control period is a,. Also,
rand (0,1) is a uniform random generator function.

TABLE 1

(Local call admission control algorithm in cell i)

if (x is a handoff call) then
accept call;
else /*x is a new call*/
if (rand(0,1) <a;) & (N,(t) =M;) then
accept call;
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TABLE 1-continued

(Local call admission control algorithm in cell i)

else
reject call;
end if
end if

Computing the Acceptance Ratio

Assuming the target loss probability is sufficiently small,
the packet loss probability is approximated by the overflow
probability in each cell.

The approximated packet loss probability can be inter-
preted as a tight upper bound on the actual packet loss prob-
ability. Therefore, the time-dependent packet loss probability
at time t in cell i is given by:

L=Pr(R;(t)>cy), (Equation 11)
where R,(t) denotes the total (new and handoff) packet arrival
rate into cell 1 at time t.

The proposed approach in accordance with an embodiment
of'the invention for computing the acceptance ratio includes:

1) Each cell i uses the information received from its adja-
cent cells and information available locally to find the time-
dependent mean and variance of the number of calls in the cell
using equations 22 and 25, respectively, which are discussed
below.

2) The computed mean and variance of the number of calls
is used to find the mean and variance of the packet arrival
process in the cell using equations 16 and 17, respectively,
which are discussed below.

3) Having the mean and variance of the packet arrival
process, the time-dependent packet arrival process is approxi-
mated by for example using a Gaussian distribution.

4) The tail of the Gaussian distribution is used to find the
time-dependent packet loss probability in each cell i.

5) Time-dependent packet loss probability is averaged over
a control interval of length T to find an average packet loss
probability as expressed in equation 31 below.

6) Using the computed packet loss probability and the
prescribed QoS constraint, i.e., L,<P,, acceptance ratio a, is
computed using equation 32 below. The derivation of the
packet loss probability which is used to find the acceptance
ratio is discussed and broken down into three main subsec-
tions, traffic characterization, mobility characterization and
packet loss probability which are discussed below.

A. Traffic Characterization: Let r,, denote the packet gen-
erating process of an individual call n. It is assumed that
individual packet generating processes are independent and
identically distributed random variables with the mean and
variance E[r| and V[r], respectively. Then, R,(t), the total
packet arrival rate in cell i at time t, is expressed as the
summation of packet generating process of individual calls.
That is

N;i()

R@=) r

n=1

(Equation 12)

where N, (1) denotes the number of calls at time t. The objec-
tive is to apply the central limit theorem to approximate R (t)
by a Gaussian distribution. The parameters R (t) especially
the mean and variance have to be specified.
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If @, denotes the moment generating function of r,,, and if
@, denotes the moment generating function of R,(t), then
®(0) can be found as follows:

PrOnirn = (Equation 13)

) Nilt)y,,
E[e” | Ni() =N] = E[ezn:l ‘ Ni(n) = N} =

Nitoy,
E[egzn:l ] - @0,
therefore,
E [eeRi(t) IN{)={D,(0) }Ni(t) (Equation 14)
and
E[eeRi(’)]:E[{@,(0)}Ni(’)J. (Equation 15)

Using the above equations it is obtained that:

E[R(DI=E[N{D)E[T], (Equation 16)

VIRAOI=E NIV [r]+V[NOVE 7). (Equation 17)
As expected, the variance of the total packet arrival rate is a
function of both the variance of the individual call packet
generating process and the variance of the number of calls at
time t. This indicates that static treatment of the number of
calls in a cell, i.e., assuming that there are E[Ni(t)] calls in a
cell, is not accurate and should be avoided.

In orderto compute E[R,(1)] and V[R,(1)] the values for E[r]
and V([r] have to be determined. In this embodiment it is
assumed that E[r] and V[r] are known to the admission con-
troller a priori. This is a minimal set of requirements since it
does not assume anything specific about the actual packet
generating process of the individual calls. In an actual system
two things can happen:

1) The traffic generation process of individual calls can be
described by means of an analytical model. In this specific
case, E[r] and V[r] are computed using probabilistic tech-
niques.

2) The traffic generation process of individual calls can not
be described by means of an analytical model. In this case,
E[r] and V[r] are estimated from real traffic measurements.

B. Mobility Characterization: The values for E[Ni(t)] and
VIN,(t)] are calculated based on the mobility information
available at the local cell and the information obtained from
neighboring cells. The number of calls in cell i at time t is
affected by two factors: (1) the number of background (exist-
ing) calls which are already in cell i or its adjacent cells, and,
(2) the number of new calls which will arrive in cell 1 and its
adjacent cells during the period (0, t] (0=t=T). Let g,(t) and
n,(t) denote the number of background and new calls in cell i
at time t, respectively.

A background call in cell i will remain in cell with prob-
ability P(t) or will handoff to an adjacent cell j with prob-
ability P,(t). A new call which is admitted in cell i at time
t'e(0, t] will stay in cell i with probability P (t) or will handoff
to an adjacent cell j with probability f’ij(t). Therefore, the
number of background calls which remain in cell i during the
interval (0, t] are binomially distributed. For a binomial dis-
tribution with parameter q, the variance is given by q(1-q).
Using this property it is obtained that:

V(=P () (1-P(©), (Equation 18)

V=P 0(1-P,(0), (Equation 19)
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f/s(l)zps(l)(l_Pji(l)) (Equation 20)

V=P (1-P(1), (Equation 21)
where V(1) and V,(1) denote the time-dependent variance of
stay and handoff processes, and V (t) and Vi (t) are their
average counterparts, respectively.

The number of calls in cell i is the summation of the
number of background calls, g,(t), and new calls n,(t). There-
fore, the mean number of active calls in cell i at time t is given
by:

E[NOI=E[g D +E[nD)], (Equation 22)
where,
Elg:(0] = NP0 + Y NiOP (D), (Equation 23)
JeA;
Elm(0)] = (@A0Ps() + Z (@Ain)P (). (Equation 24)
JjeA;
Similarly the variance is given by:
VINOEV[gD+V 2], (Equation 25)
where,
VIgio] = N OV, + Y N;OV;(@), (Equation 26)
JeA;
Vin(@] = @AV + Y @0V . (Equation 27)

JjeA;

Given the arrival rate A, and the acceptance ratio a,, the actual
new arrival rate into cell 1 is given by Aa,. Therefore, the
expected number of call arrivals during the interval (0,t] is
given by a,At.

C. Packet Loss Probability: The packet arrival distribution
in each cell can be approximated by a Gaussian distribution:

R,(~G(E[RN),V[R,D)]) (Equation 28)
where E[R,(t)] and V[R,(1)] are calculated using equations 16
and 17, respectively.

The original admission control problem is reduced to
maintaining the packet arrival rate below the available capac-
ity ¢, with probability 1-P; at any point in time te(0, T]. Using
equations 11 and 28 it is obtained that:

(Equation 29)

L=

%erfo[ ci — E[Ri(D)] ]

V2V[R:(1)]

where erfc(c) is the complementary error function defined as

2 2
erfe(c) = Tﬁe dr.
T Je

(Equation 30)
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Using equation 29, the average packet loss probability over a
control period of length T is given by:

(Equation 31)

Then, the acceptance ratio, a,, can be found by numerically
solving:

L~P; (Equation 32)
The boundary condition is that a,€[0,1], hence if T, is less than
P, even for a,=1, then a, is set to 1. Similarly, if L, is greater
than P, even for a,=0, then a, is set to 0.

D. Actual New Arrival Rate: The actual new arrival rate
into a cell j is denoted by A, as follows:

h=ah. (Equation 33)
In order to compute a, for the new control period it is required
to know the value of &, for every adjacent cell. Similarly, cell
jneeds to know 2, in order to be able to compute a,. Therefore,
every cell depends on its adjacent cells and vice versa. To
break this dependency, instead of using the actual value of
each cell 1 estimates the actual new call arrival rates of its
adjacent cells for the new control period.

Let A (n) denote the actual new call arrival rate into cell j
during the n-th control period. Also, let N/(n) denote the
number of new calls that were accepted in cell j during the
n-th control period. An estimator for A, is expressed as

N;(m)
T

(Equation 34)

Lin+h=(-¢) +e;(n),

where, A (n+1) is the actual new call arrival rate into cell j at
the beginning of the (n+1)-th control period. Note that 2. (n) is
known at the beginning of the (n+1)-th control period. In
simulations that were performed, it was found that €=0.3
leads to a good estimation of the actual new call arrival rate.

Simulation Results

A. Simulation Parameters: Simulations were performed on
a two dimensional cellular system comprising 19 hexagonal
cells like that shown in FIG. 2. In the simulation, opposite
sides of the system were wrapped around to eliminate finite
size effects. As the basic traffic type, packetized voice calls
were generated for simulation purposes. For packetized
voice, a packet loss probability of P,=0.01 is acceptable.

In FIG. 2, cell 0 is shown having six adjacent cells which
are cells 1-6. In accordance with an embodiment of the inven-
tion, each cell in a communication network receives informa-
tion from its adjacent cells as previously discussed. In FIG. 3,
a more detailed view of cell 0 and a few of its adjacent cells
(cells 1-3) are shown. Each cell includes one or more antenna
sites, antenna sites 312-318, that provide the necessary radio
frequency coverage over their individual cell areas. Coupled
to the one or more antenna site 312-318 in each cell site is a
base station 304-310. Each of the base stations 304-310 pro-
vides the necessary radio frequency (RF) receive and transmit
control capabilities each cell site requires, as well as the
necessary communication control functions needed to direct
messages. In accordance with an embodiment of the inven-
tion, the PFG CAC is performed by each of the base stations
304-310 in order to provide for improved call admission
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control throughout the communication network 300. It
should be noted that the technique of the invention does not
require a central control function. The technique would also
work with a distributed control function (the details of this
distributed control function are not part of this invention and
thus not discussed in this application).

Also shown in FIG. 3 is a network control 302 which
provides the overall control for the communication network
300. Depending on the particular system design, network
control 302 can provide multiple functions including such
things as providing interconnection between the communica-
tion network 300 and the public switched telephone network
(PSTN) and/or the Internet, provide coordination of commu-
nications between the plurality of base sites 304-310, etc.

Referring now to FIG. 4, there is shown a block diagram of
cell site 0’s base station 304. Base station 304, includes a
plurality of input/output ports 402 for receiving/transmitting
communication signals to/from the antenna site 312. A con-
troller 404 controls the operation of the base station. The base
station includes whatever hardware and software required to
implement the invention depending on the particular system
design. A controller port 406 couples base station 304 to the
rest of the communication network 300. Via port 406, the
required information from adjacent base stations is received
and local information is sent out to the other base stations in
accordance with the embodiments of the invention that are
discussed herein. In accordance with an embodiment of the
invention, the controller 404 provides a traffic discriminator
operable to control whether a new call session is to be estab-
lished, said new call session being admitted in instances
where an acceptance ratio exceeds one of an average packet
loss probability or a target loss probability for a prescribed
time interval.

The common parameters used in the simulation were as
follows: all the cells have the same capacity c; target packet
loss probability was set to P;=0.01; control interval was set to
T=20 seconds; and all the neighboring cells have the same
chance to be chosen by a call for handofT, i.e. r,=%. For ease
of illustrating the results, it was assumed that the communi-
cation system is uniform and the input load is the same for
every cell, although PFG CAC is designed to handle the
non-uniform case. The simulation can also accommodate
arbitrary load distributions. In all of the cases simulated,
normalized load is used to show a fair comparison of perfor-
mance measures irrespective of the absolute values of cell
capacity and arrival rates, where the normalized load is
defined as:

(Equation 35)

where M, is given by equation 1.

For each load, simulations were done by averaging over 8
samples, each for 10* seconds of simulation time. Call dura-
tion and cell residency times were exponentially distributed
with means p~'=180 s and h™'=100 seconds, respectively
(except for the last simulated case).

B. Traffic Model: The two state Markov model shown in
FIG. 5 is used to describe the traffic generation process of
voice calls. This simple process can model voice and video
traffic sources as well as other complicated traffic scenarios.
In this model, a and f§ are transition rates to OFF and ON
states, respectively, from ON and OFF states. While in the ON
state, traffic is generated at a constant rate of A packet/sec.
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The activity factor of such a traffic source is defined to be the
probability of being in the ON state and is given by:

B (Equation 36)

For this traffic model, the mean and variance of the traffic
generated is given by E[r]=mA and V[r]=n(1-n)A*. Com-
monly used parameters for human speech representation are
o~ '=1.2 s and p~'=1.8 s. Using an 8 Kbps (Kilo-bits-per-
second) encoded voice source, it is obtained that A=100
packet/sec and hence, E[r]=40 packet/sec and V[r]|=50
packet/sec assuming that each packet is 80 bits long.

C. Conservative PFG: In an embodiment described previ-
ously, PFG CAC does not drop any handoff calls, instead
some packets may be dropped to accommodate the incoming
handoff packets. To determine the impact of accepting hand-
offs even during the overloaded state, an alternative embodi-
ment of PFG CAC has also been developed.

This alternate embodiment of the PFG CAC drops hand-
offs during the overloaded state. The original PFG CAC is
referred to as PFG-DO and the alternate embodiment as PFG-
DP where DO and DP stand for zero dropping probability and
P dropping probability, respectively, i.e. if we use PFG-DP
instead of PFG-DO then there will be P percent call dropping.
The goal is to determine the value of P for some simulated
scenarios to see how far it is from zero. Having N,(t)>M,(te(0,
T]) indicates that cell i is in the overloaded state at time t. The
pseudo-code for PFG-DP in cell iis shown in Table 2 below.

TABLE 2

Pseudo-code of PFG-DP algorithm in cell i

if (x is a handoff call) then
if (N;(t) = M,) then
accept call;
else
reject call;
end if
else /*x is a new call*/
if (rand(0,1) <a;) & (N,(t) = M,) then
accept call;
else
reject call;
end if
end if

D. Simulation Results and Analysis: 1) Effect of cell capac-
ity: Intuitively, increasing the cell capacity leads to a better
Gaussian approximation, and a potentially better call admis-
sion decision given that the accuracy ofthe achieved results in
terms of blocking and loss are increased. To investigate the
effect of cell capacity, three different capacity configurations
were investigated: a 1 Mbps capacity profile labeled the cl
profile, a 2 Mbps capacity profile labeled the ¢2 profile and a
5 Mbps profile labeled the c¢5 profile. Normalized loads in
range [0 . . . 2] are simulated, where the normalized load is
defined by equation 35.

In FIGS. 6-8 a region around load n=1.0 has been circled
since this is the most interesting part of the system which is
most likely to happen in practice.

In order to better describe the results these circled region in
FIGS. 6-8 are referred to as the operating region of the sys-
tem.

In FIG. 6, there is shown the new call blocking probability.
As shown, as the cell capacity increases, the blocking prob-
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ability decreases, which can be explained from the central
limit theorem and Gaussian approximation previously dis-
cussed. As the system capacity increases, the Gaussian mod-
eling leads to a potentially better approximation and hence, a
decreased call blocking probability. The packet loss probabil-
ity, L,, is depicted in FIG. 7. Although T, goes beyond the
target limit for high system loads, itis completely satisfactory
for the operating region. Nevertheless, it is quite possible to
modify the PFG-DO call admission scheme in order to make
it more conservative for high loads. Similar to call blocking,
as the capacity increases the PFG-DO efficiency improves.

FIG. 8 shows the wireless bandwidth utilization under the
three different system capacities. As explained before,
increased accuracy of the Gaussian approximation for high
system capacity leads to a better channel utilization. The cl
capacity produces rather accurate results and increasing the
capacity beyond it produces only marginal improvements.

2) Effect of accepting handoffs in overloaded state:

To investigate the impact of accepting handoffs during the
overloaded state (in which N,(t)>M,;), the PFG-DP scheme
was run for the same simulation configuration as were run for
the PFG-DO scheme. Table 3 shows the call dropping prob-
abilities for different loads and capacities.

TABLE 3

PFG-DP call dropping probability

Load C1 c2 Cs
0.2 0.000000 0.000000 0.000000
0.6 0.000000 0.000000 0.000000
1.0 0.000000 0.000000 0.000000
1.4 0.000007 0.000002 0.000001
1.8 0.000012 0.000006 0.000005

It is observed that the call dropping probability is almost
zero in all the simulated configurations which means that
there is no difference between the two call admission schemes
(PFG-DO0 and PFG-DP) in terms of the call dropping prob-
ability.

FIG. 9 and FIG. 10 show the call blocking and packet loss
probabilities of PFG-DO0 versus PFG-DP when the system
capacity is set to ¢1 (1 Mbps). Overall, there is no difference
between the two schemes. It can be seen from FIG. 10 that the
packet loss probability is almost the same for both schemes,
indicating that accepting handoffs during the overloaded state
has a negligible effect on the call admission control perfor-
mance. FIG. 9 highlights the minimal difference in blocking
probability between the two schemes.

3) Effect of mobility: To increase the capacity of cellular
networks, micro/pico cellular architectures will be deployed
in the future. The smaller cell size of these architectures leads
to a higher handoff rate. If the mobility factor is defined to be
a=h/p, intuitively, a shows the average number of handoff
attempts a call makes during its life time. As the mobility
factor increases, the handoff arrival rate increases as well. To
investigate the impact of mobility on PFG CAC, we have
simulated three mobility cases for the base capacity cl as
shown in Table 4 below.

TABLE 4
Mobility Profiles
Profile 1/(s) 1/h(s) [¢3
Mobility High 180 20 9.00
Mobility Moderate 180 100 1.80
Mobility Low 180 500 0.36
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In Table 4, 0=9.00 represents a highly mobile scenario
such as vehicular users in a high way; a=1.80 represents an
urban area mobility scenario, and finally, =0.36 represents a
low mobility scenario.

Observed from FIGS. 11-13, PFG CAC is almost insensi-
tive to the mobility rate of users. As shownin FIGS. 11 and 13,
the call blocking probability (shown in FIG. 11) and channel
utilization (shown in FIG. 13) almost match. Furthermore,
FIG. 12 shows that the effect of mobility on packet loss
probability is not very significant. In all three cases, PFG
CAC is able to satisfy the target packet loss probability in the
operating region of the system. In general, handoff degrades
the performance of cellular systems.

4) Effect of Control Interval: Both signaling overhead and
accuracy of PFG CAC are affected by the control interval.
Although increasing the control interval reduces the signaling
overhead, the admission control accuracy will deteriorate.
Therefore, there must be a compromise between the incurred
overhead and the achieved accuracy. As was previously
shown, this compromise depends on the mobility of users.

FIGS. 14 and 15 show the effect of control interval on the
performance of PFG CAC. The simulated scenarios consider
the high mobility profile in Table 3, where the mobility factor
is set to a=9. It is observed that by, reducing the control
interval T, the accuracy of PFG CAC in terms of the achieved
packet loss probability increases. FIG. 14 shows the results
for the blocking probability, while FIG. 15 shows the results
for the packet loss probability, for different control intervals.
FIGS. 9-10 show that there is a small discrepancy between the
two scenarios when the control interval is the same and equal
to T=20s.

Using Equation 6, it is obtained that:

Ttob:high _ @pobmod (Equation 37)

Titobmod ¥ Mob:high

Therefore, Ty, .40, must be setto Y5 Ty, ., in Order to see
the same performance results. FIGS. 16 and 17 show the
simulation results for high mobility and moderate mobility
scenarios where T,/ ,0,=4s and Tysp.,,20s, FIG. 16
highlights the blocking probability results, while FIG. 17
highlights the packet loss probability.

5) Effect of nonexponential cell residence times: The first
part of the analysis, which gives the equations describing the
mean and variance of the traffic generation process, is based
on the assumption of the exponential cell residency time. As
mentioned earlier, exponential distributions provide the mean
value analysis, which indicates the performance trend of the
system. However, in practice, cell residence times are usually
non-exponentially distributed. In this section, we investigate
the sensitivity of PFG CAC to exponential cell residency
assumption.

Using real measurements, it has been shown in the research
literature that a lognormal distribution may be a better model
for cell residency time.

Comparing the results obtained under exponential distri-
bution with those obtained under more realistic lognormal
distribution it was found that the mean and variance of both
distributions are the same. FIG. 18 shows the call blocking
and FIG. 19 shows the packet loss probability of exponential
cell residency versus lognormal cell residency. It is observed
that the exponential cell residency achieves sufficiently accu-
rate control. The control algorithm is rather insensitive to this
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assumption due to its periodic control in which the length of
the control interval is much smaller than the mean residency
time.

The present invention can also potentially be extended in
order to be used in wireless multimedia networks that have
different service classes, each of which has its own packet and
call level QoS constraints. By embedding the loss rate into
equation 31, the PFG CAC is able to have a more precise
control on actual packet loss probability.

In summary, a new call admission control technique and
apparatus have been described that provide for improved QoS
provisioning for packet-switched networks. The PFG CAC is
able to not only improve the utilization of scarce wireless
bandwidth, due to the statistical multiplexing of variable-bit-
rate traffic sources, but also is able to reduce or eliminate the
undesirable call dropping events inherent to circuit-switched
cellular systems.

While the preferred embodiments of the invention have
been illustrated and described, it will be clear that the inven-
tion is not so limited. Numerous modifications, changes,
variations, substitutions and equivalents will occur to those
skilled in the art without departing from the spirit and scope of
the present invention as defined by the appended claims.

For example, the PFG CAC can be implemented in soft-
ware and can be located locally in individual-base stations,
can reside in base station controllers that handle multiple
sites, or in some cases, can be centrally located in for example
a network controller or other type of central infrastructure
device.

What is claimed is:
1. A method for providing call admission control in a
communication site, comprising:

accepting at a controller a new wireless call in instances
where an acceptance ratio exceeds one of an average
packet loss probability or a target loss probability for a
prescribed time interval, wherein the new call is
accepted in instances where a uniform random generator
function rand(0,1) is related to an acceptance ratio a, by
the expression rand(0,1)<a,, where a, is set to 1 if an
average packet loss probability over a control period (L,)
is less than a target_packet loss probability(P,) and
where a, is set to 0 if L, is greater than P;.

2. A method as defined in claim 1, further comprising:

rejecting the new call if a uniform random generator func-
tion rand(0,1)Zacceptance ratio a,.

3. A method as defined in claim 1, further comprising:

rejecting the new call even if a uniform random generator
function rand(0,1)<acceptance ratio a,, if the number of
active calls currently being handled by the communica-
tion site is greater than a predetermined number of calls.

4. A method as defined in claim 1, further comprising:

determining [, by solving the equation

. 1T
== Lid
i Tfo i(ndr,

where L,(t) is the packet loss probability at time t for the
communication site and T is the length of a control period.
5. A method as defined in claim 4, wherein the target loss
probability (P;) is a predetermined number that is known by
the communication site.
6. A method for providing call admission control in a
communication site, comprising:
accepting a new wireless call in instances where an accep-
tance ratio exceeds one of an average packet loss prob-
ability or a target loss probability for a prescribed time
interval, wherein the acceptance ratio (a,) is determined
by:
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collecting information at the communication site from
adjacent communication sites and information available
locally to the communication site to determine a time-
dependent mean and a time-dependent variance of the
number of calls handled by the communication site;

using the mean and variance of the number of calls to find
the mean and variance of packet arrivals at the commu-
nication site;

approximating a time-dependent packet arrival using a
Gaussian distribution;

using the Gaussian distribution to find a time-dependent
loss probability;

averaging the time-dependent packet loss probability over
a control interval to find an average packet loss probabil-
ity; and

using the packet loss probability to determine the accep-
tance ratio.

7. A method as defined in claim 6, further comprising:

determining if a hand-off call has been received; and

accepting the hand-off call if the number of active calls
being handled by the communication site is equal to or
less than the maximum number of calls the communica-
tion site can handle.

8. A method as defined in claim 6, further comprising:

receiving at the communication site from an adjacent com-
munication site the number of active calls being handled
by the adjacent communication site at the start of a
control period and the number of new calls which were
admitted by the adjacent communication site in an
immediately preceding control period.

9. A method as defined in claim 8, further comprising:

transmitting from the communication site to the adjacent
communication site the number of active calls being
handled by the communication site at the start of the
control period and the number of new calls which were
admitted by the communication site in the immediately
preceding control period.

10. A communications controller for a wireless network,

comprising:

a traffic discriminator operable to control whether a new
call session is to be established, said new call session
being admitted in instances where an acceptance ratio
exceeds one of an average packet loss probability or a
target loss probability for a prescribed time interval,
wherein the new call session is accepted in instances
where a uniform random generator function rand(0,1) is
related to an acceptance ratio a, by the expression rand
(0,1)<a, where a, is set to 1 if an average packet loss
probability over a control period (L,) is less than a target
packet loss probability(P; ), and where a, is set to 0 if L,
is greater than P;.

11. A communications controller as defined in claim 10,
wherein the communications controller is connected to a
wireless base station that is part of a packet-switched net-
work.

12. A communications controller as defined in claim 10,
wherein the acceptance ratio (a,) is determined by the con-
troller by collecting information from adjacent communica-
tion sites that are coupled to the traffic discriminator to deter-
mine a time-dependent mean and a time-dependent variance
of the number of calls handled by the controller.

13. A communications controller as defined in claim 12,
wherein the acceptance ratio (a,) is further determined by the
controller by using the mean and variance of the number of
calls to find the mean and variance of packet arrivals at a base
station.

14. A communications controller as defined in claim 13,
wherein the acceptance ratio (a,) is further determined by the
controller by approximating a time-dependent packet arrival
using a Gaussian distribution, using the Gaussian distribution
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to find a time-dependent loss probability, averaging the time-
dependent packet loss probability over a control interval to
find an average packet loss probability and using the average
packet loss probability to determine the acceptance ratio.

15. A communications controller as defined in claim 10,
wherein the controller rejects the new call request if a uniform
random generator function rand(0,1)Zacceptance ratio a,.

16. A communications controller as defined in claim 10,
wherein the controller rejects the new call even if a uniform
random generator function rand(0,1)<acceptance ratio a,, if
the number of active calls currently being handled by the base
station is greater than a predetermined number of calls.

17. A communications controller as defined in claim 10,
wherein the controller determines 1, by solving the equation

. 17
L= T»fo Li(ndr,

where L,(1) is the packet loss probability at time t for a base
station and T is the length of a control period.

18. A method for determining an acceptance ratio for a
communication site that is used in making a call admission
control decision, comprising:

collecting information at the communication site from

adjacent communication sites and information available
locally to the communication site to determine a time-
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dependent mean and a time-dependent variance of the
number of calls handled by the communication site;

using the mean and variance of the number of calls to find
the mean and variance of packet arrivals at the commu-
nication site;

approximating a time-dependent packet arrival;

using the approximated time-dependent packet arrival to

find a time-dependent loss probability;

averaging the time-dependent packet loss probability over

a control interval to find an average packet loss probabil-
ity; and

using the packet loss probability to determine the accep-

tance ratio.

19. A method as defined in claim 18, wherein the time-
dependent packet arrival is approximated using a Gaussian
distribution.

20. A method as defined in claim 18, wherein the method
for determining the acceptance ratio for the communication
site is performed entirely or partially at the communication
site.

21. A method as defined in claim 18, wherein the method
for determining the acceptance ratio for the communication
site is performed at a central controller that is coupled to the
communication site.



