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Abstract—A new “quality of service” (QOS) measure called rms  the overall average blocking probability of the system at a
excessive 2'0;3]'('“8'1 di_nOted aEB(z)‘ﬁPVOF;IOSGd ElllsaCQmF)OSﬂfe prescribed level. The resulting system, however, may have
measure of the blocking rate and the cell-to-cell variation o o ; ; ;
blocking rates. EB(2) belongs to a class of measureE B(p),p > s;)hme Eells failing to S?tlslfy tgle (k?.OS regugﬁ.ment,AWhl:le
1, which is unbiased, makes reference to the QOS requirement, is 0 grs ave unnecessayy ow blocking probabilities. A well-
one-sided, and takes on the form of a penalty function. The effec- designed cellular mobile system should have an acceptable

tiveness of this rms excessive blocking measure is compared to theoverall average blocking probability as well as a very small
conventional mean plus a standard deviation type of measure and service deviation among cells.

evaluated on two efficient dynamic channel-assignment strategies, | this paper, we start by stating the requirements for a

namely, borrowing with directional channel-locking strategy and . :

compact-pattern (CP)-based dynamic channel assignment (DCA). satisfactory QOS measure. Th?n, we (_:Jeflne.a cllass of measures

EB(p),p > 1. Next, we specialize our investigation &fB(2),

» which can be interpreted as the “rms excessive blocking”
and test its effectiveness by using it to compare the relative
merits of two well-performing dynamic channel-assignment

|. INTRODUCTION strategies.
HE TERM “quality of service” (QOS) in the communica-
_tlons context refers to certain characteristics of network_ Il. QOS MEASURES

services as observed by transport users. These characteris-

tics describe aspects of services attributable to the networklhe overall average blocking probability is the most intu-

provider. The future B-ISDN will require a unified supporitive QOS measure for cellular mobile radio systems. This

of a broad spectrum of QOS demands by the diverse traffiteasure, however, cannot reflect the cell-to-cell variation of
types. The QOS design, therefore, has attracted much attentiteking probabilities. To design a measure that can reflect this

[1]-[5]. Research in this area is mainly concerned with howWariation, let us start from the requirements for a good measure

to define a set of QOS parameters and monitor and contR)|QOS. Let the requirement on the blocking probabifityof

the communication system under consideration to guarantB@ customers be&3 < B*. (B* is usually chosen as 0.01

the QOS. for telephone networks and 0.02 for cellular networks.) We

Like conventional telephone networks, the generally aglipulate that a good QOS measure must be unbiased, make
cepted QOS parameter in cellular radio systems is the cdfference toB*, and be one-sided. In addition, we let the
blocking probability. Owing to the need of switching to dneasure take on the form of a penalty function, i.e., the smaller
new frequency channel when a mobile unit crosses a cBlp better (the overall average blocking probability takes on
boundary, additional blocking due to this handoff operatioftch form).
will be introduced. The probability that a handoff call will 1) Unbiased: What we mean by an unbiased measure is
be dropped is known as the dropped-call probability. The that the measure should reflect the QOS as seen by a
cell-to-cell variation of blocking probabilities (also known as randomly picked customer in the system. As different
the service deviation) is another important attribute of QOS. cells have different traffic rates, the cells with higher
It has not received much attention in the literature. Service traffic rates should therefore be weighted heavier in the
deviation is caused by the nonuniform traffic distribution computation of service deviation.
among the cells and can usually be reduced by a nonuniforn2) Make reference t@*: The QOS requirement is that the
assignment of nominal channels that matches the nonuniform blocking probability of the customers be no larger than
traffic distribution. Further reduction can be obtained by the  B*. Therefore, an acceptable QOS measure must make
use of dynamic channel allocation. reference toB*.

Many channel-assignment strategies were proposed in th&) One-sided: Blocking probabilities of individual cells
literature [6]-[13]. These strategies aim at maximizing the  often deviate fromB*. The penalty should be only
overall traffic-carrying capacity of a system, while keeping on those that deviate abovB*. Note that those that
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i. Let A = A{ + A2+ ---+ An. The overall average blocking 2) It is generally difficult to compare the relative perfor-

probability of the systenB3 is defined as mance of two systems without specifying the perfor-
_ / mance requirement. With the use &fB(p), different
B=A"t ZBW. (1) relative performance is obtained with different choices
i=1 ) of B* (the example in the next section will elaborate on
Twenty years ago, Anderson [7] defined a measure Of  thjs) The (mean and Anderson) measure cannot reflect
service deviationd as the change of performance relative to the change of

performance objective.
A= () 3) The distribution of the blocking probabilities in a cellular
This is a measure of the cell-to-cell variation of blocking ~ System is more often asymmetrically distributed around
probability, but this measure is easily seen to violate the re-  the blocking requiremen*. Under such conditions, the
quirements stated above. In addition, it has to be used together Anderson’s measure cannot provide an accurate picture

with B. Note that this measure differs from the conventional of the service deviation. By requiring the deviation

standard deviation measure in thAtis a weighted average penalty be one-sidedzB(p) captures only those that
of B;'s. violate the blocking requirement.

We now define a spectrum of QOS measufd3(p), p > 1
and call them an excessive blocking of orgerThey make ) ) ) )
reference toB*, are one-sided, and weighted by the traffic In this Section, we use an example to illustrate the properties
rates. Letl be the set of cells with blocking probabilities®f £8(2) and compare it to a typical conventional measure

Il. AN EXAMPLE

exceedingB*. Then, EB(p) is defined as S, where S = B +2A. Consid.er a 30-cell cel_lular system.
1/p Assume the fixed channel assignment (FCA) is used and ten
Ai channels are assigned to each cell. Let the call-holding time
EB(p) = B, — B*Y— , =12,.... 3 . o i : .
() %;( ) A p @) be exponentially distributed with a mean of 3 min. Let

Each EB(p) is a composite measure that takes both the 7 = [20,40, 60,80, 140, 10, 20, 40, 80, 5,
overall average blocking probability and service deviation 80, 20, 140, 20, 10, 20, 10, 60, 40, 80,
among cells into consideration. Each is equal to zero when 120, 40, 20, 80, 100, 60, 40, 20, 60, 40]
all cells satisfy the QOS requirement as only fBgs that are P T T e e
larger thanB* contribute to the penalty function. In particular, Ty = [110, 110,130, 110, 110, 110, 110, 110, 110, 130,
EB(1) is easily identified as the overall average excessive 110, 110,110,130, 110,110,110,130, 110,130,
blocking or mean excessive blocking. It penalizes the mean 130, 110, 110, 130, 110, 110, 130, 110, 110, 130]
deviation fromB*. EB(2) is called the rms excessive block-
ing. It has the property of penalizing larger deviationsif
from B* as compared t&B(1). As we increasep, we are
penalizing more and more on such deviations. In the i

be two traffic-rate distributions in the 30 cells (in calls/h).
Using the ErlangB formula, the blocking probability at

each cell can be found. With thaf}; and B,, the overall

mé\/erage blocking probabilities of the system under traffic

p — oo, only the maximum deviation term is penalized. Weycip tions 77 and 75, are found to be 0.020 and 0.040,
believe the exact choice of would depend on applications espectively, from (1). From (2), we have, = 0.024
and can be decided by the system operators. On the ot Al 4, = 6014 The.n S, = B'l T 24, %1 0068'and

hand, the degree of customer dissatisfaction, in general, grog\és: B, + 24, ~ 0.068. SinceS; = Sy, one can conclude
more than linearly with the increase of blocking probabilityﬂ1at both distributions give comparable performance. This,
We choosep = 2 as a typical measure with a We”'deﬁ”eq'lowever, is not true as revealed BB(2).
intuitive meaning of being the rms excessive blocking and Fig. 1 showsEB(2) versus two traffic distributions with the
focus our example and case studies on the studyB{2).  games. We can see that faB* < 0.016, traffic distribution
We have stipulated earlier that a good QOS measure shogﬂld gives a smaller rms excessive blocking th@h. For
satisfy three criteria: be unbiased, make referenceBto p+ - 0.016, the reverse is true. Distributiof; reaches
and be one-sided. Thus, compari#gB(p) and the typical EB(2) = 0 at B* = 0.08, while for distribution T», it
conventional (mean and Anderson) measure, we can see theigt g+ — 0.06. This example shows thaEB(2) has the
differences in the following three aspects. property of discouraging overengineering. This is because the
1) Consider two cells in a network, where one has calperformance of the “overengineered cells” cannot be used to
arrival rate 2 and the other\. Let the blocking prob- compensate the performance of the “underengineered cells”
abilities of both cells be the same [say, with the use afith the use ofEB(2).
nonuniform allocation of nominal channels or dynamic
channel assignment (DCA)]. Both cells therefore give IV. CASE STUDIES
the same contribution to the computation of Anderson’s The increasing demand for mobile telephone services calls
measure, but it is clear that the cell with arrival rate 2for a new generation of technology to meet future demand.
should contribute twice as much in the averaging proce$s cope with this challenge, many new modulation and
when compared to the cell with arrival rate Having multiple-access techniques have been developed, but for a
the unbiased propertyy B(p) does exactly that. given spectrum and specific technology used, the traffic-
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was proposed. With the use of MP, a new call will be
blocked only if there is no possible reallocation of channels
to allow the call to be carried. The MP strategy requires
system-wide information, and the complexity of searching

all possible reallocations renders this strategy impractical for
implementation.

In this Section, we evaluate the effectivenesd$(2) on
two very efficient, but different DCA strategies. They are: 1)
borrowing with directional channel locking (BDCL) [8], [18]
strategy and 2) compact-pattern (CP)-based DCA [10] strategy.

BDCL is a channel-borrowing-based DCA strategy [11]. In
channel-borrowing-based strategies, channels are allocated to
each cell on a nominal basis. When a call request arrives and

finds all nominal channels busy, a channel is borrowed from a
0 1 1 1 L L . L . . . . . .

0 001 002 003 004 005 006 007 o008 oog Neighboring cell, provided that the borrowing will not violate
* the cochannel-interference constraints. By incorporating chan-
nel reassignment (or intracell handoff), the channel-borrowing-
based DCA strategies can give a superior performance over
the FCA, even at overload conditions by keeping the channel-
reuse distance between cochannel cells at a minimum. BDCL
is shown to give the lowest blocking probabilities among such
strategies. Recently, a new DCA based on Hopfield neural
networks was proposed [13]. From the numerical examples in
[13], we again can see that BDCL consistently outperforms
the other DCA’s under the nonuniform traffic distributions.
To further enhance the performance of the BDCL strategy,
nonuniform nominal channel allocations [9] can be used
for allocating nominal channels to cells for systems with
nonuniform traffic distributions. In this study, the hybrid
allocation with composite backtracking [9] is chosen.

The CP-based DCA strategy [10] takes a totally different
approach to dynamic channel allocation. There is no definite
relationship between channels and cells. Thus, no nominal
] ] channel is defined. All channels are kept in a central pool
carrying capacity of a cellular system depends on how theq are assigned to a cell on a call-by-call basis. Channels in
frequency channels are managed. Conventionally, FCA dgecific CP’s are used whenever possible. A CP of a cellular
used, where each cell is assigned with a fixed set of nomiRgwork is defined as the channel-allocation pattern with the
channels. If a new call finds that no free nominal channel j§inimum average distance between cochannel cells. CP-based
aVaiIable, the Ca.” iS blocked. In contrast to FCA, there iS r]gCA Consists of two phases: Channe' a”ocation and Channe|
definite relationship between the cells of the system and thgcking. Channel allocation is used to assign an optimal idle
channels that are used in them in DCA [14]-{16]. Any celhannel to a new call. Channel packing is responsible for the
can use any channel as long as the interference constraintsrg@égoration of the CP’s and is performed only when a CP
satisfied. Channels are assigned for use in cells only for thgannel is released.
duration of the call. After the call is over, the channels are The QOS of the above two DCA strategies, together with
returned to a central pool. the fixed channel-assignment (FCA) strategy, are studied on a

Simulation studies [13], [17] of some DCA algorithms49-cell hypothetical cellular system with a seven-cell channel-
showed that they can all improve network performance gause pattern (as shown in Fig. 2). Let there be a total of 70
low to normal traffic loads, but the heavy load networkhannels in the system. Let the arrival of calls follow a Poisson
performance is no better than that of the FCA. This undesiraleocess and the call-holding time be exponentially distributed
behavior occurs because cells that are assigned with the safite a mean of 3 min. LetB* = 0.02.
channels are, on the average, spaced apart larger than theirst, we consider a uniform traffic distribution with a base
minimum cochannel reuse distance. As a result, under hedggd of 100 calls/h/cell. Each cell has ten nominal channels.
load conditions, the throughput of DCA's becomes lower thafigs. 3 and 4 show the overall average blocking probahdity
that of FCA. To improve this situation, channel reassignmeahd A versus the percentage increase of the base traffic load.
can be used to pack the cochannel cells. Channel reassignnatcan see from Fig. 4 that the CP-based strategy has the
means switching calls in progress to other channels wherehghest value of4, and FCA has4 = 0. The BDCL strategy
possible to reduce the distance between cochannel cellshés slightly larged3, but a lowerA value when compared to
[14], an idealized DCA called “maximum packing” (MP)the CP-based strategy. These two figures give no indication as

0.03 -

Traffic distribution T 2

0.02 Traffic distribution T ,

0.01 |

Fig. 2. Cellular system with nonuniform traffic distribution.
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Fig. 4. Service deviationst under uniform traffic distribution.
where By,,x = max{B;}. Fig. 8 shows that the CP-based

to which strategy is better. Let us now take a lookEd®(2) strategy gives a higheEB(oo) than that of BDCL. This is
(shown in Fig. 5). It shows that CP-based DCA and BDChecause in BDCL strategy, each cell owns a set of nominal
give similar QOS, while that of FCA is significantly inferior.channels, and these channels are always returned after each
It further shows that no cell will violate the QOS requiremeriending. This limits the channel-starving situations. As a result,
at 40% overload for the two DCA'’s, while for FCA, any trafficthe blocking probabilities of the cells have a narrower spread.
that is higher than the base load causes some cells to h@®Rbased strategy, however, does not have nominal channels
blocking probability larger tha®3*. At EB(2) = 0.01, a 53% assigned to individual cells. So, the probability distribution has
overload can be tolerated. a wider spread, causingB(cc) to be larger.

Next, let us consider a nonuniform traffic distribution with
the base traffic load in calls per h shown inside each cell in
Fig. 2. Figs. 6 and 7 sho® and EB(2) versus the percentage _ '
increase of traffic load. Note that the hybrid allocation with A new QOS measure called rms excessive blocking, denoted
composite backtracking [9] has been used for allocating nord £B(2), was proposed as a composite measure of the
nal channels to cells. As expected, FCA gives the higBeas blocking rate and the cell-to-cell variation of blocking_rates.
well as EB(2) value. It is interesting to note the resemblanc&B(2) belongs to a class of measurg3(p), p > 1, which
of the curves in these two figures. It is also interesting #§ Unbiased, makes reference to the QOS requirement, is one-
see that the two very different approaches to DCA giv&ided, and takes on the for'm of a pgnalty function. The effec-
virtually identical QOS performance in terms &fB(2). At tiveness of this rms excessive blocking measure was compared

EB(2) = 0.01, 45% overload can be tolerated. From (3) t0 the conventional mean plus the standard-deyiation-type
of measure and was evaluated on two dynamic channel-

) . ) assignment strategies: BDCL strategy and CP-based DCA.
EB(x) = {0’ . if B; <_B for all ¢ The rms excessive blocking measure can be exploited
Biax — B, otherwise for improving the performance of the DCA strategies. For

V. CONCLUSION
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