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2.6 Trunking and Grade of Service

Cédlular radio systemsirely onitrunking to :accommodate:alarge number of
wsersin alimited radio spectrum. The concept of trunking alows alarge number
ofwusersitosshareithesrd atively smdl inumiber of channdlsiin acdl 1y jproviding
@aceessitoeach user, conddemand, :from:ajpodl «of :avail able«channel s. /I n:artrunked
racli o System, each user is @located achannd on:a;per «cdl Ibasis,:anduponter-
yimination of the call, the previoudy occupied channel is immediately returned to
ithe pool of available channéls.

Trurikingexploitsithesteti stical lbéhavior of users sotthat afixednumber of
«¢hanndls or circtits imay @ccommodate @allarge, rrandom wser community. 'The
itel eghonecompany wsesitrurking itheory tto«determiinettheinumber «of itel egghone



circuits that need to be allocated for office buildings with hundreds of telephones,
and this same principleis used in designing cellular radio systems. Thereisa
trade-off between the number of available telephone circuits and the likelihood
of a particular user finding that no circuits are available during the peak calling
time. Asthe number of phone lines decreases, it becomes more likely that al cir-
cuitswill be busy for a particular user. In atrunked mobile radio system, when a
particular user requests service and al of the radio channels are already in use,
the user is blocked, or denied access to the system. In some systems, a queue
may be used to hold the requesting users until a channel becomes available.
To design trunked radio systems that can handle a specific capacity at a
specific "grade of service", it is essential to understand trunking theory and
gueuing theory. The fundamentals of trunking theory were developed by Erlang,
a Danish mathematician who, in the late 19th century, embarked on the study of
how alarge population could be accommodated by alimited number of servers
fBou88]. Today, the measure of traffic intensity bears his name. One Erlang rep-
resents the amount of traffic intensity carried by a channel that is completely
occupied (i.e. 1 call-hour per hour or 1 call-minute per minute). For example, a
radio channel that is occupied for thirty minutes during an hour carries 0.5
Erlangs of traffic.

The grade of service (GOS) is ameasure of the ability of auser to accessa
trunked system during the busiest hour. The busy hour is based upon customer
demand at the busiest hour during aweek, month, or year. The busy hours for
cellular radio systemstypically occur during rush hours, between 4 p.m. and 6
p.m. on a Thursday or Friday evening. The grade of serviceis abenchmark used
to define the desired performance of a purticular trunked system by specifying a
desired likelihood of a user obtaining channel access given a specific number of
channels available in the system. It is the wireless designer's job to estimate the
maximum required capacity and to allocate the proper number of channelsin
order to meet the GOS. GOSistypicaly given asthelikelihood that acall is
blocked, or the likelihood of acall experiencing adelay greater than a certain
gueuing time.

A number of definitions listed in Table 2.3 are used in trunking theory to
make capacity estimates in trunked systems.

The traffic intensity offered by each user is equal to the call request rate
multiplied by the holding time. That is, each user generates atraffic intensity of
A, Erlangs given by

A, = uH (2.13)
where H is the average duration of a call and u is the average number of call

requests per unit time. For a system containing U users and an unspecified

number of channels, the total offered traffic intensity A, is given as

A = UA (2.14)
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Table 2.3 Definitions of Common Terms Used in Trunking Theory

Set-up Time: Thetimerequired to dlocate atrunked radio channd to arequesting user.

Blocked Call: Cdl which cannot becompleted a time of request, dueto congegtion. Also
refaredtoasalostcall. . .

Holding Time; Averageduration of atypicel cd!.quuajv%H (in seoonds).

Traffic Intensity: Measure of channd time utilizetion, which is the average channdl
oooupancy meesured in Erlangs: This is a dimengonless quantity and be
used to messure the time utilizetion of Sngle or multiple channels. Denated by A

Load: Treffic intensity across the entire trunked radio system, messured in Erlaj?s

Gradeof Service(GOS): A messureof congesionwhichisspadified astheprobahility of
a cdl being bodked (for Erlang B), or the probebility of a cal beng odayed
beyond a certain amount of time (for Erlang C).

Requestngiflte: The average number of cal requests per unit time. Denated by n sec-
onds. '

Furthermore, in a C channel trunked system, if the traffic is equally distributed
among the channels, then the traffic intensity per channel, A., is given as
A, =UA./C (2.15)

Note that the offered traffic is not necessarily the traffic which is carried by
the trunked system, only that which is offered to the trunked system. When the

offered traffic exceeds themaximum capacity of the system, the carried traffic
becomes limited due to the limited capacity (i.e. limited number of channels).
The maximum possible carried traffic is the total number of channels, C, in
Erlangs. The AMPS cdlular system is designed for a GOS of 2% blocking. This
implies that the channel alocations for cel sites are designed so that 2 out of
100 calls will be blocked due to channel occupancy during the busiest hour.

There are two types of trunked systems which are; commonly used. The firs
type offers no queing for call requests. That is, for every user who
vice, it is assumed thereis no setup time and the user is given immediate access
to a channel if one is available. If no channels are available, the requesting user
is blocked without access and is free to try again later. This type of trunking is
caled blocked calls cleared and assumes that calls arrive as determined by a
Poisson distribution. Furthermore, it is assumed that there are an infinite num-
ber of users as wel as the following: () there are memoryless arrivals of
reguests, implying that al users, including blocked users, may request a channel
at any time; (b) the probability of a user occupying a channel is exponentialy
distributed, so that longer calls are less likely to occur as described by an expo-
nential distribution; and (c) there are a finite number of channels available in
the trunking pool. This is known as an M/M/m queue, and leads to the derivation
of the Erlang B formula (also known as the blocked calls cleared formula). The
Erlang B formula determines the probability that acal is blocked and is a mea-
sure of the GOS for a trunked system which provides no queuing for blocked
calls. The Erlang B formulais derived in Appendix A and is given by

requests ser-
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Prblocking] = T_A" = GOS (2.16)
kz F
=0
where C is the number of trunked channels offered by a trunked radio system
and A is the total offered traffic. While it is possble to modd trunked systems
with finite users, the resulting expressions are much more complicated than the
Erlang B result, and the added complexity is not warranted for typica trunked
systems which have users that outnumber available channels by orders of mag-
nitude. Furthermore, the Erlang B formula provides a conservative estimate of
the GOS, as the finite user results aways predict a smaller likelihood of block-
ing. The capacity of a trunked radio system where blocked calls are lost is tabu-
lated for various values of GOS and numbers of channels in Table 2.4.

Table 2.4 Capacity of an Erlang B System

>

Number of Capacity (Erlangs) for GOS
Channels C = 0.01 =0.005 = (0.002 = 0.001
2 0.153 0.105 0.065 0.046
4 0.869 0.701 0.535 0.439
5 1.36 1.13 0.900 0.762
10 446 3.96 3.43 3.09
1] [RRT e ta R .
24 153 14.2 13.0 12.2 .
40 29.0 27.3 256.7 24.5
70 56.1 53.7 51.0 49.2
100 84.1 80.9 77.4 75.2

The sscond kind of trunked system is one in which a queue is provided to
hald cdls which are blocked. If a channd is not available immediately, the call
request may be delayed until a channel becomes available. This type of trunking
is caled Blocked Calls Delayed, and its measure of GOS is defined as the proba-
bility that acall is blocked after waiting a specific length of time in the queue. To
find the GOS, it is first necessary to find the likelihood that a cal is initialy
denied access to the system. The likdihood of a call not having immediate access
to achannd is determined by the Erlang C formula derived in Appendix A

AC
Pr[delay>0] = o

Ay A
A+ C!(l—-a)kak—!

2.17)
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If no channels are immediately available the cal is delayed, and the proba-
bility that the delayed call is forced to wait more than t seconds is given by the
probability that a call is delayed, multiplied by the conditional probability that
the delay is greater than t seconds. The GOS of a trunked system where blocked
calls are delayed is hence given by

Pr(delay>t) = Pr{delay>0]Pr{delay>t|delay > 0] (2.18)
= Pr{delay > 0] exp (-(C-A)t/H) :

The average delay D for all calls in a queued systemis given by

D = Pr{delay >0] cT_I{Z (2.19)

Wherethe average delay for those calls which are queued is given by H/(C-A).

The Erlang B and Erlang C formulas are plotted in graphical form in Fig-
ure 2.6 and Figure 2.7. These graphs are useful -for determining GOS in rapid
fashion, although computer simulations are often used to determine transient
behaviors experienced by particular users in a mobile system.

To use Figure 2.6 and Figure 2.7, locate the number of channels on the top
portion of the graph. Locate the traffic intensity of the system on the bottom por-
tion of the graph.  The blocking probability Pr|blocking| is shown on the
abscissa of Figure 2.6, and Pr|delay-0] is shown on the abscissa of Figure 2.7
With two of the parameters specified it is easy tofind the third parameter.

Example 2.4
How many users can be supported for 0.5% blocking probability for the follow-
ing number of trunked channels in a blocked calls cleared system? (a) 1, (b) 5,
(©) 10, (d) 20, (e) 100. Assume each user generates 0.1 Erlangs of traffic.

Solution to Example 2.4
From Table 2.4 we can find the total capacity in Erlangs for the 0.5% GOS for
different numbers of channels. By using the relation A = UA,, we can obtain
the total number of users that can be supported in the system.
(a)Given C = 1,4, = 0.1, GOS = 0.005 '
From Figure 2.6, we obtain A = 0.005.
Therefore, total number of users, U = A/A, = 0.005/0.1 = 0.05 users.
But, actually one user could be supported on one channel, So, U = 1.
(b)Given C = 5, A, = 0.1, GOS = 0.005
From Figure 2.6, we obtain A = 1.13.
Therefore, total number of users, U = A/A
(c)Given C = 10,4, = 0.1, GOS = 0.005
From Figure 2.6, we obtain A = 3.96 .
Therefore, total number of users, U = A/A,
(d) Given C = 20, A, = 0.1, GOS = 0.005
From Figure 2.6, we obtain A = 11.10.
Therefore, total number of users, U = A/A,
(e) Given C = 100, A, = 0.1, GOS = 0.005

113701 = 11 users.

3.96/0.1 =39 users.

11.170.1 = 110 users.
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Figure 2.6
The Erlang B chart showing the probability of blocking as functioz: >f the number of channels and traffic intensity in Erlangs.



