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ABSTRACT

-

“An essential component of any trunked, mobile tadio sSys-
" tem is the signalling protocol used for the purpose of call
set-up. Presented herein are computer simulation results of
one such protocol designed for use with dedicated signalling
channels and . incorporated 'within -the Advanced Mobile Phone
Service. The "latter is a high capacity, ¢ellular-structured
mobile radio system currently '‘being implemented by AT&T in
Chicago, Illinois. P

In particular this thesis examines (i) _the signalling

channel blocking probability, (ii) the effect of varyin

system parameters upon this blocking probability and (iii

the mean delays encountered in obtaining a signalling chan-
nel, Also of concern is the influence of the signalling
protocol upon the subsequent voice channel - blocking prob-
ability. To this end, a voice channel assignment algorithim
igs included 1in the two simulation models which are devel-
oped. The first model employs a fixed voice channel ‘assign-

ment scheme and an Erlang B service discipline. 1In the sec--

ond model, the signalling protocol is modified slightly, a
hybrid voice channel assignment scheme is used, and a
Blocked Calls Held queuing discipline is introduced.

Principally, it, is determined that if 2 or more automatic
reattempts to gain access to the system are permitted, then
only one signalling channel per cell is reqguired in order to
maintain the signalling channel blocking probability below
2% for all traffic loads likely to be encountered in prac-
tice. :

-
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TABLE OF_ ABBREVIATIONS AND SYMBOLS

The following is a list .of abbreviations.which.appear re-
peatedly throughout the thesis.. A great many other abbrevi-.
ations are peculiar to the simulation models and are not in-

cluded here. They'may_ES found in Sections 6.3 and 7.3.

A,B . . . .. « » « . (i) signifies two of the three,time-
| multiplexed data streams trans-
mitfeé over the paging cﬁénﬁel
- . (ii) Refers to the two types of i
7 | ‘ .paging channels
ACS ; e « « » « « + . % . Area Call Sign
AMPS . . . . . . . . . . Advanced Mobile Phone Service

C ..+ 4+ « + . .A. . . . Number of dﬁplex,radio.channels

‘allotted to the entire system’

Clace) .'. . . . . . . . First paging channel,tc scan

when attempting to access the

system |

c(o),c(h) . . .+ . .. . First channel in a block of
paging channels '

CMAX . . . . . . . . . . Total number of'signalling chan-

nels in the mobile radio system



. CPA . .

pee . .
. FCAS

FIFO~_. .

M

HCAS

‘RO . .,

vertex)

Cbmbined Paging/Access bit; used
by the mobile unit for determining
the first paging channel to

s5can

'Geoéraphical sepération between

co-channel cell sites

Digi£a1 Colour Code

Fixed (Voice) Channel ASsignment

Scheme . _ |

First-In First-Out"

Frequenc§ Modulation ~

Hybrid (Voice) Channel Assignment
Scheme

Shift parameters whigh uniquely

determine. the value of N

Intermediate Freguency

Mobile fﬁentié{éapion;ﬁumber
Mobile Service Area

Mobile Telephoné Switcﬁing Office
Path lpsé exponent '

Number of .channel sets in entiré
mobile radio system

Cell radius (from centre to-any
Random Qrder ..

Number of duplex radio channels

per channel set (=C/N)
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., .Chapter 'I SN

INTRODUCTION B

It is Nthe intent of this chapter to first explain the
Qurpose and requirement$ of " a signalling prot;col_ énd from -
there, proéeed toe a étatément of "the prﬁncipal obfzctives;
"for this investigation. The last section,i§ devoted to an

outline of the remaining chaptets. .

1.1  BACKGROUND = | | .-

If.a mobile customer is operaéing in some defined,service
area and he wishes to élace a. call, he must first ' of qli'
'make his_presence knowﬁ.to the contgolling system. That is,
he must supply.certain basic information such as hi% own
1iéentity and the dialed digits Bf'the destingtion which‘he
is attempting.to reach. One function of a signalling proto-
col is .simply to pérmit the exchange of this preliminéry
éaté_which is neceséarj for the purpose of call set-up.

Now a problem arises’becalse mobile subscribéfs'will‘nat—
urally ;ttempt to place calls at random points in ‘time. If
. two or more reguests for service ére transmi:ted.sufficient—
ly close in time over the same radio chanﬁel, tﬁey will_ov-
erlap and be indistinguishable to the ﬁentral controller of .

the system. Under such conditions a collision is said to
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have 6ccurred. Thus an additional fuﬁction of a sighalling
-protocol is to minimize the frequgncy'of oqchrrgnce of these
collisions. |

Basically, there are two types of signalling schemes:
(i) the dediéated -éiéngliihg channel method and ~(ii) the
ﬁon-dediéabed or idle tone method. 1In the latter scheme, én
idlettone is transmitted over any vacant radio channel so as
to iﬁdicate the évailability of the channel -- first for
signali}ng:and subsequently  for voice communicé?&on. For
the purpose of explanation consider- that all the channels
avaiiable for communfcation. form a solid block in the fre-
quéncy spectrum as showﬁ in Figure 1.1(a). Upon reéognition
of a‘mobile subscriber's request for service, the mobile's
iogic.unit will begin scanning the channels sequentially,
_comﬁenciﬁg with channel #l. The scan will continue and be
repeated\;s many times as '‘necessary Hntil a free channel is
found as indicatéd by the presence of an idle tone. At this
point the mobile will submit it's call reqguest. The central
controller, upon reception of the call request, will remove
‘the idle tone and conversation can begin. -Once the conver-
sation is finishedrthe idle tone.is reinstated. |

Alternatively, dedicated signalling channels may be used
as illustrated in Figure 1.1(b). As the name implies, chan-
nels are relegated to either the signailing function or

voice communication. All the information necessary for con-

trol of the system is sent over a limited number of channels
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which arerneéer‘used for epeech=traosmiseion. ‘When e!serf.
vice request is received over a. 51955111ng channel, the cen-

tral controller w1lf relay a- soicefchannel a551gnmentabao5

to the mobzle, agaln over a’ 51gna111ng°channel The mobile .

+*

then tunes to the voice channel and conversation“dan begin.
Term1nat16n of the call 15 noted by the controller allohingv

the voice channel to be used for any new serv1ce requests.

. L
i, S

¥

u".

il

ch. #1|ch. #2 [ch. #3 ]+ « - -|ch.#n-1jch. #n |-

T : ~ £
e : voice : —> (MHz)
(a) Non-dedicated Signalling Scheme
? . i
‘/ch. #11ch., #2 | ch. #3 |+ « « «|ch.#n-1|ch. #n
T . ' > f
[ voice ——>{e— signalling ———-L (MHz)

(b) Dedicated Signalling Scheme

Figure 1.1 Signalling Techniques
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Bpth of thgﬁe‘signalling methéds have drawbacks. First-
iy, fof‘the idlé.tone mgthod, ‘mﬁch time.ﬁay be wasted while
séanning “and this delay may becoqe guite lengthy during
~periods of congestion. ‘

Secondiy; when an idlé'tone'is‘USed, the service received
by thel customer‘uill bg in randém order for consider the
case where all channels are oécupied -at a particular in-
‘stant, fhere may be many mobile units scénning about seek-
iné gh idle tone but, when a éhannei deces become free, only
the first mobile to lock onto that channel and signal will
obtaﬁn the chanhel although other mobiles may have been
.waiting for a much longer peridd of time. Thus, service
will be in random order (RO}. ' In the dedicated scheme, ' on
the other hand, eveﬁ if all 'the voice channels are busy,
call requeéts can still be t ansmitted ahd_queued centrally
in‘a'First;In Firsﬁ:OuthélFoj)fashion. | \\J//
‘ In comparing RO and FIFO service disciplines it is found
;hat the average delay experienced by customers before op—
taining a channel is the same [31]. This may be explained
roughly by séying that the average delay depends only on the
average;rate of arrival of customers and the average rate-at
which they are served. However, both the variance of the
delay and -the probability of long delays are greater in the
case of random service. Also, service in order of arrival
has the added benefit that it 1is more equitable to the user

insofar as his delay is entirely independent of all who ar-

rive after him.



. Thirdly, the 1dle/tone method 1mposes restrlctlons on the
volume of signalling data.which may be transferred since it
is imperative to minimizé the amount of time " the channel;
are engaged 1in signalliﬁg. " In a dedicated scheme -- al-
though it 1is impoftant to keep the éignélling messages as
shSrt as pdssible -- the problem is not as severe,

Finally, there is the question of reliability. A mobiié
must operéteLin an extremely hosﬁile and comQ%ex interﬁer-
ence environment, Signals undergo sudden and violént flu&-
tuations in amplitude and phase as a result of multipath in-
terference. ' Thus an idle tone.could be temporérily lost or
swamped by an interfering signal. | N

Despite its many disadvantages, the idle tone method is
simple aﬁd inexpensive_;pfimplement and remains suitable for
geographicallylémall systems, using few channels, and served
by a single, centrally located transmitter. A cellular mo-
bile radio system, .on thé other hand, with hundreds of chan-
nels and a need for more sophisticated control, wvirtually
demands the use of dedicated signglling channels. High re-
dundancy and ~error detection and correction technigues can
be used to combat the broblem of ﬁuitipath fading and to im—

prove reliability. Many new and diverse functions can be

implementéd, including:

1, Automatic call handofr (changing channels as the mo-

bile moves from one cell to an adjacent cell}.
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2.  Automatic, mobile transmitter,.pqwér-l%yel adjustment
{(upon command from the central controfier).

3. Informing the mobile of the valuge of local sygtemrpé-
rameters; fpr example, thé total nﬁmber of signalling
channels_in_the system..  This featﬁre enables a mo-
bile ‘opérqting outside 1its assigned Mobile Servie

Area (MSA) to receive service.

This list is only a small sampling of .the many commands and
the sort of information which can be relayed to the mobile
ffom‘the central controlle;.n~ |

Perhaps the sole disadvantage of dedicated confrol chan-

nels is that they subtract from the total reserve of chan-

o
-

nels available in the service area, leavihg fewer channels
for voice communi;ation. "Hence a guestion of‘paramount im-
porfanée is the 'folloﬁing: What is the minimﬁm-number of
sigpalliné channels required in order that no hore than a
small fraction (sgy 2%) of the <calls offered to the system
are blocked dﬁe to the Pnavailability of these channels?
. Any more than this minimum number would be wasteful in terms
of 2speCtrum utilization since generally the traffic 1load
carried by the signalling channels 1is signifigantly less

than is the case for the voice channels,

&Y



1.2 . OBJECTIVES

The gquestion formulaﬁed in. the above paragraph constitut-
ed the major impetus 1nﬂ¢undertak1ng the research documented
in this theals. Of secondary concern was.the‘lmpact of the
signalling'protbcdl upon)the aubseQUent voice channe11block-
ing probability. To this end, voice channel assignment log-
ic was included in the simulatidn models., Parenthetieally,
this represents a rather 'npéé& approacn ’since to date no
known attempts have been made to simulate a complete system
including both a signalling.protocol and a voice channel as-
signment algorithm. . Instead the investigations which have
been carried out inm this field (3,8-11,18,30] have concen-
trated primafily on the problem of voice channel assignment
- either assnming ,zero‘blocking over the signalling chan-
nels or choosing to ignore the aignalling channel require-

ment altogether.

1.3 SCOPE OF THESIS

The Advanced Mobile Phone Service (AMPS) proposed by AT&T
forms the framewonk for the development of the simulation
models {42,44].. Any extensions or modifications to the AMPS
protocoi are clearly sgated. The AMPS control plan calls
for the use of dedicated signalfing channels and consequent-
ly this is the only type of signalling teehnique considered

here,
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Chépter 2. préﬁides a description  of the éontféi'éieﬁents
of a cellular-structured mobile radlo system. “Basic con-
cepts and properties of such systems are 1ntroduced

Use of the signalling channels is explained in‘some depth
in Chapter 3. The last section of this chapter is concerned
Qiﬁh the assignment of signalling chadnnels in the frequené}'
speéctrum and the changes made to thiszassignment as a cellu—t
lar mobile radio system matures and.expands.'

Chapter 4 describes how S mobile unit goes about finding
a suitable signalling channel to use in the first.place.
The methods devised to minimize collisions and .combat system
disruption and overload are examined. Also included are
scenarios for mobile—originated and mobile-completed call
attempts. . . .

The simulated system is presented in Chapter 5 along Qith
the ‘simplifying assumptions which were made during the
- course of model ‘development.

The first of twoisimulation models‘is'presenﬁed in Chap-
ter 6. This model includes a Fixed Voice Channel Assignment
Scheme and an Erlang B service discipline fdr,the voice
channels. (Blocked calls are cleared from the' system and no
further attempt is made to serve them).

The second model is detailed in Chapter 7. The signal-
ling protocol is modified slightly, a Hfbrid Voice Channel
Assignment Scheme is used and a Blocked Calls Qeld service

4

discipline for the voice channels is introduced. In this
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case callers who have signalled their desire to make a call

~are prepared to wait a short period of time for a voice

channel designation. But if this time period expires, ' and

the caller has not‘yet.obtained a .voice channel, then as be-

'fqre; his call attempt is blocked and no further attempts

are made to serve him, .

Simulation results and analysis of the separate modeis‘
are included at the end of their respective chapters. In
éddition, Chapter 7 contains a selective comparison of thé
two sets of results. Chapter 8 is reserved for conclusions.

Finally, for those unfamiliar with’queuing theory, a com-
pendium of basic concepts can be found in Appendix A, In-

cluded is a brief, self-contained developmént of the various

traffic formulas:
v

1. Erlang B (Blocked Calls Cleared)
2. Erlang C (Blocked Calls Delayed)
3. Blocked Calls Held,

and an introductfoh to telephone trunking.

Appendix B gives a listing of the simulation programs and

an explanation of how they work.

A



Chapter I1I

COMPONENTS OF A CELLULAR MOBILE RADIOiSYSTEM

The'descripﬁigﬁ-giveh in this chapter and the terminology
which is introéﬁceag‘ére.represéntative ofl any cellular-
structured mobilé”éfstghﬂ Specific values of;variOUSvﬁaram—
eters however, aré takeanrom one partibular sysfem, namely
the Advanced M;bile.Phone‘Service [42,44]. The follo;ing
discussion can perfiaps be summarized by two key phrases:

frequency reuse and cell splitting.

2.1 CONTROL ELEMENTS

The cellular concept entai}é dividing a large sgrvice
area into smaller units called Egllﬁl in order to handle lo-
calized radio traffic needs [16,20,42]. An orderly, method~
ical approach to the design and layout of such a aﬁgtem is
greatly aided if all cells are visualized as being identical
in- shape. Invariably the shape which 1is chosen is a hexa-
gon. Tﬁis selection is motivated by the practical consider-
ation that a hexagon closely approximates the circular cov-
erage zone one would.expectbwith omnidirectional antennas.
Also, from the point of view of theory, a regular array of
hexggonal cells does not- produce any .gaps or overlapping
areas. as would be the case with circular cells. A tyﬁical'

hexagonal pattern is illustrated in Figure 2.1,

_.10_
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Each cell is equipped with its own land-based transmit-

ter- receiver station (termed a cell site in AMPS) and is

assigned a distinc} set of channels for communication solely

with .mobiles within the confines-of its own borders. Also,

.

there is a central controller called the Mobile Telephone

Switching Office (MTSO) which is linked to .each cell site by

landline facilities. : The responsibilities of the MTSO in-

-clude:

Adminiskering radio channel assignments.

Analyzing mobile location and signal strength data
collected‘from the cell sites td determine, for exam-
ple, if the mobile unit should boost or lower its
transmitter power or if the mobile should switch to a
héw channel.

Assessment of charges. . .
Cell site fault recognition, reconfiguration of. ac-
tive and sténdby units to achieve a 'wholly functional
system, and diagnostic tests "designed to 1isolate
prgbable failed units;

Serving as an interface between the mobile system and

the conventional landline network. Since each mobile

is givén an ordinary ten-digit telephone number (com-

posed of a 3-digit area code plus a 7-digit directory

number), standard trunking and routing techniques can

be employed. -



. .
- . ‘ ’
.

13

As&tﬁe above éiécuésion indicates, there are three major
control elements in-a cellular mobile_radio'system, namely
ﬁhe MTSO, the éell‘site, and the mobile unit. The inﬁerconﬁ

nection of these elements is shown in Figure 2.2,

-

-
r MOBILE
TELEPHONE
10
WIRE-LINE MOBILE ™
NETWORK | vg) ECOMMUNICATIONS CELL
-—rr SWITCHING =~ [————————————— SITE “ 6

OFFICE 2

— VOICE
——— DATA

LANO-LINE AADIO
COMMUNICATION = = = =ejt= <o = COMMUNICATION

Figure 2.2 Control Elements in A Cellular Mobile
Radio System [42] .

2.2 FREQUENCY REUSE

High.capacity is achieved through freguency reuse, 1i.e.
cells sufficigntly far apart so that co-channel interfergnce
does not ‘pose a problem may use the same channel set. in
this regard, 5 commonly employed figure of merit is the co-
channel reuse ratio, D/R. Here "D" represents the physical
distance between.co-channel cell sites and "R", the cell ra-

. . .k .
dius (measured from the center to any vertex) as shown in
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Figure 2.1. Once an acceptable‘signal-ﬁo-co—channél inter-
5 x . : : .

-

rferencé ratio has been determined (generally through a sub--
jective testing program), the approximate value of D/R is
automafically specified. This statement 1is explained with

the aid of Figure 2.3,

—
=
|

Figure 2.3 Frequency Reuse by Two Cell Sites
Separated by a Distance "D".

In this diagram two isclated cell sites, labelled Ay and
Ap, are shown. They are separated by a distance D and are
using the same channel set, A. Assume that the cell sites
are equipped with omnidirectional transmitting and receiving
antennas so that the coverage areas are roughly circular. A
mobile is loéated at point P on the perimeter of the cover-
age area associated with cell site Ay. ' Furthermore, P has
been purposely selected so as to lie between A1 and Azoand

on, or near, the line connecting A, and . This is obvi-
; 1
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ously a worst-case situation since .the qobile‘is not‘only
¢ ' : Uy : ,
greatest -distance possible: from the serving

located at the
cell site A but is aisd.llo¢ated at the perigeal point with
respect to tﬁé_interfering (éévcbanﬁel) cell site 52. The -
mean.signhl power S received at point!P from’ A] is pfopor-
tiona;_to‘R‘n-where R is theldistance from'Af:to P and n is
the:pathiloss exponent [7,20]., Likewise, the mean. interfer-
ence power I received at P from Ajp is ﬁroportiopal to

(D-R}-N, Thus:

5. " _fo_ 4" -
BT R | ‘ (2.1(a))

This formula is " only applicable in the case where Ay has a
single- co-channel neighbour. In the general case where
there are M co-channel cell sites located a distance D from
A1 and all received signals are indepéndent‘at point P,*

then:

S _ 1o ' n
f""' - (2.1(b))

£

* The assumptjion of independence is necessary sa that the
mean powers of the interfering signals received at A are
additive. :
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Figure 2.1 clearly shows that in an arrangement of hexag-

onal celis, Ay will possess 6 co-channel ngighbburs Ao

‘A3.;.A7; Thus 2.1(b) becomes:

. R n | |
-§-=1A[-D- -1]\ ‘ ' C(2.1(c))
I  6]R ‘

Solving for D/R:

ol New
'—}l| 71

1/n '
] s 1 (2.1(d))

dk

In AMPS, the RF signal—to—interference level which gives

*

a sound quality comparable to ordinary nonradio telephone
service is 18 4B = 1040910(5/5). A typical value of n de-
rived from acﬁual measurements in an urban environment is 4
_[7720,42,45]. Using these figures, D/R is calculated to be
5.4, B

Although the §/I reduirement is the principal determinant
of a suitable co-channel réuse ratio there are, of course,
other factors. In addition to good transmission quality,
cost.and ultimate systéﬁ capacity play important roles. In
many instances these three factors form an opposing set of
goals. The performance trade-offs, and the manner in which

they influence the choice of D/R, are summarized below.



1. M imiz{ng D/R:

¥
small D ==> a smaller number of channel sets reQuired
{refer to Equation (2.2) in Section 2.3).

‘Since the total number of channels allocat-

ed to the system is fixed, the smaller num-

—-...

&
and per cell site. Each site can carry a

ber of sets implies more channels 9;; set

higher traffic load.

I3
1}
\%

large R fewer cells are needed to span a given geo-

graphical area.  The total'-number of cell
sites is reduced and so is the cost :associ- -

.

" ated with these installations.

L]

Hence, ensuring that D/R is as small as pdssible @elps to

meet the objectives of low cost and large capacity.

I

F .
2. Maximizingeb/R:
large D ==> a larger separation between cochannel sites

and consequently, lower co-channel inter-

ference levels.

small R ==> the mobile will be much closer to the serv-

ing cell site resulting in improved recep-

£

tion.

17 .
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‘ﬁghce, making D/R as largé_as possible benefits transmis-
sion quality. | o
Thé.éystem'designers.§f AMPS have érrived-at'a compromise
amongst these pbjectives which cal for a cé-channel reuse
ratio of B‘durfng the earl?ﬁstages‘of system growth when om-
nidirectional antenhas are used, In successive stages of
deveiopmentq éach-cell site will have 3 faces; weach face
éerving a segtof delineated by the main lobe of a 120° di-
rectional antenna as shown in Figure 2.4. This permits the
" co-channel reuse constraint to be relaxed to 4.6.  The rea-
.son being that a 120° directional thansmitiing antenna can
-provide the samé power level in the region that it serves as
an omnidirec¥ional antenna while at the same time introduc-
ing conéiderably f%;s interference in co-channel cells which
~.1ie outside the 120° wedge of.the main.lobe, Similarly, a
120° directional n%ceiuing antenna will greatly attenuate
interference from-mobiles in co-channel cells which lie out-

side the 120° $édge.
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®: cell site position
\
. : \
.
main axis offront"j;>

lobe , _ /\\h\ .

=600 nominal edge of
front lobe

Figure 2.4 Orientation of Directional Antennas
at Directional Cell Sites in AMPS

[42]
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2,3 . CHANNEL SET DEPLOYMENT = . .

" Figure 2.1 illustrates.a situation -in which the number of
disjoint channel sets, N, 1is equal to 12. These channel
sets . have been labelled A through L.  The qguestion now

arises: Given "D/R" can-"N" be cbmputed? The answer is yes

and the relationship is in fact quite simple. For an hexag4

‘onal cellular layout [42]:

N = 1[2]2 | : (2.2)
SR

- Because of the nature'df the geometry involved only cer=-

tain values of N are realizable as given by:

2

=
|

.2 L. .
=1 + 1] + ] (2.3)

1,2,3... |
123

[ N
nmnu

The cochannel reuse ratios of 6 and 4.6 cited .in Section
2.2 correspond, by Eguation (2.2), to 12 channel sets for
omnidirectional sites and 7 channel sets for directional
sites respectively. (Actually, in the latter casé, each
channel set 1is further subdivided into 3 subsets to serve
the 3 separate faces/yf the directional site. It is ther-

fore more accurate t© speak of 21 channel subsets),
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' Figure 2.1 also demonstrates a method of determining the
poéitions of the nearest co;Ehénnel neighbouré of a cell.
This method 1is based on the values chosen for i and  j in
(2.3). Starting with any cell as a reference -- hete we
have selected Al -- procéed outward i cells along any one of
the six "chains" of hexagons emanating from A;; turn coun-
terclockWise'60°; now movezj cells along the chain which
lies on the new bearing. The }'th éell and the reference
cell will be co-channel neighbours. Co-channel cells could
also have been located by first moving j cellé, turning, and
then moving i cells or by turning clockwise 60° rather than
céunterclockwise.. In this example 1i=j=2 and from (2.3},
N=12. . N
If the total allocation of C duﬁlex channels 1is now di-
vided into N disjoint sets, each set will contain § = k/N.
duplex channels.. The majority of these S channels are ﬂSed-
for voice communication. A few channels in every set how-
ever, are set aside to perform the §ignalling function; they
are used expressly for exchanging the'informatidn needed to
establish and maintain a complete voice communication path.
In AMPS, duplex operation is achieved by dividing the RF
band into two segments as shown in Figure 2.5. ‘The 870 to
890 MHz range constitutes the "mobile receive"/"cell site
transmit" range of frequencies while the 825 to’ggé MHz band
is used for the reciprocal operations of mobile transmission

and cell site reception.
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The individual channel.bandwidth is 30 KHz.’nThus.GBS dﬁ-
plex c@gnnelslcan be created out of the 40 MHz spectrum al-‘
location. This, in turn, leads to approximately 55 channels
per set for omnidirectional sites and 33 channels per subset
' for directional sites.

These calculations preélude any need for a spectral guara:
band which would normally be requiéed to permit IF filters
to reject adjacent channel interference adequately. Such a
guérd band would greatly_reduce the number of available
channels. ‘Fortunately; in a cellular system, only a small
fraction of the total allotment of channels is assigned to
any given ¢ell. Hence, with a suitable system design, it is
possible to avoid the use of adjacent channels- in the same
cell, In fact a secondary source of interference can often
be;eliminafed simply by prohipiting the assignment of adja-
cent channeis to physically adjaceng.cells. Since there are
no exigent demands 'imposed upon thé receiver IF filter, no
guard band is needed.

Every cell site is equipped with one transceiver for each
voice or setup channel assigned to it. In addition, signal-
level monitoring equipmént attached to the transceivers is
used to determine when a handoff is in order. A handoff is
simply the transferral of a call-in-progress from ohe chan-
nel to another channel. This action is occasionally neces-

sary during the course of a conversation since a mobile may

* FM with a peak”frequency deviation of 12 KHz is employed.
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move outside the sphere of inflﬁeﬁce of one cell and into
another., Because disjoint chénﬁél sefs are used in adjacént
cells, the conversation can not continue'on'the séhe chan-
nel. A handbff to an appropiate channel in.the new cell"

must be performed.

~

N

2.4 CELL SPLITTING .

_As telephone traffic demands increase, celi.splitting is
implemented; cells are subdivided into‘progressively smaller
zones without augmenting the .radio spectrum [42,46]. In the
AMPS system, - extra’cell sites needed to mitigate excessive
traffic demands on existing sites will be installed midw;y
between adjacent old sites as shown in:Figure 2.6, This
simple expedient cuts the cell radius in half and.reducés
the cell area by a factor of 4. Thé system's traffic-carry-
ing capacity 1is then increased by pap'proximately the same
factor of 4 since each cell site only needs to handle the
traffic load in a greatly reduced ‘geographical area..

In order to meet the reguirement that thé RF §/1 ratio be
18 dB or higher over 90% of the service area [42], the AMPS
designers have imposed aﬁ upper limit of 8 miles wupon the
cell radius (for a fypical urban environment). A practical
lower limit is considered to be 1 mile, making three stages

of cell splitting feasible (from 8 to 4, from 4 to 2 and
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lastly from 2 to 1 miles). Therel are no’ technical con-
straints preVénting the use of smaller cells bﬁt, "as the
cell size‘is reduced, haﬁd-offs become more and more fre- .
gquent and the burden imposed upon the system's proceséing
capaéity méy becohe prohibitively larée. '

Besides an increase in the system's traffic-handling ca-
bacity, there is a second benefit which accrues from cell
splitting. .This is the intrinsic cépability to match cell
size to traffic demand. Lower-demand regions (such as the
‘suhiips of a c¢ity} can be‘éerved'By larger «cells while at
the same time, higher-deménd areas (such as the cit; core)
can be served by smaller cells.

When cells of different sizes‘coexist in the same region,
care must be& taken to preserve the correct minimum separa-
tion D betwéen cell sités which are assigned the same chan-
nel sets. As explained in Section 2.2, a certain co-channel
‘reuse ratio D/R must be maintained.throughout the system in
order to ensure an acceptable signal—tO*interfereﬁbe ratio,
but when multiple cgll sizes are used, the radius R will as-
sume different values in different parts of the service
area, In particular, near the transition region between
cells of two different sizes, the applicable value for R may
-not be apparent. | |

fhis dilemma is best illustfated with a concrete example.

In Figure 2.7, a system is shown in which D/R is 4.6 and the
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number of channel sets N is 7. Al; Ap,...Ag are co-channel
cell sites. ‘Wifhin the grouplof large'célls,_h1,'A2 and Aj
"are all .separated by 4.6 £arger-cell radii and witHin the
group of small cells, A4 and Ag are separated by 4.6 4small-
er-cell radii. Thus, for these cases, the D/R constraint is
satisﬁied. However, when considering sites on (bpposite
sidés of the transition region, such as A4 and A& or Ag and
Ay, some ambiguity exists as to the appropiate choice for R.
This uncertaiﬁty creates a very real problem. : Say two mo- :
biles, Né. 1 and No. 4, are both using the b@me vbice chanr
nel at the aame'tiﬁe. Mobile 1 is being served by éi£e Ay
and mobile 4 is being sefved by site Aq. Since mobile 4
lies withiﬁ a region of smaller cells, it will naturally
tend to be much closer to its serving cell site Ay than mo-
bile 1 will be ﬁo its serving cell site Aq. Corresponding-
ly, the signal received by mobile 4 from A, will probably be
much stronger than the signal received by mobile 1 from Aj.
For this reason, mobile 4 should not Experience any apparent
degradation in sound quality due to its <close proximity to
the interfering céll site Al. In fact, it is evident from
Figure 2.7 that the cochannel reuse ratio ,is indeed satis-
fied for Ay and Ay ;¢ the smaller-cell radius is applied.
Mobile 1, however, will probably experience a noticeable
degradation is sound quality since interfering cell site A,
is closer than the mipimum permitted distance of 4.6 larger-

cell radii.
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The problems caused by a discontiﬁuity in ‘cell size are
- resolved by.further partitioning the channel subsets as-
éigned to any cell site face, lying in a lérQér*céil‘gfoﬁp'
and bordering upon tﬁe‘tranSition region, into two subsets.
One subset of channels will continue to serve the large

céll; the other subset will be restricted to §mallerfcell.
use. (Whether the smalfér-cell subset or 'thé larger-cell
subset is used to serJé a mobile will depend upon the prox-
imity of the mobile to' the ceil site as estimated by the
. MTSO on the basis o% signal strength data). For example, in
Figure 2;7, 'aﬁy channel installed in site Ag or Agimust be
confined té‘small;cell use in Ay As the telephone‘traffic
load gkows in the smaller cells, reassignmentlroquOre and
more chanﬂels from. the'larger-celi sﬁgset to the smaller-
cell subset will fﬁﬁldw."'Evehtuélly the large cell will

"disappear"” entirely, to be replaced by smaller cells.”



ChaptEr 111
. THE SIGNALLING CHANNELS
‘ -

g ' ) :
¢ .
The signalling (or setup) channels can be subd1v1ded 1nto

twb groUps The terms paging and ccessjhave been coined to
descrlbe those 51gna111ng channels used 1n the forward (cell
51te to-mobile) dlrectlon and reverse (moblle to-cell site)
direction respectively [13,30,34,44,46]. These two types of

chanﬁels from a duplex pair, allowing 1nformat10n to be ex-

changed back and forth between the mobile and the cell site.
_In this chapter, the. purpose of tgewpaglng and access
channels is explalned and the data formats devised for AMPS
are presented. The last sectlon deals\with the assignment
of the 51gna111ng channels in the freque%cy spectrum and the
manner in whlch this assignment is modified as the system

.grows‘and develops.

3.1  PAGING

‘When a call, directed toward a'mobiie, acrives at the MTSO
from the land poction of the telephone network (cr.perhape
from another mobile), a paging méssage%ccctaining the mo-—
bile's ident%fication is sent to all cell sites.  Each cell

site, in turn, broadcasts the message over the paging chan-

~nel assigned to that cell. In this manner the page is made
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‘available to the entire service area. All mbbiles not ac-
tively engaged in a call'synchroniig to and monitof‘fhe pagf
ing'channel for the~cell they 'are‘éurrently'in.’ Thus fhe
mobile -- quite independent of its position -- should be
able to respond via the nearest cell site. = |
In addition to its chief - function of re;aying' the page
per se to the mobile, ' the paging channel is also used for
sending (i) voicelchannel assignments, (ii) descriptiQe in-
formation peculiar to the local system and (iii} a variety
of commands which may be lumped together uﬁaer the banner of
“sy;tem control”. - Examples of the latter include commands
to adjust the moﬁile'poger level, fescan the dedicated pég4'

ing channels, or retransmit the dialed digits.

In connection with point (ii} an overhead word is trans-

mitted periodically. The overhead word contains [44]:

1. An Area Call Sign (ACS) . that uniquely identifies the
mobile radio system. .

2. The Digital Colour Code (DCC). There are three, dis-
’tinct two-bit DCCs used for.supe;hision purposes and
'which also serve to identify the cell site. When a

mobile transmits a message over an access channel, a

precursor containing the DCC is included; the appro-

piate DCC having been previously axtraéted from the

> The mobile unit is preprogrammed to find the proper paging
channel by sampling the received signal strength on all
channels reserved for the paging function. The channel
with ‘the strongest signal should be associated with the
nearest cell site,



.
LS §

32
paginglmessage. VThe reason for thi%® action ‘is illus-
trated by tbe following example. In a maéurg cellu-
lar system the cell radii are 1 mile and the co-chan-
nel reuse ratio is }L? so potential co-channel
interferers are less than 5 miles'away ~-- well within
the mobile unit‘s. transmission range of 5 to- 10

‘miles. . In the absencé of a DCC, it is\possible that
a signalling message will be misdirecteld, i.e. re--
ceived at a cell site.other than the neafest. With a
DCC, ‘howeve{, cell éites using the same signaL&iqg
channel. and the same DCC are much farther apart than
is the ease,for cell sites using the same signalling
channel alone. A cell site looks for the specific
DCC it sent to be returned; if some other DCC is re-
ceived,'the incoming message is ignéred.

3. Tﬁe frequency reuse factor N which represents the
number of channel sets.

4. A parameter called CMAX which specifies the total
number of setup channels in the area that the mobile
unit may use to access the land system.

5. A parameter called CPA which 1is used by the mobile
unit in determining the first setup channel to scan

wvhen attempting to access the land system.

Finally, when there 1s .no page to be transmitted, - the

cell site inserts filler text (1010...) " in its place in or-
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‘der to preserve the synchronéus naturé of the cell'sg;QQto-
mobile data stream. '

The data format fb; the ﬁaging channels ih AM?S is shown

% in Figure 3.1. In essence there are three entirely sepa-

.}ate, éime—multiplexed information streams termed the A, ﬁ_

and busy/id;e‘streams. The mobile will monitor edithed
-“streaﬁ A on stream B but not both, depending upon the valuf\\y,

of the least signifigant bit of its Mobile Identification

Number (MIN).  Each word of the A or B stream is repeated

-

five times. The mobile logic unit will recor ‘the five re-
peétsraf a word and perform a bit-by-bit,3-out-of-5 majority
vote. The intgrleaving of the A and B streams which is evi-
dént in Figure 3.1 helps to ensure that a singléf burst of
errors does nét_affect more than one of the five fepeats of

L

a word. L ' ]

The busy/idle bits are inserted between the bit sync and
word sync and occur every 11'th bit thereafter. As long as
thé MTSO perceives a message directed toward_ig,over an ac-
cess channel, it will énsure that the busy/idle bits are set
-to "busy"™ in the data stream of the corresponding paging
channel. (Keep in mind the auplex nature of the signalling
channels. For every paging channel there exists a counter-
part used for access purposes). ‘This is one mechanism for
reducing the‘likelihood of collisions; a mobile may attempt
to seize an access channel for its own use, but only after

verifying that the channel is indeed idle.
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3.2 ACCESS
The telephone .traffic directed from the mobile tg the

_ cell site consists of the following components: -

1, ﬁobileﬁoriginated céll attempts.

2. Page responses.- (An acknowledgement by the mobile
unit that it has reobgnized its page and is prepared
to receive a call). |

3. Order acknowledgements.’ (A confirmation by the mo-

bile unit that a command from the MTSO has been re-

ceived and correctly interpreted).

To carry out any of the above three tasks, the mobile
unit must first verify that the selected access éhannellis
indeed idle and then .transmit its signalling (seizure) mes-
sage. Verificatién of the’busy/idlé status of an access
channel is accomplished by performing a 2-out-of-3 majority
vote on the last three received busy/idle bits transmitted
over the‘pagihg ﬁhannel. Buried-within the seizure messéée
will be a code idertifying its nature and purpose, that is,
eithér a pa%e response, an order response, or a call origi-
nation,

The format for the seizure message employed in AMPS is
shown in Figure'3.2. Like the paging data stream, each word
of a message is repeated five tiﬁés, Each messagé may con-
sist of up to five words; the exact length being dependent
on the type of message and information received f£from the

MTSO.
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Tn this thesdis wé'wiﬂﬁ- be concerned almost entinely_ﬁizh

the access channels and only Aindirectly with the 'paging

chahnezé. It is the access channels which mobiles attempt

to seize in a random and competitive fashion and it is these

channels for which methods must be devised to mipimize col- ;
ligions. One such method has already been described, namely
the use of busy/idle bits inserted in the paging data stream
and which provide each use with "a priori" knowledge of the-
availability of an access channel.

#

3.3 DISTRIBUTION OF SIGNALLING CHANNELS IN SPECTRUM

Figure 3.3 depicts how the setup and voice channels will

. probably be distributed in the freguency spectrum during

progressive stages of development in the AMPS system.  Shown
here is the band of frequencies used for transmission in the

cell site-to-mobile direction. Since we are dealing with

‘duplex channels, the same diagram may be applied to the 825

to 845 MHz range used from mobile to cell site merely by re-
placing the word "paging" by "access".

There are two types of paging channels which have been
labelled A and B in Figure 3.3.* Overhead messages contain-
ing the 1local system parameters are sent over the type B
channels while both the overhead messége and the actual page

(i.e., the MIN) are sent over the type A channels,

‘ Not to be confused with the time-multiplexed & and B data
streams described in Section 3.1.
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~In the initial phase of dévelopment~whéﬁ:onmidirectional
antennas are used and the telephone traffic volume is small,
12 type A channels will suffice. In tﬁe second phase, with
the switchover to directional sites, 21.typé B paging chan-'
nels will be added. At this stage then, there will be one
‘type B paging channei for each of the 21 cﬁannel subsets;
£he 12 type A channels remain associated with the ofigiﬁal
omnidirectional sites, |

. As the system cont;nues to grow, 'mpre and more type B
channels will be required in order to cope with greater de-
mands of an increasing number of mobile subscribers. Final-
ly, iS the 'foﬁrth phase it is expected tﬁat an additional
group of type A paging channels will be needed to handle the
large volume of pages. It is wunlikely though that this
phase will " be reached in any but the largest metropoli;an

centres‘and certainly not before the end of the century.



Chapter IV

LOGIC AND CONTROL FUNCTIONS OF THE MOBILE

PERTINENT TO THE SIGNALLING PROTOCOL .
N : A
!

This chapter details the steps taken by tﬁe mobileklogic
unit in finding a suitable paging channel to monitor. The
access channel which forms the reverse half of this paging
channel will then be used when the mobile wishes to transmit
a seizure message. | .

Also discussed are the technigues to reduce contention
amongst users competing for the limited number of écce§§
channels. These techniques form the basis of the signalling\
'protocol presented in Chapter 6. The description 1is con-
fined entirely to AMPS although -much of the call processing

is typical of any cellular mobile Syéﬁem [16,17,28].

4.1 INITIALIZATION TASK

The initializatfoﬁ proéedure consists—of the following
subtasks ;iiéh are executed in séquehtial order after the
moBile radio is switched on. The main function of Ehe ini-
tialization task is Eo determine the proper paging channel
to monitor. By "proper™ is meant that channel belonging to

the cell site (or cell site face in the case of directional

]

_40_
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antennas directio

"antennas

F;gure L.l Significance of Terms Pertainlnu to
Initialization Task

antennas) which is closest to the mobile. Figure 4.1 illus-

trates the signifigance of various terms and symbols.

-

Subtask 1. Scan Dedicated Paging Channels

=,
4,

The paging channels form a contiguous block in the spectrum.
The mobile wunit tunes to the first channel C(0) in this
block, samples the received-sigqal strength on each of two
diversity antennas, and then tunes to the next channel,
C(O);l, whére the measurement 1s repeated. When this has
been done for the highest 21 channels, the mobile tunes to

the channel deemed to have the strongest Signal.
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Subtask 2. Acquire Bit Sync and Word Sync

Subtask 3. Determine the System Parameters

The sys;emﬂparameters are: DCC, N, CMAX, CPA, ACS, . and
Clacc). With the exception of C(acc), these have all been
defined previouslyﬁ - C(acc) represents the initial paging
\channél to sample when attempting to acEess_the system. 1Its
;alue is deteémined as f&llows:
i) ‘If the CPA bit = 1, 'implyiﬁg omnidirectional cell
sites, then C(acc)=C{0).
ii) 1f the CPA bit.= 0, implying directional antennnas,
then C(acc)=C(0)-N.

Subtask 4. Make Preliminary Home/Roam Decision

While operating within—the'bounéaries of itg-assigned MSA, a
customer is termed a home mobile. Qutside this area, the
customer is termed a foamer. The AéS received over the pag-
ing channel is compared with the home ACS stored in the mo-

bile unit's memory and a decision is made. accordingly.

o .

Subtask 5. Rescan N Paging Channels

Home mobiles commence scanning with channel C{(h), the value

of which is retained in the mobile unit's memory. {c(h) is
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the first;phannél within a group of t§pej A paging channels
to which the’mobile is preassigned in the fourth: ﬁhase of
system dévelopmeht.. In all earlier phases, C(h) and €(0)
are identical). Roaming mobiles'start.scanning‘with‘éhannel
C(0}. .'All‘mbbiles scan down in frequency until N channels
have been sampléd and then retune to the channel judged to

"have the strongest signal.

LS S 8 0 & 8 b &

Why‘is it necessary to scén the paging channels a second
Eiﬁe? During the'first séan (Subtask 1) the mobile may have
landed on a type B paging channel. This will allow the mo-
bile to receive the values of thé system parameters but will
not allow it to receive any ‘pages. The second scan {Subtask
5), ho#ever, is confined to type A paging channels. Once
this ‘'subtask i4 completed the mobile will be 1in a position
to receive any pages directed toward it.

The iniﬁialization task is followed by the idle state
wherein the mobile simply monitors the chosen paging chanﬁel
and checks for the occurrence of each of the following
events every 46.3 msec. This time span corresponds'to the

periodicity of méssages sent in the paging data stream.

1. Page match

e
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. ﬁéer request to pléce a call Lo
3. Orders from the MTSO

o

2.
3
 4 Update of overhead 1nformat10n (eg CMAX, N etc. )
5. *Rescan timeout |

6

. Lo%s of word-sync

b
v

If Eﬁé rescan timer expirés (Rescan Timeout referred to
abdyef; the idle state is exited and execution 'of thelini— 
tialization task musﬁ'begin anew. Thisbensureé that és-the
mobiig moves about, it is always-monitoring the best possi-

ble.paging channel in terms. of signal strength..

4.2 SEQUENCE OF ACTIONS DURING A MOBILE-ORIGINATED CALL

Suppose now that the mobile subscr@ber wishes to place a
) c;ll He flrst enters the digits into a stotage registef
and then' depresses the SEND button (Flgure 4.2(a)). ‘The mo-
bile logrg unit recognizes this as a service | request and

initializes the value of an access timer to 6 setonds. This

places a time limitation upon successfﬁl compleﬁion' of the
call origination sequence and as such, serves ‘as a method
for préventing continued collisions. The status ﬁf the tim-
er is examined periodically before processing - as'dutiinéd

in the following steps -- is permitted to continue.
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Step 1. Scén all paging channels in MSA (Fiqure 4.2(b)).

The mobile must’ scan CMAX paging channels beginning with

C{acc) amd lock onto the channel with the strongest signal.

Step 2. Aéquire bit sync and word sync and decode the Digi-
tal Colour Code (Figure 4.2(c)).

..
@

Step 3. Seize Access Channel (Figure 4.2(c)).

Before éttémpting to seize thé ac&ess_channel, the mobile
unif_mﬁstlééﬁermine the busy/idle Status of ‘the channel. AIf
idle,' Eransmiséion-bf the seizure data-may begin; 1if busy,
the m&bile .pnié will wait érfandom amount of time before
re—examining the busy/idle bifs. Each time the mobile unit
delays, a-different random time -- uniformly.d'étributed be-
‘tween 0 and 200 milliseconds -- is generated. However, té

prevent system overload, . a limit is placed on the number of

automatic reattempts allowed.

. If the busy/idle status changes to busy before 48 bits are
sent or fails to. change to busy by the “time 96 bits are
sent, the mobile assumes that the cell siteldid not receive
(or recognize) the service requeét. In this event, the cur-
rent seizure attempt is curtailed, a new random delay is
calculated, and the busy/idle bits re-examined after the de-

lay. Conversely,. if at some point within the time window
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délimited5by the -48'thland 96'th bits thegbusy/idle.stafus
does change to busy, then the mobile umrit will continue to

send the seizure message.

-~

Step 4..Initial Voice Channel Designation (Figure 4.2{(d)).

When transmission of the seizure message is completed, the

i

‘mobile'will wait for lp to 5 seconds for a voice channel

designation message to be returned over the paging channel

innespective of the state of the access timer.  Suppose 5
seconds elapse and no such message is received. The mobile

unit will now check the status of the access timer. If the

timer has run out, the mobile subscriber will be made aware

of this fact by means of a reorder tone. If the timer has

not run out, the mobile will once again examine the busy/

idle bits before reattempting to seize the access channel.

Assumihg that there is at least one idle voice channel in
the cell, the MTSO will choose a channel (and associated
land-line trunk connecting the MTSO to the cell site) and
inform the' cell site of its selection. . ~The .serving cell
siﬁe,relays‘ the Ehannel.assignment to the ;obile over the
paging channel and also bégins tfansmitting a Supervisory
Audio Tone (SAT) over the selected ;oice channel! There are
three SATs with frequencies-of 5970} 6000, and 6030 Hz just
as there are three'Dng and there is a oné-to-gne'correspon—

dence between the two. The SATs_arq¢§sed for call supervi-

47 .
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sion and confirmation of various actions over the voice
channels and the DCCs perform the same function over the

signalling channels.

. The mobile tunes to the designated voice channel and tran-

spondé the SAT which it finds there. Upon recognition of

the transpbnded SAT, the cell site places an off-hook condi-

tion on the landline trunk linking the cell site and MTSO.

The MTSO interprets this condition as successful completion

of the channel assignment task.®

Step 5. Digit Outpulsing (Figure 4.2(e}). The MTSQO com-

pletes the call through the landline telephone network.

Step 6. Conversation (Figure 4.2(f)).

The MTSO establishes a complete communication link.

* Along with its supervisory purpose, the SAT serves another
function, Based on the round-trip delay of the SAT (cell
site-to-mobile and back to cell site again} and with
knowledge of the delay through the circuitry of the mobile
transceiver, the MTSO can compute a rough estimate of the
distance between the cell site and mobile. Combined with
RF signal strength data, this gives the MTSO further in-
formation for deciding when a hand-off is needed.
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4.3 SEQUENCE OF ACTIONS DURING A MOBILE-COMPLETED CALL

Fro; the cailing party's " central office,. the call is
routed through - the landline pelephpne network to the hbmé
MTSO of theimobile. The MTSO collécts the digits, coverts‘
them:to the mobile's ideﬁ£ifjéation numberl add”instructs.
all céll sitéé equipped wiéh'type A"paging channels to
- transmit the page. Ubon récognizing its page, the mobile
will follow a sequence of steps identical to Steps 1 through
4 described in Section 4.2.

When the mobile has tuned to the appropiate voice channel
and tfanspondea the SAT, the serving cell siﬁe will transmit
a data ﬁessage over this channel. Thenﬁessage wili cause an
"audio tone to be generated in the mobile telephone alerting
the mobile subscriber to the incoming call. Also, the mo-
bile will begin transmitting a special 10 KHz tone over the
reverse half of the voice channel. fﬁis 10 KHz tone con-
firms successful alerting to the MTSO which will then pro-
vide auaible finging to the calling party. When the mobile
subscriber answers, transmission of the 10 KHz tone ceases.
This is detected by the MTSO which removes the audible ring-
ing which was suppliéd_to the calling party. A complete

connection. is now established.



Chapter V

- THE SIMULATED SYSTEM

In this' chapter we describe the cellular mobile radio
system that was simulated usinglthe General Purpose System
" Simulator (GPSS) language [5,35,43]. We state the assump-

tions made and explain why they seem reasonable.

5.1 HEXAGONAL CELLULAR LAYOUT

. For the simulation we considered a 40-cell mobile radio
communication system. The choice of 40 cells was more or
less arbitrary.. A laréer éystem could'héve been studied but
at the expense of higher computing costs. Besides, 1t was
observed early on in the study that a system of 40 cells
‘produced results 1in which the ce;l-to—cell fluctuations in
the collected statistics were sufficiently averaged out. |

The number of channel sets N was taken to be 3 and from
Equation (2.2), D/R is also 3. This cochannel reuse ratio-
applies to both the voice chanrnels and the signalling chan-
nels. Once again, the choice of N is not critical. The
feason for this is closely tied to the voice channel assign-
ment schemes 56 we will postpone a discussion of this point

until these schemes have been introduced. .

_50_
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A sysfém such as just described might appear as in Figure

5.1,

5.2

ASSUMPTIONS

The following general assumption was ﬁade:

1.

The

The interarrival time of calls in each cell is expo-

- nentially distributedﬁ,with a mean value, 1/%, sec-

onds. Equivalently, call generation forms a Poisson
process with an average arrival rate of A1 calls/sec-

ond/cell.

following assumptions pertain to the access channels:

fhe access channel holding time is nominally 100
msec. This figure was arrived at by assuming a 10
kbit/sec transmission rate and an average seizure
message length of 1000 bits [42].

The cell site always receives a seizure message when

one is sent. In reality, the miss rate (probability

of not deteéting a message when one is sent) is ex-
pected to be about 10-* for an RF S/I = 18 4B [42].

Because of the busy/idle bit feature, the probability
of an actual collision between two mobiles simultane-
ously attempting to seize the same access channel is

neglegible.
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cell number

channel set

‘cell site location

Figure 5.1 Hexagonal Cellular Configuration

Using Three Distinect Channel Sets
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The foilowing assumptions pertain to the - voice channel

assignment portion of the simulation models:

5.

6.

The voice ;hannel holding timg,'i/uv; is exponential-
ly dispfibuted with a mean value of 120 seconds.

Veﬁicles do not traverse éeilﬁboundarieswyhile a call"
i;lin progress, Tkis implies that calléﬁ@ use a giv-
en voice channel for the full holding time drawn from
the exponential aiStribution arip are not forced to

terminate prematurely if no channels are available in

the new cell.

The choicé .0of an exponential distribution for both call

interarrival times and voice channel holding times is so

prevalent in the literature that it hardly seems necessary

to justify Assumptions 1 and 5. Suffice it to say that the

bulk of wireline telephone traffic \theory is based on these

very same assumptions and it is felt that they should apply

.equally

well  to radio channel trunking [12,14,18,

20-24,26,27].
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The values c¢ited in Assumptions 2 and 3 were'garnered
from an existing, representative sfstsm [42] and require no
further justification.

AsSUmption 4 states that the probébility of a collision
between two callers is small enough to be ignored (compared
to the blocking_probabilitf which results from ﬁhe'unavail—
ability of an accsss Chqnpel). This-statemént will now be
explained‘with the aid of Figure 5.2 which illustrates sev-
eral typical cases where mobiles attempt to initiate calls

very..close in time. The following notes apply to Figure

5.2:
i) Onl§ the first 48-bit portisn of the seizure mes-
sages AAs shown, | h
ii) t = interarrival time between.seizure ﬁessagés.

iii) + = point of insertion of the busy/idle bit in the
paging .data stream. The paging channel is continu-:
ously monitored while transmitting or attempting to
transmit over an access channel.

iv) "I".signifies an idle bit and "B" signifies a busy
bit.

In AMPS every seizure message is preceded by a 48-bit
precursor. On a time scale.this corresponds to 4.8 msec- for
a 10 kbit/second data rate. Once this precursor is received
intact, the cell siteiwill‘begin to set the'busy/idle bits
to busy 1in the paging data stream thsreby preventing any
other mobiles from attempting to use the access channel’ un-

"til it is relinquished by the "seizing" mobile.
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Case (a) Mobile 1 wishes to start transmitting at t =7 msec.

- (over the same access channel that mobile 2 is cur-
rently using). However, he is prevented from doing so
since a 2-out-of-3 majority vote of the last 3 received
busy/idle bits indicates that the channel is busy. A

collision does not occur. . ’

-

"lll-ob’ -906 ""I-I-cs . ? ' lblos 9[-6 ‘ llﬁol&
—i : ] — | — — til;
2% . me
. S~ (msec.)
last 3 busy/idle '....l l l l l l l l. .
{=—-bhits received by :
mobile 1. - IITI I IIBGB .
L8-bit seizure pre- . F__ :
cursor of mobile 2 \\\\}i\\\ [ne 1
, _ . | 4L8-bit pre-
C=3.6 msec. _ 2 | ‘\ﬁi\\ cursor of
' mobile 1
‘ . time
"ll&ol& "'9.6 “'Ll-|8 O ll--8 9.6 (msec-)
_‘_!_ | ] : | I | | B

T T T I I 1 | B

Case (b) Mobile 1 begins‘tranémitting 3.6 msec after mobile 2.
On the basis of the last 3 received busy/idle bits,
mobile 1 perceives the access channel to be idle. A
collision occurs. :

Figure 5.2 Diagram for Discussion of Collision
—— Problem
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Mobile 2 begins transmitting 3.6 msec after mobilé'l. On the
basis of the last 3 received busy/idle bits, mobile 2 perceive
the access channel to be idle. A collision occurs. ) o

r
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-‘% t { = : B " time-
/ \ * last 3 busy/idle
...l_l l l l l l-l l sen bits received by
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cursor of mobile 1 . . time
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| - 1 i i 1 ! ) -
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Case (d) Mobile 2 wishes to start transmitting at t=0 msec.

However, he is prevented from doing so since a 2-out-
of-3 majority vote of the last 3 received busy/idle

bits indicates that the channel is busy. A collision
does not occur. .

Figure 5.2 (cdnt‘d) Diagram for Discussion of Collision
Problem
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With these facts in hand, the sequence of diagrams in

_Figure 5.2 now indicate that. the vulnerable period during

which one message may bé corrupted by another lasts for 14
méeg.' If it is désgred to limit the probability of a colli-
sion to some- small value, it is liKewise ﬁecessary to imﬁose
an uppef limit upon the average rate at which calls are gen- .
eated,ll.. . In practice A; is not expected to exceed 1 call
per second in any cell [42]}. 1If we now invoke Assumption 1, |
it is an easy matter to calculate the probability of a col-
iisidn for this value of A1. Representing the random intef—-

arrival time by t :

-

‘Probability of a collisdion

Prob( Ttz t=14 msec)
[

= 1 -‘e"llt
S - e-(1)(.014)
= 0.0139

Thus the probability of a collision will be 1less than 1.4%

for all anticipated call arrival rates. As a side observa-
tion, this calculatidn assumed that a coliision causes both‘
seizure messages to be lost. Ip fact, because of ﬁhe use of.
FM to transmit data in AMPS, 'if‘two messages collide, the
message.with the stronger signal will capture the cell site
receiver énd may be received without error. If this is the
case, ’the vulnerable period;for a collision will be only 7

msec and the probability of a collision will be halved.
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Nevertheless, we will stlck with the more pe551mlst1c view-
. _ [ _
.point, .

©

'\

Flnally, regarding Assuhotion‘é, ‘vehicles' crossing cell

boundarles and requiring new cHennels produce the following

effects-

i) The average call duration in each cell is shortened

w

sinoe a .mobile exiting a cell vacates a channel
'prematurely. | .
ii) The'net:call attempt rate ;per cell is augoented by
the -boundary crossing rate 51nce a call-in- progress
* enter1ng a new cell reqU1res a channel ]USt as a
moblle orlglnatlng a 'call .in the same cell does.
iii)_ Upon enter1ng a neﬁ cell some small percentage of
. the-calls will be forced to‘ terminate prematurely

due to a lack of free channels

-

By definition, the offered telephone traffic load is the

product of the -mean channel holding time and thebmeao call
attempt rate (see Appendlx a). Considering points (i) a;d
(ii) together, tHe trafflc load per cell .and the resultant
orade of service are not llkely to be greatly .affected by
'5oundary crossings. Partly for this reason, but primarily
because our_interest lies with the signalling channels, no

-

effort was made to simulate vehicle motion. . &

'ﬁ‘



In Chapter 4 we described in some detail the features of
"the AMPS signallﬁng channel protocoif

ter we abstract the most pertinent of.these features and

Chapter VI

SIMULATION MODEL NO. 1 .

In-the present chap-

present them in the concise form of a flowchart. -

+

Lf.l THE SIGNALLING PROTOCOQL

" The protocol -for using the access chaqﬁels is shown in, -

'Figufe 6.1. The following statements apply:

1.

The access channels belonﬁing to a- particular cell

are assigned éequentially ordered numbers. The first
~ . o

sents the largest of .these numbers.

The actépns‘de5cribed in.the flowchart occur in every

cell. Stricﬁlymspeaking then,. each box of the flow-

¢hart should have the additional Qualgﬁier:' in cell

[}

i, i.=1,2,3...40. S o ”

It is best to consider a call as a dynamic entity

which enters the flowchart at the top,moves about,

and is acted upon by the various boxes.

-

3

time "x" 1is encountered in .the]ffowchart it repre- -

(7]
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'Incamipg call

Is

1. ‘Set value .of reattempt -
' parameter R :
2. Specify the number of l

access channels per cell

Acceeg,CHannel
X busy?

Xa-X - 1

Has

X reached its
‘minimum?

. No

Yy

Use Access Channel
H msec-

»

Voice Channel Assignment;
Figure .2

//

e
Wait a random ~
Tamount of time, D

| |

Reinitialize
value of x

oy

No

vy

Call Lost

Figure 6.1 Signalling Protocol No. 1 for the
AAccess Channels

by
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Coﬁsider now'thé operat?on of the ‘model. A call from a

"mobile in cell i fi:stjteéts‘ the busy/idle status of access

channel x belonging to cell iI. In actual practicé.this test
would be performed by the mobile, iogic unit on the basis of
the busy/idle bits in the paging data stream. If idle, the

call uses the access channel for the-allot;ed. time before

' prc;éeding to the voice channel assignment segment, of the

model. | . . ' \
If, on the other hand, access channel x is busy, the

busy/idle -status of access channels x-1, %X-2, etc. are teét—

‘ed in_  succession until either an idle channel is found or

there arge no further access channels to be tested th.cell i.
In the fo;me:'case the call exits the loop, uses the select-
ed access cHannel, * and then continues on to the section of

the program controlling voice channel assignment.- In the

_ latter case, -the call also exits the lodp but via the down-

"ward path. If the maximum number of reattempté permitted,

R, is equal to zéro, the call is lost; that is, it leaves
the systeﬁ‘and does not return, If R is greater than zero,
the call will try again to obtain én-access channgl but only
after a random delay. This random delay eliminates the syn-
Ehronism which would therwiée persist between two or more
ﬁalls entering the systel at the same time. Also, and more
simply, a call reaftemptiné to gain aﬁcess immediately would

find the access channel still busy. After the*delay, R for

this call is decremented by one and the value of x is reini-,

<
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,tializéd. The call returns to the. top bf‘ thé flowchart
whére the sequence of events just oﬁtiined‘recomménces.

The deéignefs éf AM?S preaict that fo most citiés oqu
one»accqgs'éhannel per cell sité'ﬁililbe reqﬁired. To check
‘the validity of this prediction'we made the -model *suffi-
ciently general !to aIIow for ﬁoré fﬁan onér-accésé.channel
per ééll._ .The majority-of the;simﬁlation tfials, however,
were confined to a single-access channel per’'cell.

Absent from the flowchart is the access timer feature de-
scribed in Section 4.2. The reason for not including the
timer is best expléined by means of a concrete example ﬁsing

.

representative values for various parameters:

i) ~~ Random delay D uniformly'_distribufed between 0 and
200 msec. ' e

ii) .| Maximum no. of automatic reattempts R =-10.

Examining the fléwcha;t og Figure 6.1 it can be seen that,
eGén in the extreme case where iO'rea&tempts are actually
" needed and a maximum delay 6f 200 msec is generated before
each reattempt,.only 2 seconds will be consumed out 6f the 6
seconds allowed by the access timer. In all instances then,
R will be the limiting factor during an access channel sei-
zure attempt. However, after ©obtaining an access channel
and transmitting a seiiure meésage the mobile unit ié pre-
pared to wait a haximum of 5 seconds for a voice thannel as-

signment during which time the access timer continues to
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‘run., If the assignment is not recejved during this 5 second

period, . the mobile unit will examine the busy/idle bits be-

« .

fore reattempting Eo gain aécess to-the sysﬁem. _ Thus it is
: possible.for the timer fo run oﬁt-buﬁ only;aftér the mobile
‘ has-already'obtaiHEd'an access channel, | )
éihce ounuﬁain concern was thé seQuencé of_eveﬁté which
_transpire during the initial’ attempts to- seize an access
cﬁénnel, the accésé timer was not included in this particu-
lar simulafion model. Also, the inclusion of two limiting
factors (R and the access timer) would have.gréatly obscﬁ:gdv
the cause/effect relationship between’ the ﬁndepende;t.végi—
ables (eg. téleﬁhone traffic load) and the r%gulting grade
of service (eg. blockinhg probability). However; an‘access
timer was included in Simulation Model 2 and a far more com-

plex model was the consequence as will become evident in

Chapter 7.

6.2 THE VOICE CHANNEL ASSIGNMENT SCHEME

In this model we use a Fixed Voice Channel Assignmeﬁt
Scheme (FCAS). Such a scheme maintains a definite, static
relationship between the channel sets "and the ceils where
they are used.u- In fact, this is nothing new —-- it is only
scheme considered up to now.. ) .

Use of a FCAS, 1in conjunction with(éiiégption 6. which

states that vehicles do not cross cell boundaries while a

call is in progress, makes it possible to view each cell as
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an independent entity. Because there is.no interaction be-
tween cells, the choice of N does not affect the operation

of the ‘simulator in any way.  The use of cellular system

merely provides a convenient means . of smoothing out statis-—

tical fluctuations by taking an avérage over 40 cells.
The flowchart of the voice channel assignment subroutine

is shown in Figure 6.2, An Erlang B service discipline has

been implemented; calls are served immediately if at least

one channel is unoccdpied in cell i but are blocked and
forced to leave the system if all voice channels are busy in

cell i.

it
s
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»96;2 in cell i entering
voice channel assignment

subroutine after having
obtained an access channel

Channel
Available In

Yes Cell 1i?

r | Y
Use Channél for  Leave
time span drawn ™ System
from exponent- .
ial distribution

Figure 6.2 Fixed Voice Channel Assignment
Scheme and Erlang B Service
Discipline

1
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SYMBOLS AND DEFINITIONS

-

The followiné symbols and shorthand notations have been

adopted. The phrase-"calls which enter the system” is used

frequently and and is mgant to imply "calls generated by mo-

biles

<D<
[O ]

N

in all cells",.

channel division ratio - '
no. of access channels per cell : :
no. of duplex voice channels per cell ‘

For éxample; if a:v = 1:10,  the total number of chan-
nels assigned for use in a particular cell is 11. of

the remaining 10 are used. for voice communication.

\\\q;this number, 1 channel 'is reserved for.signallipgaapd

o¥ |

dz =

D =

H =

E%a -

[{Of course an access channel is but one-half of a du-
plex signalling channel; however, the paging channel
which forms the other half is of no interest here}.

!

mean delay encountered by all calls from the moment
the call is generated to the moment the call obtains
an access channel {or to the moment when the call is
tabulated as blocked because an access channel was not
available).

mean delay encountered by only those calls which do
not obtain an access channel on the first attempt and
consequently are forced to wait and reattempt.

random delay generated prior to making an_access chan-
nel seizure reattempt. D = (a,b) signifies that the
delay in uniformly distributed between the limits "a"
and "b", with mean value, (a+b)/2. The nominal values
for a and b are 0 and 200 milliseconds respectively.

access channel holding time in milliseconds; nominally
100 msec. )

blocking probability for the access channels.

no. of calls which fail to obtain an access channel

no. of calls which enter the system



- Ppar®

67

probability of not obtaining an access cbaqnel'on the
first attempt or eguivalently, the probability that at
least one reattempt will be necéssary.

no. of calls which fail to find an access .channel on
- the first attempt ‘ _ .

no. of calls which enter the system

combined blocking probability.

total no. of calls blocked because they fail to findl
' an access channel or.a voice channel

1

no. of calls which enter the system

{The "or" is underlined to stress that this is a
"one-or-the-other" situation).

blocking probability of the voice channels.

no. of calls which fail to £find a voice channel

no. of calls which have successfully obtained
an access channel

maximum number of reattempts permitted to obtain an
access channel.  (Also used in the flowchart to indi-
cate-the current number of reattempts a call has re-
maining out of this maximum value).

access channel traffic load expressed in the dimen-
sionless unit of erlangs.

voice channel traffic load (erlang).

mean voice chanhel holding time (120 seconds).
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Notes:

1. Both 51 and 52 have signifigance only when R is nonzero.

- . -

2. The relationship between Ta and Tv is given byi

)T ﬁ (eF]ang)

C T, = 1 cF(1-P )T,

VTR

Hy
./\ O gF <1

To explain (6.1), refer to Figure 6.3 which shows a

(6.1)

schematic representation .of call request flow rates

through the system. In this diagram:

A1 = mean rate at which new calls arrive {(calls/sec-
ond). .
. &

A, = A; augmented by the fraction of calls which do not

find an access channel immediately and are. there-
fore forced to reattempt.

A3 = mean rate at which access channels are assigned to
calls.
Xu = mean rate at which call reguests for a voice chan-

nel arrive.

As = mean rate at which voice channels are assigned to
calls,
F = fraction of all calls which fall into the catego-

ries of page responses or mobile originated call

reguests. The other component of the telephone

traffic arriving.at a cell site is the order ac-

, knowledgement. Unlike the first two, however, an

- order acknowledgement is not vying for a voice.

channel. An empirical value for F is not present-

ly available; .it has been set to unity for the
purpose of simulation. '
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-

In statistical equilibrium the average rate at which re-

guests enter the system must equal the average rate at o

7 whicﬁ channels are assigned [19,30]. Thus for surface A

in Figure 6.3: ‘ -

T : _ (6.2)
A = - - .
3 (1Pba1)(1pba) A, , RFO
Ay = (1-P)eaz , R =0 (6.3)
Az = (1-Py)-ay . R 20 - (6.4)

Statement (6.2) says that the mean rate at which calls

leave the access channel logic block (Xr3) is equal to

the rate at which they arrive (i,) reduced by some frac-
tion. This fraction, (l—Pbal)(l—Pba; may be fhought of
as a éh;éughput factor repgesenting.that proportion of
all calls which‘ are noXt delayed because they are reat-
fempting and are noi lost forever because they are

blocked.

Comparing (6.3) and (6.4) it is seen thdt_xl= A, when
R=0. This 1is consistent with the flow rate diagram

since for the particular case of R=0 the feedback_path

from the access channel logic no longer exists.

r
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.)\‘L;V= 'I'F:\3- .- - l (6.5)
As = {1-Ppy)e Ay : (6.6)

Finally, regarding surface B in Figure 6.3, we can

state:
A5'= A] 3y . ’ ) (6.7)

for statistical equilibrium. Combining (6.4) and (6.5)

. we have:

Ay = F(1-Py )'a; , R20 o (6.8)

We now define the access channel traffic load as Ta=_11H

and the voice channel traffic load as.Ag/uV; Equation

(6.8) then leads directly to (6.1).

It would have been moré proper to define the traffic of-
fered ‘to the access channels as “A,H except for the fact

that X, is an endogenous variable. On the other hand,



]

> " , -
P - .

we can freely select .any value we wish for xl' before --
simulation begins."',A relatlonshlp obviously exlsts be-
- tween Ao and A1 but we will not know uhat this relation-

ship 1s until we have run the simulator and computed Pha -

and Prars . ‘ - -

i

first calculated for ead%Tof 40, 6ells. Average values

f [

were then'dqﬁppted,'_ reflectlng‘the system as a whole.

~

Sufficieént time was allowed for the system to reach a’

steady state; the“sihulation then continued for a fur=-

ther two hours {of- 51mulated time) or- unt11 10 000 calls

w3

- had entered the system, whlqhever event occurred flrst

Statlstlcs were: gathered only during thxs steady state

period. .

i . |
€ T s

12

The various perfo?hance meaSUres al"dZ' Pba etc., were

-



' 6.4 * THE SIMULATION RESULTS .+

Therimulatiqn results. are shown in Figureé 6.4'tﬁfough

4,

J . : . _ .
6.10. The values of theose parameters which remain fixed for

"a particular set of simulation trials are indicated on the

graphs. Notably, in those cases where the access channel

-

-traffic load and channel division ratio do not chénge, val-

ues of '0.5 erlangs and a:v=1:10 or 2:10 have ' been chosen:

Generally, the greatest traffic level examined‘ﬁas 0.1 er-

: - N M - . i . M - q -
lang correspending to a maximum expected interarrival time

of 1 call/second/cell on the average.

f

It may well be questioned why suchfaf'small'hhmber. of

voice channels pér cell was considered when in AMPS the ac-

-

stual number is closer to 60. One reason is that the cost of

simulation rises sharply as the umber of channelé per cell

increases. A second. reason is that early in the study it

jnﬁés.osserved that the voice channel blocking probability'va

T S Al .

was onl} mardiﬁally affected by the access chanﬁél control
logic. ' This beinthhe‘casé,‘i; did not really ﬁatger wheth-

er 10 or even 100 channels were used since for any combinak\

f tion of v and TV, vaggpould be readily calculated from the

Erlang B formula (Appendix A).
_ . . .

i N

t
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Access Channel Blocking Probabilities, Py, and Ppay (%)

>

arvsl: 10
D = (0,200) msec.
H =100 msec.

Tg .025 erlang

I

1

|

I I 1 1

2 3 kL >

Maximum Number of Reattempts Permitted, R

Figure 6,7 Trade-off Between Actess Channel

r

Blocking Probabilities, P 5. and
Ppals As A Function of Th8 Maximum
Number of Reattempts Permitted
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Figure 6.4 shows thelgesponse of Ppq to increasing traf-.

fic loads for 1 or 2 access channels per cell. The case of

3 access channelé'per cell was also examined but found to

produce incbnsequentially small values (<0.01%) of P . for

~all traffic loads below 0.2 erlang.

At a later stage of the reéearch the simulation model was
modified to check for calls arriving wiﬁhin 7 msec of_éach
other (corresponding to a vulnerable peribd of 14 mdec as
discuséed in Section 5.2) ?uch calls are Considérgd to have

collided and must reattempt after _a random delay @. The

_dotted curve in Figure 6.4 shows the results and it appears

that Assumption 4 regarding collisions was fairly'reason-

~able.” A probability of collision (not'blocking) was calcu-

lated from the simulation statistics. For R=0 and'Ta=d.1

this probability was found to be 1.55% which compares fav-

ourably with the 1.4% determined theoretically in Section

5.2.

Theoretical results exist for two of the cases shown in

:Figure 6.4, namely:

(i) R=0; a=1

(ii) R=0; a=2.

Case (i) is a special case of an M/Ek/l/l gueuing discipline
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[19,41].° Here M signifies an exponential distribution for

the interarrival pattern ' and E;, an Erlang K distribution

for the service time duratiom. The prsbability density

function of the latter is given by [6,41]:

f(t) = (Ek)ktk'le'gkt_,-téo - (6.9)

~

The Erlang K distribution assumes mény different forms when
different values of k are used.  Some of these forms are
shown in Figure 6.11. We observe froi Figure 6.11 or Equa-

tion (6.9) that the exponential (k=1) -and constant (k== )

service time models are particular cases within the Erlang K

classification.

~

It is the k=« case which is of interest to us since the

access channel holding time is constant -- fixed at 100 msec

in most instances, It may be shown for the M/Ek/l/l model

Ny

that the blocking prebability is simply equai to the traffic ’

load [19]. Using the notation we have developed:

-u
o
[s1]
I
. —
4%
[T~
oo

" A/B/C/D is a shorthand notation for describing a queuing
process.  "A" indicates in some manner the interarrival

‘time distribution, "B" the service pattern, "C" the number

of servers (channels), and "D" the system capacity.

i

0 ' , (6.10)
1 .
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1/n

t =service time

Figure 6.11 Eflang K Service Distribution
with Mean Service Time 1/um [41]

-

In Figure 6.12(a) we ha#e plotted (6.10) along with the C(;r—
responding simuylation results. The curves coincide almost
exactly. Some departure is evident at the higher levels of
T, but this may be attributable to the.u.se of a truncated
exponential function in the simulator. (In theory thei‘g‘_’}/
nential distribution exﬁends, to infinity so that tﬁere re-
main‘s a finite probability of very long interarri§al times.

However, the maximum time Detween arrivals in the simulator
is only about 10 seconds for a mean interarrival time, 1/')\ |
= 1 second (Ta=0.1 erlang).  So, as the traffic level nears
0.l.erlang and more values are drawn from this truncated dis-
tribution, inaccuracies become apparent.)
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ability (For the Two Cases Where Theoret-

.ical Results Exist) .
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.Casé (1i) .is'a speciél case of an M/G/2/2 queuiné'disci¥
pline [19]. The "G" indida;es.a'gederal distéiﬁutignf that
is, no asSumption is made as to the precise form of the dis-
tribdtion For the M/G/2/2 model it may be shown ;hat‘the

blocklng prsbablllty is glven by.

. -¢ ) P =. | Az ‘
- _ Sy res C (6.11)

where ) is the arrival rate of customers and 1/v is the mean
service time of these customers. . For our purposes,: =i =iy
andkl/ueﬂ.' . Since T,= X,H {=2/u) we may write (6.11) in «the

"form: : ' " .
" | ’ ’ | | ’ : .‘.
2 S
"ba - mTl-‘i’zTT {R’O} ', 7 (6.12)
a “'a - fa=2) - o

In Figure 6.12(b) we have plottéd (6.12) along with the

simulation results, Agréement”between.the two is excellent.

> b -

L~

R

@
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Figure 6.5

\
Figure 6.5 contains all the information of Figure 6.4 but

presented in .a differentgmanner. . From this graph we can.

. conclude that when the traffic load remains static, Pb de-
. . Fha

creases very rapidly as the number of reattempts permitted

increases. The following empirical formula has been found

~generally applicable:

, R=ﬁ,‘h.2.\..m  (6.13)

pba*(%) = 92Ta
(R+1}2
= 0 , Rem

(Where m is the largest integer 1less than or equal to
92T ;. The nominal wvalues of H and D,. 100 msec and
(0,200) msec respectively, are used and there is one-
access channel per cell).

Figure 6.6 | - ' &

The mean delays, 51 and 52, experienced by calls in their
efforts to obtaif an access channel follow the pattern shown
in Figure 6.6, For a realistic measure of‘the delay these
curveé should be biased upward by about 500 msec. This 500
milliseconds is the time needed for the 1initial search for

the correct signalling channel to use {(Section -4.2). The

search is ggrformed once by the mobile logic unit; not be-
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fore each and every reaétempt to seize an acceés channel.
For this reéson we can tack on the half-second delay in an
aftéf—the?fact manner. . A

Not; that .the delay d, rises sharply at first and then
appears to saturate around 0.025 erlang. This is only tem-
porary however, as.the curves begin to rise agein as'Ta is
increased beyond 0.1 erlang. Of course there will'bg an up-
~ per limit upon the delay. For example, if R=3 and D=(O,§UO)
msec, the delay coula never exceed 600 msec and would ;ikely
level off around 300 msec. (A mean ‘delay of 100 msec is
generated prior to " each }eattemptj. In fact, it was ob-
served that for an amount of traffic in the neighbourhood of

1l erlang and for the case of §=3, the delay 52 had reached

220 msec and was continuing to increase gradually.

e

Figure 6.7

Figure 6.7 illustrates an-interesting result. The varia-
tion of P, and Py, with R for # fixed traffic load of
- 0.025 erlang has been plotted.  Observe that Py, de ines

rapidly as described by (6.13) while Pha1 rises sli:illy.
The reason for this behaviour 1is not difficult to discover.
As R is augmented, more and . more calls are reattemptiﬁg to
gain access to the system. Therefore a newly—generatgd call
is'more likely to find the access.channel(s) for its cell -

”

'bﬁsy and will be forced to make at least one reattempt.
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Thus a trade-off is apparent. Restrict the number of reat-

tempts permitted (R<2) and the ‘probabiiity of obtaining an - -

adceés channel on the first attempt will be improved. More-
over the.méan delays 31 and Ez‘will be smaller than othe;—
wise. However, the long term blocking probabaility Pha ﬁill
be farly high -- approximately 1% or'higher for one access
channel per cell ana a traffic greater than 0.02 erlang.
‘Conversely, permitting a large number of reattempts will
greatly reduce Py, while .degrading the system performance in
terms df-Pbal,‘al, and 52. “

In connection with Figure 6.7, ‘an attempt was made to
check the validity of flow rate eguations (6.2) to (6.8).
At points within the simulation program corresponding to
points iq Figﬁre 6.3 . the mean arrival rates of calls Ay, 2x;,
A3 and X5, were recorded. The results are tabulated in Ta-
ble 6.1 wunder the heading "Simulation". in the "Theory"
_columns we have applied (6.2) to (6.8) -- computing A, X; ,
and xg from the observed values for Aé and the values found

for pba' Pbal' and va. Agreement 1is excellent.
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Figure 6.8 | I / | .

Figure 6.8 shows theyaériation in Pba as a function of
the random delay D which is generaged just before each reat-
tempt. .Along the horizontal axis are plotted equal indre—
ments of the mean value of the uniform distribution fof D.
The reason for the decline in Pua is simply that there are

fewer calls reattempting to seize an access channel within

any arbitrary time span as the random delay becomes lengthi-~

er, - R : . .ot
If we make the assumption that as D + = , the state of

the system when a call makes its first reattempt is essen-
tially independent of the state when a.téil made its first
attempt to Seize an access channel, .we may compute the lim-
iting value of Pya in Figqure 6.8. First from Figure 6;4,
for T,=.05 erlang, .a:v=1:10 and R=0, wé see that Pba is
roughly 5%. If ée now allow one reattempt (R=1), as is thé
case in Figure 6.8, while keeping everything else the same
then the blocking probability on the first attempt, Py, 1,
will still be aﬂout 5%. {The rate at which access channel
regquests are made, i, , will be only slightly greater when
R=1 compared to when R=0). The probability that a call is
blocked on the 2'nd éttempt (first reattempt) will also be
about 5%. (This must be so since no digtinétion is made be-

tween a call making its first attempt and a call making its

first reattempt or tenth reattempt for that matter. The to-
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tal traffic incident on an access channel is merged wifhout
reqard'to the amount of time a call ‘may have alreadf:wait-
ed). -

The "limiting valpe of Pba'in Figure. 6.8 as D » = is then
given by ‘thé produét of the prob;bilities associated with

the (assumed) independent events that a call is blocked on

its first attempt and its first reattempt as well; that is:

im = 2
Llﬂ ?ba (Pbal)
= (.058)2 | - R=1
= 0.25%

-Similar arquments may be applied for any value of R. In

general:

ba

. 1im P = (P

)R+1
Doy ba

, R=1,2.3... (6.13)
Ta fixed

bal

-

Can we now'find a formula for Pbal (and hence Pba) in
terms of the access channel traffic 1load as'D + = ?* To be-

.gin, refer to Figure 6.13 which shows a sequence of service
-.\_‘_'/

' The basic idea for this development was suggested to the
"author by the description of the contention-based ALOHA
system in References 1 and 2.
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requests made by independenf mobile callers atlrandom pdints
in time and within the same celi. Note fhe overlap of two
seizure messages. Mobile k's request was made first; he may
continue to use the chahnel. Moﬁile 2's reqguest will have
"to repeated though, D msec later. (Do not confuse this with
‘the.collisibn prﬁblem where both requests had to reattempt.
Mobile 2 here ~would have found the busy/idle bits.for this
signalling channel set to “busy theréby preventing such. a
collision). '

The net traffic incident on aﬁ access channel, consisting
of initial call attempts and any reattempts is, by defini-
tion, A, H. We will call this traffic Ty to disﬁinguish it
from Ta (=A1H)l ~which we have been using exclusively up to
this point.

As D » » , the point process definea by the start time of
all attempts plus reattempts may be considered Poisson
[1,19]. That 1is, our assumption of an exponential interar-
rival time d;gtribution may still be applied. (Making such
an assumption’wheﬁ D=(0,200) msec would be grossly incorrect
since the time of a.reéftempt would still. be highly corre-
lated with the time of the previous (re)attempt).

With referénce té Figure 6.13, we see that the probabili-
ty of request n+l from mobile 2 finding' the acéess channel
busy is‘ simply the probabifity that this request 1is made
within H msec of the last such reQuesﬁ, n, frqm mobile k.

Thus:
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P - - ‘le :
bal 1 e o (6.14)

fl

1-eTa-

Since Pp,y 1is the probability that a call will 'need,to:

reattempt, the average number of reattempfs per wunit time

is:
-T! ‘ N
Ap(1-e7 a) (6.15)
So that:
Ag = Ayt Az(l-e—Ta) ) (6.16)
or: .
- t, "Tla | ’ 17
TEl Ta e (6.17)

It is clear thatlTa/T; is the probability of a call suc-

cessfully obtaining an access channel, therefore:
' H

. - . -7, A
Pbal - 1_Ta = 1l-e 8 (6.18)

Ta

Equation (6.18) can not be expressed explicity-in terms of

T

it 1is necessary to calculate Té for a given T, using

a?
(6.17) and then insert this value of T; into (6.18).
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We'may.nqw reformulate - (6.13) % ‘
IS _ -
1¥ Pba = l-e '@ , R=0
_}‘\ *
Ctimop, = (1-eT TR Re12,3000 Leae)
T D-—)-cn :
Ta<0.1 erlang

A  number of‘. simulation trialé were carried out for
.D=(0,10000), for R=1, and for various traffic-levéls Tar . iN
~order to test the validity of (6.19). The simulation and
analytical results are 'compiled.and compared in Table 6.2."
We have also included a qomparison when no réattempts are
allowgd. .Iﬁ such cases D has no relevance and 'I‘a and T; are
identical but it is interesting to note that the theoretical
values for Pp, are still quite close to the values obtained
by simulation. “As Ta increases, however, the divergence in’
T, and Té as computed from (6.17) will grow wider and (6.19)
can no longer be used for R=0. (Equation (6.10) will ¢on—'
tinue to be valid though), This 1is why we have stipulated
that Ta\be less thén 0.1 erlang.in {6.19).

Finally, for the example which we have already worked out
(R=1, T, =.05 erlang) where ir was predicted that p__ would
approach 0.25%, Table 6.2 shows that the simulation result
wés 0.28% whi?e the theotetical result was 0.24%. So the

three different approachés produce remarkably consistent re-

sults.
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" Ppg (%)
R (er’]r.gng) (é:‘la;ng) Theory Simulation |
1. | o.1 0.112 | 1.12 0.97
1 | 0.083 | 0.0908 | 0.76 0.73
1 0.067 0.072 0.48 0.45
1 | 0.05 0.0528 | 0.2, 0.28 -
1 0.025 0.0257 0.063 0.068
1 0.0167 0.017, 0.029 0.06
1 | 0.0083 | 0.00837 | 0.007 0
0 [|70.1 0.112 10.6 9.2
0 0.083 | 0.0908 8.7 7.9
0 0.067 0.072 6.95 a 6.0
0 0.05 0.0528 k.9 L.8 | ek
0 0.025 0.0257 2.5 2.1
0 0.0167 | 0.017 1.7 1.7
0 0.0083 | 0.00837 | 0.8k 0.83

* in the limit as D — o

** independent of D

Table 6.2 Comparison of Simulation and Theory for
The Access Channel Blocking Probability
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Figure 6.9 . T
Fbr this set of simulation trials we fiiga'R at 10,: cog-
nizant of the fact that ﬁew,{if.any,' callers would actﬁally
use up their allotment of 10 reattempts and thus be denied
"service. The number of cails making.i reattempts wés re-
‘corded; i=0 implying that a call found the access channel
idle during its initial seizure attempt. A
~ The graphs‘ indicate that even for the highést traffic
load considered -- §.1 erlang.-- 80% of calﬂb;s. obtain an
access channel on/{ieir véry first .try. And effectively
100% of.callers require 4 attempts or less. This results is
notitoé surprising since for T =0.1 erlang, the mean time
between call érrivals ié 1000 msec -- still ten times greét-
"er than the length of time a call occupies® an access chan-

nel.

Figure g.;g'

The last two figures {n this .chapter show the effects of
the écqess‘ehannél' logic{upon the voice .chahhel assignment
scheme. Figure 6.10(a} serves to confirm a result which
could have been >predicted from .Equation (6.1). Due to
blocking over the access channels the mean interarrival tiﬂe
of calls ‘to the voice channels is effectively lengthened.

Since there are fewer calls competing for the voice chan-
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nels, va must fall. . Just what  is the éxtent of this ef-
fect? For tbg case shown in Figure 6.10(a}, ‘R=0 and from

Equation (6.10}, Py =T Thus Equation (6.1} becomes:

a a’
-
T o= F . (1-T.).
v g T T
o sT sl
= 5.(1_Ta)-x1 | R=0 - (6.20)
v - a=1
= 60(1-T.)

So as Ta continues to increase, TV will continue to de-

crease. When T, nears the saturation level’ of 1 erlaﬁgrfor
this single access channel, virtually no calls will be able
to get.pasﬁ the access channel 1logic and Py, will be almost
zZero. | ”

In Tablé 6.3 we compare the simulation results for Py
against the thecretical reéults-computed'from the .Erlang B
formula (Appendix al), Agreement'is excellent. There is
some discrepancy for the larger values of H but this is only

. becausg Py, is actually less than T, in this region while in

(6.20) Py, was set equal to T,.
. . ]

For larger values of R we can still expect Py, to decline
as T, increases but the effect will become less noticeable

simply because Pha Will be less.

-

* The saturation level of x channels would be x erlangs of
traffic.
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(mgec) (erggng) (erfé%g). ;ggggi g?gu?.
75 | L0375 |- 57.75 83 83.4
| 100 | .05 s7 | 82.8 |-82.3
; 150 | .075 55.5 .| 82.4 | 82
. 200 W1 54 1.9 | 82.3
250 .125 52.5 8.4 | 8l.b
325 | .1625 | 50.25 80.6 | 80.7
w0 | .2 48 79.7 | 80.5
500 | .25 45 78.4 | 9.8
700 | .35 .| 39 75.2.,| 78.5

~

Table 6.3 . Interaction Between T, and Ty;

Comparison of Simulation and
Theoretical Results for The

Voice Channel Blocking Probability
(1/A1= 2 seconds)
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Lastly, we observe -in Flgure 6. lO(a) that Pp.- remains

constant as T3 1ncrease5. [This result seems qu1te feason-;
able in llght of the previous discussion concernlng the in-
terqctlon bet@een -?a and T 'and betwéen Pb and Pb . - If
only a small percentage of tge calls enter1ng the system ob-
tain’ an ac;ess channel, . then a large percentage of those™
calis whﬁch fiiter through to the voice channel assignment
logic should be able to obtain a voice phgnhél. The con-
verse is also true. . Thus the relative magnitudes of the nu-
merator and denominator iﬁ¥the definifionlof Py will remain
: £

fairly constant.

Tk
£ "-i‘i

"

Figure 6.10(b} isiincluded to emphasize ‘the important
“point that as more channels within any cell are-apportioned
to the signalling fyﬁction in an effort to reduce P,., there
will.be lfewef channels available for the voice functiony

causing P, to rise.

; ;
\ﬂ“ﬂ/'

™



Chapter VII'

SIMULATION MODEL NO. 2

The signalling, protocol"of the present chapter differs
slightly from the version already studied. ' NotaBlQ, an ac-
ces§ timer is added. ) | (,

A hybrid voice channel assignment scheme 1is now used.
' The FCAS described ear;ier may be considered as a special
case of this hybrid scheme. The service discipline for the
voice channels can be termed "Blocked Calls Held". As the

name implies, calls are prepared to wait a sho}t, time if

necessary for a voice channel assignment. \\w//‘

7.1 THE SIGNALLING PROTOCOL

The protocol flowchart isH;hown in Figure 7.1. The éame'
general comments’ made in the first paragraph of Section 6.1
alsc apply here. The differences between this flowchart and
that of Figure 6.1 have been emphasized with a heavy line{

These differences are:

1. &n initial delay of 500 msec to model the time taken
_ R

by the mobile logic unit to (i) scan the signalling

channels, (ii) lock onto the one with the strongest

signal and (iii) acquire word sync.

-3

.= 101 -
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In$pming Call -

Delay
(500 msec nominal)

Is.
Access Channel

1. Set value of reattempt.
parameter, R

2. Specify the number of
-access channels per.
cell

3. Set value of'access
.timer

X busy° No

X=X - 1

Has
x yeached its
minimum?

Y

Use Access Channel
(H -msec.)

Voice Channel Assignment;
Figure 7.2

No

Wait a Random
Amount of Time,-D

Has
Access Timer ~

Expired?

"Yes

R«<R -1

Reinitialize

value of x

Figure 7.1

Signalling Protocol No. 2
for The Access Charinels




A

N - ‘ . \0103

2. -A 6-second access timer which keeps track of the

" amount of time each call has used up while attempting.

to ‘seize an access channel (including'fhe 500 msec

delay) or while waiting for a voice channel designa-
tion. - o

3. A call which has obtained an access channel but was

unable to find a voice chan&gl may re-enter the sys-

tem at point .

Expanding upon items 2 and 3, .a call which does not find
a voice channel immediately will now queuéﬁfor service, up
to a maximum of 5 seconds. During this time a suitabie
voice channel may become free in which case the célﬁ is
served. If after 5 seéonds, however, the ¢all is still’
waiting, it is purged from the queue and the status of the
access timer is .examined. " If the timer has run out, the
call is simply tabulated as blocked ;nd leaves the system
foreﬁer. If the timer has not run cut, the call will at-
tempt to re-access the system; that is, iP will once égain
go through the necessary steps to obtain an access channel.
The feattempt parameter, however, will not be reinitialized.

Given that a call entering the system fof a:second time
is successful in finding an 1idle access channel it then
searches anew for a'free voice channel. It may find a chan-
nel right away or it may have to rejoin the gqueue as the

last member . In the event that the call remains 1in the

]
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queue for the full 5 seconds it will be purged as bef&re,
At this stage the 6-second timer will have definitely run
out' and the call will simply ¥e tabulated as blocked.

In summary, a call has at least one 5—se¢ond period; but
no-more_than two such periods, in which to receive a voice
channel assignmenf. Each time 3y call is purged _from the
gueue due to the S-second time ;imit, the staéus of the ac-
cess timer is examined to see if processing should proceed
~any further. In addition, the status of the access timer
and the reattempt parameter are .chgcked prior to each reat-
“tempt to seize ‘an access channel, If at any point either
one of these constraints is exceeded then the call is tabu;'
lated as blocked and leaveés the system forever.

The access channel logic and voice channel logic are now

closely interlocked. The magnitude of Pyy will determine

= -

the numbeq;of calls which re-enter the system and these re-
turning calls will place a greater load upon the access
channels. The complexity of this interaction makes a de-

tailed mathematical analysis intractable.

7.2 THE VOICE CHANNEL ASSIGNMENT SCHEME

For this simulation model, a Hybrid Channel Assignment
Scheme (HCAS) is employed [18,24,36]. As before we have N=3
channel sets each of which is apportioned initially into "a"
.access channels and "v"7 voice channels. Every cell is as-

signéd one of the three sets and the sets are reused at rel-
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ative spacings, D/R=3. Thus fgr'the situation is identical

A=

to that shown_in Figure 5.1,

o

From the v voice channels, d channels are subtracted and
donated to a.central pool. Once this is actomplished there

are f=v-d fixed voice channels remaining in each channel set

~.and 3d dynamic channels belonging to the central pool. The

dynamic channels may be used in any cell i as long .as:

1, The D/R'consPraint for simultaneous -usage is met.
For example, in Figure 5.1, a dynamic channel in ﬁse
in central «cell 1 can not be re-used in any of the
cells 2 through 7 which border directly én cell 1,

In the same manner one can visualize an. interference

cell group for any cell x consistihg of cell x itself
and the ring of cells surrounding cell x,. '

2. A fixed voice channel is not available in cell i when

a seryice request is made in cell i.

Since this channel assignment scheme is neither pure fix-
ed nor pure dynamic (where any channel may be used in any
cell provided‘the D/R rule is respected), the label "hybrid"
is applied.
| For the hybrid scheme the choice of N is impoftant. No
lbnger are the cells isolated from one another -- they now.
share a common resource, namely the dynamic voice channels
and N directly affects the size of this resource. The

choice of N=3 is in keeping with past studies [18,24,36].



LAY
L

_ 106 7
The flbwcha{t of the voice éhannel assigﬁment algorithm
- S _
~is shown in Figure 7.2. It is reasonably self-explanatory

'so only the less obvious features will be ‘discussed. One of

R

these features is the channel reassignment techniqhe:énwhen-

n,

. ‘A
ever a fixed channel becomes free in cell i, a call using a

dynamic channel -in cell i is switched over to'the fixed
channel. The motive for doing this is to try and pack chan-
nel assignments as close together in space as possible. For
a system consisting of 40 cells and for N=3, no channel can
be in simultaneous wuse in more than 13 or 14 cells. This
limit 1is extremely unlikely to be reached for a dynamic
channel; however; calls are initiated at random and invaria—
bly a dynamic channel will be assigned to serve calls in
cells which are more than one reuse interval (D/Rj away from
each ot;ér.- Fixed voice channels, on the other hand, have
been assigned to cells beforehand so that the D/R constraint
is always met Dbut never exceeded. Channel reassignmenﬁ
frees a dynamic channei for prSible further use .elsewhere.
Once a €all has completed its service time its "Life; in
the simulation program is not over. Call completion changes
the state of the system so what better way 'to investigate
the repercussions of these changes than to wuse the call
which caused them?  Thus we see in thegflowchart of Figure
7.2 that call x, vacating_a'fixed or dynamic channel,. "hangs

around” for a while to- perform the channel reassignment task
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. - * dynamic channel must satisfy the .
: . cochannel interference constraint ~
. ~for cell i. 'That is, it can not
already be in use in cell i or any
. of the cells bordering directly on
- cell 1. The first such channel found
in the search is used.

Call in cell i entering voice
channel assignment subroutine
after having obtained an access
channel. -

Fixed
Channel
Available?

Dynamic
Channel
Available?  -

r"'g

-Yes

Call Served by
fixed channel

Call served by

Call joins
system gueue

dynamic channel

in FIFO order

Yes

! using a fixed
* channel.

Route followed by
a call which was

call re-
assigneéd to
a fixed channel
during hold-
ing time

| Route followed by a call which
was using a dynamic channel at
| the time of service completion.

* .

Figure 7.2 Hybrid Voice Channel Aséignment Scheme and

Blocked Calls Held Service Discipline

Pl




No

Any

call in

cell 1 cur-

rently using

a dynamie

channel
o

Yes

Reassign call
using dynamic
. channel to

fixed channel

.-'V

Fix&d channel

used for out- -
standing

service time

No

Any
call from
cell i wait-
ing in system
queue?

- fixed channel

First such ecall
to join queug_
assigned to
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Any
call in

system queue
: ?

Search queue for
- a call which may
use this dynamic

channel

T

%

Any such

.Dotted line is the
path taken by a call
which has just re-
linquished a fixed
channel. A dynamic
channel is now free.
Some call in the ’
queue might be able
to use it.

call found?

Return dynamic
channsl to
central pool

Call léaveé
system

Yes

Y

Call served
by
dynamic channel

call re-»
assigned
dunding hold-

ing -
time?

No

|
i

Figure 7.2 (cont'd)

Hybrid Voice Channel Assignment Scheme and
Blocked Calls Held Service Discipline
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Return fixed
channel to
cell i

hi 5

Call leaves
system

Figure 7.2 (cont'd) -

Hybrid Voice Channel Assignment Scheme
and Blocked Calls Held Service Discipline
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Check statﬁs of

10 msec. 2

‘| queued calls every

y
calls which
have been wait-
ing 5 or more

Y

No

seconds?

No action

required
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\

Remove first
such calkl
from queue

l

Yes

Collecﬁ
statistics

1

the access
timer for
this call
expired?

Call leaves
system

(

to re-acces

Send call back
system
point

in Figure 7.1)

No

more calls
which have been
in queue 5 or
‘more

seconds
L]

Yes

Figure 7.3 Subroutine forlControlling
T;pe Spent by Calls in
System Queue
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or to q&epk if some:the call in the.system queue, waiting
. for service, mighﬁ. be a le-to use the channel just relin“
quished by call x. .. | | | -

It is not evident from Figure 7.2 alone that a Blocked
Calls Held service .diScipline:haS'been.implementéd for the
voice channels. The subroutine of Figure 7.3 operates inde-
pendéntly of the main program and?is responsiSle'fo; remov-
ing calls from the queue which have been waiting iorfservice
for 5 seconds. Such calls are ailowed to re-eﬁter the sys-
tem at\}point in Figure 7.1 provided the access timer has
hét run out; otherwise they are lost forever.

Lastly, why was the HCAS included bere but not 1in the
‘p:eviouéﬁmodel? Simply because a great many HCASs have been
studied already [8,10,11,15,18,24,36,38] in the absence of
any signalling.logic; Because the signalling leogic of Model
1 really did not affect the voice channel assignment scheme,
there wasn't much point in duplicating these past efforts.
In the curfeﬁt model, though, 1its a different story as por—

tended at the end Qf Section 7.1.
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7.3  SYMBOLS AND DEFINITIONS .

In addition to the definitions of the last chapter sever-
al- new QUanfities are defined below. Subscripts have the
..

following signifigance: b indicates blocking, q ‘indicates .

queuing, s indicates service, "a" refers to the access chan-
nels, and v refers to the voice channéls.

a:f:da= channel division ratio on a per cell basis; a<the

number of access. channels per cell, f=the number of

fixed (voice} channels Eer cell and d=the average

number of dynamic (voice channels per cell (the
number of channels in the system pool divided by N).

Pba-

I

access channel blocking probability (because the
reattempt allocation is consumed) upon second entry
into the system. :

no. of calls which fail to. obtain an access channel|
upon 2'nd entry due to the reattempt:-limit '

no. of calls purged fréom queue and which
subsequently attempt to re-enter the system

Pg = access channel blocking probability (because the ac-
a cess timer expires) upon second entry into the sys-
tem.

no. of calls which do not obtain an access channel
upon 2'nd entry due to access timer limitation

no. of calls purged from the gqueue and which
subsequently -attempt to re-enter the system

o
o
4

v = long term voige channel blocking probability.

‘no. of calls which fail to obtain a voice channel

no. of calls which initially enter the voice
channel assignment subroutine
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qvl

qv?

svl

sv2
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probability of queuing for a voice channel assign-
ment upon first entry into the system.

no. of calls which join sjstem queue upon- 1'st
entry into voice channel assignment subroutine

[}

ﬁo. of calls which initially enter the voice channe{]
assignment subroutine

probability of gqueuing for a voice channel assign-
ment upon second entry into the system. ’

¢ no. of calls which join system gueue upon 2'nd
- entry into the voice. channel assignment subroutine

no. of calls which enter the voice channel
as8ignment subroutine a 2'nd time

I

probability of receiving a voice channel assignment
upon first entry into the system.

no. of calls which obtain a voice channel
upon l'st entry

‘ Eol of calls which initially enter the voice channeﬂ
. N *v‘

assignment subroutine

probability of receiving a voice channel assignment
upon second entry into the system.,

no. of calls which obtain a voice channel
upeon 2'nd entry

[no. of calls which enter the voice channel
assignment subroutine a 2'nd time

iy

~
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.
The definition of Py, remains the same'éé in Chapter 6

but’ now applies only to those calls entering the system
for the first time. So Pba will still be due to the re-. .

striction upon R and a comparison can be made with the
2 *

results of Chapter 6.

What is the reason for diétinguishing between calls com-

-

ing into the system for the first or second time when

, P' ,. and P' ? Well, calls which are
ba ba ba

purged from the queue and re-enter the system dé so with

defining P

an unknown portion. of their reattempt allocation remain-
ing unlike newly-generated cai}é:which all have the same

initial value for R. In other words, calls re—gntering

. the system are no longer on an  equal standing and it

would become very difficult to interpret the response of
the access channel blocking probability to changing con-
ditions if we did not filter out and examine separately

the rew calls and the returning calls.

Delays 51 and 52 reflect the delay experienced by newly-

arriving calls alone,
o
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No easy- means exist for reléting the . traffic loads of-

fered to the voice channels and the access channels as

- was'the case in the last chapter. ' To simplify matters,

assume that’P;a is small enough to \Pe neglected. The
simulation r:fﬁlts will later show that this 1is nearly

always the cajse., .

Refering to Figure 7.4, we know that Ay consists of two

components: (a} calls entering the voice channel as-

signment subroutine for the first time and (b) calls
which . have been purged from the qgueue, manage to get
past the access channél logic again and finally enter
the.voiqe channel assignment subroutine a second time.

Label these two components A3 and X3, respectively,

then:

Ap(1-P

Aig - {7.1(a))

»

ba)

Aap = [Al(l—Pba)(l-val)](l—PI;a) (7.1(b))

The quantity 1in square brackets is the rate at which

calls re-enter-the system. This number is then reduced



116

-2 °*ON Tepol uorjernuy

— »

(paatdxs Jawy3 SS990Y)
JI8A8J0 9S07T ST[E) =

SqUaWaF PSS TMOUNDE

S ySnoayy sa3ey MOT4 118D ¥ 8andtd

(s3dwagqesa uodn QTWET)
—» J2ABIOJ 3507 STTB)

01807

Tauuey)
55900y

 (STeuueyd 85T0A oN)
nwﬁ%&om 1807 STTE) JI9PJIO
. A
r——————= -l-—-—-————_- - =
+ | m&.a.ml.:
_
_
_ _
I o130
« | Touueyp anand -
_ sot0p |° .
m<_ Ty
_
_ -~
_ .

L T

(paatdxa Jawiq SS300Y)
J9A2J04 1807 STTIED




117
by l-Pl;_a in order to eliminate the rethtning calls which
are lost forever. The net rate of mrrival of calls into

the voice channel subroutine is:

A3 = Az * Agp C(7.2)

A1(1.'?5a)(1+(1-|’5a)(l-Psvl))

Also:
Al} = F}\3 s:. B (7-3)

.where F was defined in Chapter 6.

As before, T =AL/u and T.= »;H so that . b ‘combining
: v Vv a 1 Y ]

(7.1). and {(7.2) we now have:

T, = _F (1-P ) (1+(1-Pp ) (1-P_

v ba
uVH

))-T, (erlang) (7.4)

Equation (7.4) 1is the relationship we seek between the
access channel and the voice channel traffic loads. Fi-
nally, the follbwing statements can also be made regard-

~

ing Figure 7.4:

s = AsatPgyy T oAsboPgy

i} lﬁ(ldpba)[?svl * Psvz(l'Psvl)(l_Péaﬂ (7.5)
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Ay = “'Pbal)(l“Pba-)(l'pba)"‘2 , R>0 (7.6)

In deriving equations- (7.1) to (7.6) we have assumed
that the various arrival rates A all describe exponen-
tial distributions. This is obviously true of Ai but. we
can not be certain that it is still true for say \s.
This point will be”considered,further in the next sec-
tion. |

4. The v§rious performance measures ?Ba’ P;a, Po,r. etc.,
were calculated for only the central 20 cells when dy-
namic voice channels were involved.' This was done be-
cause cells near the egrimeter of the system have fewer

+

neighbours and hence a greater likelihood of obtaining a
given dynamic channel than cells near the center. The
peripheral cells will therefore experience a 10%&%

4
blocking probability.

7.4 THE SIMULATION RESULTS

The simulation results are shown 1in Figures 7.5 to 7.18.
Where possible, results from Chapter 6 have been included
for comparison purposes. These results are drawn with a

dashed line.
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) Figure 7.18(c)
} Histogram of Interarrival Times
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In Figure 7.5, P . is plotted as a function of the access
channel traffic load. In the top set of curves we concen-
. .trate upon the FCAS.and use R as a parameter. As anticipat-

ed, has gone up substantially compared to Model 1 be-

P

ba ) B
cause of the greater burden placed on the access. channels by
‘returning calls.,  From our earlier discussion of Equation

7.2(b), this additional traffic load is:

ba)(l'Psv_l)}'I (7.7 )4
) )

“Tsvyl

As an example, for T,=.05 erlang and R=1, a,'valﬁe of
Ph5=2.7% can be read off from ?igure 7.5. Jumping ahead to
Figure 7.14{(a), the corresponding value for Pyl is 9.6% so

that:

TV = (1-.227)(1-.096)(.05) = .044 erlang

The net tratfic load is:

(T,)

+-
alnet = T3 ° Ta = .094 erlang

Now consider the dashed curve for R=1 in Figure' 7.5. At
T,=.094 erlang we see that P,  is just about .2.7%. So it

appears that once we take into account the greater traffic

»

o
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level due to returning calls, the new simulation results are
guite congjstent with those of Model 1.

A single simulation trial was performed for the case of
Ta=.05 erlang and R=1 and for 55 (fixed) voice chqnneis per
cell. The isolated aata point ( ® ) is the,measuréd value
for Pp,. For a realistic number of voice channels then,
relatively few calls re;enter the system and Pba ve;f‘nearly
equals the value found in Chapter 6. |

The bottom set of curves in Figurg 7.5 compares the per;
formance of the hybrid scheme with the fixed scheme (1:10:0)
" for R=1. {(The two curves labelled 1:10:0 were simply ex-
tracted from the top set of curves). The hybrid scheme is
seen to perform less wéll than ‘the fixed scheme. The reason
is tﬁat, for the traffic range plotted, va for the hybrid
scheme is greater than for the fixed scheme. So more calls

re—ep;er the system ;ausing (Ta)pnetr @and hence Pp,, to in-

Crease.

Figure 7.6

Figﬁre.7.6 is égain a plot of Py, versus T, but with 2
access channels per éell this time. Pua has dropped qﬁite'
dramatically in much the same mannér observed in Model 1 al-
though the magnitude is, of course, greater than in the ear-
lier médel. The case of 3 access channels per cell was also

examined but still produces zero or very small blocking

probabilities.
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-

- Figure 7.7 : ;

Figure 7.7 is the counterpart of Figure 6.5. - The follow-
ing relationship gives a fairly good fit to thesg/Cprves for
small values of R but produces somewhat pessimistic results

for R> 3 or thereabouts:

1607 , R=0,1,2...m

-
o
fab)
—
b4
—
i

'(R+.1)3/2 : ‘ (7.8)

It

0 , R>m

The same restrictions as Equation (6.13) apﬁly-with the ad-

ditional proviso that there be 10 voice channels per cell.

Figure 7.8

ba
limit upon R) for those calls entering the system.a second

Figure 7.8 shows the blocking probability P {due to the

time. The general form of the curves is the same as Figure

7.5 but for a given T,, Pp, is less than P,,. This seems

pefplexing at first. After.all, a returning call may very
well have consumed all, or some portion, of its reattempt
allocation during its first passage through the access chan-
nel logic and thus would be more prone to failure upon sec-
- ond entry into the system. Moreover, a returning call must

compete with newly-arriving calls for the same access chan-

ek
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_ neg; So, if anythigé, Pé#»shou;d be greater than Py The
reason why this is not the case probably lies in an observa-
tion made in the last chapter. There it was noted that, as
the mean value of D increased, Pb; fell markedly. If we
‘think.bﬁ ‘the 5 .second period, spent ihl the voice channel
gueue éé being analagous to D, then we have a similar situ-
~ation. | Calls are reattempting to obtain an éccess channel
at artime far reﬁoved from their initial attempt. Cérre—
spondingly, the blocking probability for these calls has
fallen. o e .

'
N

Figure 7.9

In Figure 7,9 we focus our attention upon returning calls’

which have been ejected from the voice channel gueue. The
choice of R=3 ’is iﬁtentional since for smaller valueslof R
and for T, <0.1 erlang, Ega is always equal to zero.'lAppar-
ently when R<3 calls 'do not remain in tﬁe system long‘éhough
for the access timer limit to come into play.

For R>3 and for a given T, P;a'continués to increase but
only very, very slightly, (For large R, most calls do not

require their entire reattempt allocation anyways).

N
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Figure '7.10

The mean delays, Ei and'az, experienced by newly-arriving
calls are plotted {n'Figure' 7.10, These curves-should all

be biased upwgrd by about 500 msec to account for the time

" needed to scan the paging channels.

Compared‘to the results of Model 1, bot@ Ei and aé,afe‘
iarger but this is-oniy natural since for a given T,, the
“actual traffic impinging on the access channels (T,)pqt-18
greater in the current model. | It also-appears that dj is

affected to a greater extent than 52 by the modifications

- made to Model 1. This is an indication that many more calls

are now forced to make at least one reattempt before obtain-
ing an access channel. . {Note that if aff calls made at
least one reattempt then 5} would equal E} by definition).

Fiqure 7.11

The graphs of Figure 7.11 indicate that virtually 100% of
all callers make 5 or less reattempts before finding the ac-
cess chénnel idle. Thus R=5 may be considered a cut-off
point. Values of R greater than 5 will not sfgnifigantly
reduce Poa OF Pha ény fur;her. (In Fiéure 7.11, no distinc-
tion is made between newly arriving and returning calls.
For example, a cali making 5 reattempts may have done so

upon first ~entry into the system or perhaps only .2 reat-

,,/
e
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tempts were- needed upon ‘first -entry while the qema‘ning-B

were vused up after being ejected'from the voide channel
. < '-: . . T .
= o . ‘: . ‘

qﬁeue).

»

Figure 7.12

/'1

As stated at the start of Section 7.1, the composite ime
& ' " u
taken by the mobile logic unit to scan the paging channgls

and acquire word sync is assumed to be 500. msec. All the

" results presented thus far are based on a delay of this

. there is no mention of absolute ‘'values.?® For this reaso

several simulation trials were performed where this dela

" the effect upon the access channel blocking probabilities.

length. However, this is only an estimate. While the AT&T

spéCk[44] states minimum values which should not be exceeded

(call it SCANTIME+SYNCACQ) was varied. Figure 7.12 shows

Pga.climbs sharply és' SCANTIME+SYNCACQ increases beéause
a-call has progressiveiy less time in which tén find ah‘ac-_
cess chfnnel or a voice channel before expiration of the‘ac—
cess timer. When the‘delay reaches 200 mséé, Pha ié seen to
be very nearly 100%. To éxplaip why this occurs, consider a
call wh}ch is purged frém the vSice channel.éueue after-S
seconds. Such a call has been in the system for 0.9+5+0.,1=6

seconds, where the added 100 msec represents the" access

1° These time limits are 700 msec .for scanning and 400 msec
for sync acguisition.

P
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channel holding time. In fact, if one or more reattempts
were o;iginally‘nééded to cobtain an access channel, thé!ﬁig—
ure'wfll be even‘greéiér than 6 seconds. In any event,. the

important point {s that the test made on the access timer in

the flowchart of Figure 7.3 will indicate that the timer has .
run out and So'the call will be terminated. Because cails'"

are prevented from re-entering the system, then by its very

definition, Pga must bé 100%. o -

Pya and Pl,, on the other hand, fall as SCANTIME+SYNCACQ
increases. This occurs because there are'fewer calls com-
peting.for tﬁe single access chanﬁel in any given ¢ell. For
SCANTIME+SYNCACQ=900 ms‘ec,-Pt')a will be zero for reas?ns cit-
"ed above and as is evideht from its définition. Py, Should
attain the-same value observed in Model 1 for a traffic load

of .05 erlang and R=3. There Py, was measured- to be .05%

and this is alfmost precisely tﬁe.value observed here.

¥

Figure 7.13
In this figure and in .most of the figurés to follow, ‘two

horizontal_scales are shown -- one is for the access channel

traffic load while the other gives the corresponding voice

"channel traffic load as calculated from (7.4).
For low offered trarfic loads (T,<7 erlang} the various
channel partitions of the hybrid scheme oUtperfdrm the fixed

scheme -- producing lower blocking probabilities, Further,

A
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for traffic levels at or below 5 erlang, the channél parti--
tions which ehploy-‘the most aynamic channe& do 5;;ter than
those which gmploy the least;' that is, 1:5:5 .is Better than
1:7:3 which is in tﬁrn'better ‘than 1:8:2. l.(Because of the
.scale used, this is difficult to.see in Figure 7.;3(a)):
This.behéviour reflects the ability of dynamib éhannels to
move about from céll to cell in order to serve -the random
fluctuations in traffic demands. To illustrate, say 10
channels are in use in céll X and a new ser§ice reqﬁest Is
received. ‘In a fixed scheme (1:10:0) nothing can be done
~since thg;e'are no more\ voice channels available in tﬁe
cell, " Tﬁéirequest .has no choice but to queue up and wait
for_é'éhannelfﬁo come free. ~But in a hybrid séheme,. téll
site X can caii upon any one of the dynamic chapnelq in the‘
central poecl in addition to the fixed voice’ chaﬁnels re-
served fof its own use. I1f we take the 115(% partition as
an example, cell.site x has, ideally, 20 channels at its
disposal -- 5 fixed and 15 dynamic voice channels. We say
"ideally" because a dynaﬁic channel must meet the cochannél
interference constraint for.cell X. So the new service re-
quest which is rejected in the fixed scheme can conceivably
be handled by the hybrid scheme, ,

This scenario remains valid as’ long as thg traffic -de-
mand§ in each cell remain 1low. As traffic leveis increase

the hybrid scheme becomes less efficient. The dynamic chan-

nels will invariably be assigned to cells at*?}lative dis-
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tances greater than D/R. 'In fact, ‘for T =7 erlang and

a:f:d=1:5:5, it was observed that the dynamic ‘channels were

“in use in 11 cells on the average while for the fixed

scheme, 1:10:0, 'the -fixed channels in channel set A (see
Figure 5.1) were in use in 13'cells on the average. As
traffic levels increased further, the average dynamic usage
remained the same and thé average usage of fixed channels in
set A approached its maximum achievable value of 14. |
In Figure 7.13(a) we have also included the results from

Model 1.  Evidently, allowing calls to wait for a voice

}channel assignment -~ even for only 5 seconds -- brings
%about a noticeable improvement in the voice channel blocking

Eprobabiliﬁy. The penalty, though, is a poorer grade of ser-—

ivice over the access channels, i
In Figure 7.13(b) we've plotted P for high traffic lev-

bv
égs. Actually, these traffic levels.are.totglly unrealistic
fér 10 voicé channels.per'cell on the averége-but the curves
séill highlight the relative performance of réhe diffefen
channel partitions. The isolated data point (\:—l"igf{;z
resultant blocking probability for 55 fixed voice channels

per cell.
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Fiqure 7.14

The general respohse of PS and PS to increasing traf-

vl v2
~fic 1levels are quite similar as illustrated in Figure

7.14(a)< and (b) respectively._ﬁ In both cases, the fixed

scheme is superiof'to the hybrid scheme except at the lowest

end of the traffic scale for reasons which ‘parallel those

given for Figure 7.13. However, P is lower than Pg

sv2 vi®
To explain, say.a call is ejected from the voice channel
queue‘dué to the 5 second time limit. The call may have

‘been quite close to the top of thelqueue at the time but if
it does manage to get past the access channel logic again
and re-enter the voice channel assignment subroutine it will
have lost its position in the gueue and must start.ali 6vér
again. The problem is compounded by the high proBability of

queuing upon second entry into the voice channel assignment

subroutine. Far fewer returning calls find a voice channel

right off compared to new calls and consequehtly PSVZ will

.be lower than Psvl'

Figures 7.13 and 7.14 reveal the following relationship

" for a given channel partition and traffic load:

\ .

Pov = (l_Psvl)

(1-P_ ,) (7.9)

sve
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Equation (7.9} 1implies that the state of the system when a
call makes its first request for a voice channel is more or
less independent of the state when the same call makes its
second request for a voice channel (after re-entering the

i
.

‘system) .

Figure 7.15 ‘ ' 2

o

qvl
shown in Figures 7.15(a) and (b). The curves are very simi-

The response of P to increasing traffic levels is

lar to those for Ppy and the explanation for the relative
performance of the different channel partitions remains the
same, The isolated data point ( ® ) in Figure 7.15{b) is

for the case of 55 fixed voice channels per cell.

Figure 7.16 »

o

The response of s to increasing traffic levels 1is

qu

shown in Figure 7.16. Why is‘Pq so high? When a call is

v2
ejected from the voice channel gqueue (the first time) it
" must successfully pass through the access channel logic
again in order to bid (a second time) for a voice channel.
But any delays which it may have encountered 1in the access

channel logic {measurable in hundreds of milliseconds) would

be far less in comparison to the mean voice channel holding

2
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time-§f 'léQ seqﬂpds. Therefore a voice éhannel pfobably
‘will.not have become available in the short period of time
which has gone’ by since the call was last ejected from the
" queue.

This is the one instance where therhybrid scheme is al-
ways superior to .the fixed scheme and moreover the channef
partitions‘whith the most dynamic channels are better tﬁan
the partitions with the " fewest. The reason for this is
again linked to the greater ability of the dynamic channels
to handle randem variations in traffic throughout the sys-
tem. In the fixed séhemé, whether or not a éall in cell x
can find a voice channel is dependent solely on the prevail-
ing state of cell x. In the hybrid scﬁeme, however, a
call's ability to find a channel“depends as well oﬁ thg
~state.of all dynamic chénnels in all cells. 1In other words,
it is more likely that the state of the -syétem will change
in a short period of time thanlit‘is likely that the state

of cell x alone will change,

Figure 7.17

Figure 7.17 illustrates that, as the composite time taken
to perform the scénning and sync acquisition functions in-,
creases, P is hardly affected. An explanation is best
given in terms of Equation (7.9). First of all, P falls

sv2
sharply as SCANTIME+SYNCACQ approaches 900 msec because few-
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er calls are re-entering the system -- most find that the
access fimer ‘has run 'out‘when they arii;ejectgd from the
voice channel qﬁeue. Conéurrently, PSvl begins to riSe.
Ne; calls just-entering the voice channel assignﬂgnt.subrou~
tine for the first time arg'no longer competiné with the re-

turning calls, These two facts considered togeéther and

Equation (7.9) explain the constancy of Ppy-

.

Figure,z.;_

In an effort to validate the equations of Section 7.3,
'the méan interarrival times AI} Ao 4 l; and 15 and the call
interarrival time distributions were reco}ded at points in
the simulation program corresponding to points in Figﬁre
7.4.‘ Figure 7.18 shows the observed distributions for 6ne
particular case, namely T =.05 erlané (roughly). Overlaid
on each histogram is the theoretical exponential curve for
the observed mean interarrival time. - Points on this curve

were computed using:
. - ty

At

no. of calls arriving in (tq,t,) = N'ijie— dt

ty

= N-(e Mty L TRtz (7.10)

w2 s
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where N = total number of calls passing a given point in the
| simulation model during the course of a simulation

trial and in one particular cell.

: Forfgxample,'in Figure 7.18(a), the number of calls gen-
erated in some cell X was 409 and of this number, 83 arrived

within 500 msec of each other, that is:

409 (e 0 -‘e_21wj

ne of calls arriving in (0,500)

n

83

~=

All the distributions are o;:?éhsly exponential in nature
except for the last one which' describes the rate at which
calls vacate voice channelé (). Despite this one eécep-
tion, the equations of Section 7.3 still seem to be quite
valid as evidenced by Table 7.1. The data in this table was
collected from 4 separate sihdlation runs .in which the inde-
~ pendent variable A; (and hence Ta= :,H) was varied. Includ-
ed is the case shown in Figure 7.18. Mean interarrival
times A, and A, were computed from the observed values of ),
using relationships (7.2} and (7.5) and compared with their
observed values. Similarly, A2 was computed from the ob-

served value of A, using (7.6). Agreement is guite good.
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Chapter VIII : ﬁ
CONCLUSIONS -

The results of Simulation Model 1 indicate that, 1if 2 or
more automatic feattempts (R) are permitted, only one sig-
nalling channel per cell is required in order to maintain

the access channel blocking probability P, below 2% for all

ba

traffic loads T_ up to 0.1 erlang: This traffic corresponds

to a mean interarrival time of 1 second and it is doubtful
that the traffic demands in even the most heavily populated
céll,will exceed this améunt. Furthermoreé, P a drops by a
factor of at‘ieast 30 if 2 access channels per.cell-are used
and all other quantities (H,D,T ,etc.) remain static. Three
or more- access channels per cell produce inconsequentiall§
small call rejection rates (<10-*) for all traffic loads up
to 0.1 erlang.

We have also concluded from the results of Model 1 that
the access channel: logic does not appreciably influence the
blocking probabilities of the voice channels (or vice ver-
sa). o

.The above conclusicns are also guite valid in the context
of Model 2 as long as there is a realistic " number of voice
channels per cell. (By realistic is meant 50 or more).

Otherwise many calls are expelled from the voice .channel

, - 151 -
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gueue and try to seizé-an access channel again. These re-
turning'calls greatly increase the. ioad on the access chan-
nelé} causing the blbcking'probabilities to go up as well.
Unfortunaﬁely, due to cost constrainﬁs, the cases consideréd
-for study in Model 2 were largely limited to 10 voice chan-
nels per éell on the ~average. The reéulting dilemma was
that a reasonable access chénnel_t:affic level-(<0.l erlangi
'éonstituted, in most instances, a totally unréasonable voice
channel traffic level (>10 erlang) for 10 voice channels.

Two empirical formuias, (6.13) and (7.8), have been de-
duced from the simulation results of Models 1 and 2 respec-
| tively. These formulas relate Ppar T, and R and® indicate
that for a given T,, Py, is inversely rprobortional to the
n'th power of (R+1) where n lies in  the range 1.5 to 2.
Formula (7.8) is.really only valid for the case of 10 voice.
channels per cell while (6.13) 1is entirely independent of
the number of voice chanﬁe}s and may be considered the more
useful of the two. (For a realistic number of voice chan-

nels, (6.13) would accurate1y teflect either Model 1 or 2).

For two special cases, namely: .

(i) R=0; 1 access channel per cell

+ and (ii) R=0; 2 access channels per cell,

wve were able to corroborate the siﬁulatidh resufts for Py,
with theoretical results based on general gueuing models

- (Equations (6.10) and (6.12)). Further, a theoretical for-

. / .
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“a .

mula, (6.19), was derived which expresses Pba as a function

" of R and T, in the limit' as the random delay D inserted be-

fore each attempt to seize an access channel, approaches in-

ﬁinity; All.3 formulas are of gehe;ﬁl utility provided the
écpnai traffic-‘impinging on the access chaﬁnelsﬁ%s hsed;
that is;'new, returning, and reattempting calls must all be
included. _ |

The nature of the delays encountered in obtaining an  idle -
access channel has been examined as a function ofhiraffic;
The delay is less than 600 msec for most new calls (includ-
ing the time needed to scan the bqgihg channels before un-
deEtaking an access channel seilzure attempt).

We have illustrated the type of trade-offs whiﬁh cadﬁoc-
cur while juggling the values of certain system parameters.
For\example, we demonstrated thaﬁ values of Rg 2 improéé the
odds of ob;aihing an access qhanhei on the first attempt

while also minimizing the delays. Values of\\R>2, on the

other hand, drastically reduce the access channel blocking

probability. ' o

The 6-second access timer does not affect the access

channel blockihg probabilities unless:’

(i) R2> 3
or (ii) the time taken-to scan the paging channéls_and
synchronize to the one with the strongest sig-

nal (SCANTIME+SYNCACQ) approaches 1 second.
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Finaily;*ﬁor'loé offered voice channel trafficrloads {say

A

less than 60% of-the saturation level of the voice channels)
the hybrid scheme is superior to the fixed scheme. More-

over, for very low traffic-ioads (less than 50% of the satu-

;,yation ievel)_ the channel partitions of the hybrid scheme

L

with the most dynamic channels’ perform better than the .par-

titions with the least number of dynamic channels.

+

LTk

g




? Appendix A _
APPLICATIONS OF QUEUING THEORY |
¥ TO TELEPHONE TRAFFIC ANALYSIS

-
v

A.1  BASIC ELEMENTS OF QUEUING THEORY

The basic model used as a starting point for virtually

"any discussion of queuing theory is shown in Figure-A.l.

’

customers waiting o 'bouhdary of the = -
for service, - © system '

Input -—>—4]]IIII[ > Qutput
(customers - | . (serviced

desiring customers)
‘service) '

-

Figure A.1 BaSichueuing Configuration

An everyday example of a queuing'system might be cars arriv-
ing at an intersection controlled by.traffic - lights.’s 1In
- this casé, the traffic lights would repMbsent the pfocessorl

the customers would be the arriving cars, the queue would be

S-S 155- .



.

' 15.6

the waiting cars when the light 1is red aﬁd_the output_ﬁould

.be'those cars which have crossed the -intersection once the

ilight has turned ‘green. .

. The
[297.

4

moael of,Fiéure A.l has certéin_basic characteristics

Arrival Pattern. Is the rate,of arrival of customers
deterministic or random?
Processor. How many service channels. are there?  .In

a given service channel, how many stages of service

are necessary? - Is the service time deterministic or

random? -
Queuing Discipline.  How does: the processo;-select’
customers from the queue? Examples.include: .

i Lo . . ! )
a) First-In First-Out (FIFO)
1]

b) Last-In First>Out (LIFOQ)

¢) Priority Service
oy - . .
d) Random Service

"Capaci€§. Does the systém have aninﬁte capacity im-

- . .

posed by physicai limitatiohs 6r‘is‘the‘capacity, for

all intents and purposes~unlimited?™ - |,
1nt _ ; .

Y

Génerallj, _thesé four characteristics will provide an ade-

quate description of a queuing Systém; “In terms of our pre-

vious example of the traffic lights, the arrival pattern ise

random,

probabi

. , , . .
there 1s only a single server, the service time is

-

ly deterministic ( .a fixed time is needed to cross:
o ' L
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‘the interséction); the queuing‘discipliné'is‘FI?O aﬁdlfhefé
is'ng appérent limitation onﬂcapacity.'

Analysis of deterministic queuing models ‘s 'tala§iveiy

- straightforward éﬁdbexéct éolutions can. alwa§s be found.

The same, - however,’ ﬁs not;true‘for stdchaétic modéls which

are generqliy of the greatést practical interest; For the

random case the analysis usually proceeds along the follow-

ing lines.

The arrival pattern is fi
. . S , -
the interarrival time between\ consecutive

ized by considering
~ustomers as il-
lustrated iggFigure A 2. ere, the Ti are ‘the random arri-

- val times and the tti=Ti_Ti; are the random ihtera;rival

1
times [20]. - ’ 3y R S
. ’ ) ,//
ttl—ntr,z”—f—tt:B t,
- } } — 1 ! f— time
TO Tl T2 T LI ) Tn"'lTn

Figure 4.2 Random Arrival Pattern -

If we let Ai(t) represent the cumulative distribution

function of the-i'th interarrival time, then:
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!

A{(p) =-Prob(ﬁﬁ'5t) probability ~that the time period
' o " between the arrivals of two consec-
utive customers is less than or
eqgual to t.

Further, .if a;{(t) . represents the probability density func-

tion of the i*th interarrival time, then:

a. A‘(t__) =-dA;(t) = Prob(te ttysthat)

dt ‘
= probability that the interarrival time lies

in the infinitesimal -range [t,t+dt].

Generally it is assumed that the interarrival times are sta-
tistically independent and identically distributed; if so
A;(t) = A(t) and aj(t) = a(t). '

Let us now define an arrival rate function f(t) as fol-

lows: : . L '

f(t)dt = conditional probability of an® arrival in

~ . [t t+dt] given no arrival during the preceding -

"t" time units. .

= a(t)dt .
1-A(t) P
* . ' [
. &
Therefore:
Flt) = a(t) (A.1)

1-A(t)



..

o

. - ' ~ . . 159
Substituting da(t)/dt for a(t) - ahd'fééognizihg“tﬁat A(0)=0

since t can never be'negative, it is found that:

. A(t) = 1 - Aexp[— Jf(t)_dt C, t20 L a2y

If we now take a case of common interest, namely f£(t)=\,

And

.

a(t) = dA(t) = xe ™, 120

dt '
Therefore, if the conditional arrival rate is a constant,
the implication is that the interarrival times are exponen-
tially'distributéd. The c¢onverse is also true, The mean

interarrival time, #t , is:
T - Ajte‘“dt = 1/x
0
Similar .arguments can be applied to the service pattern,

resulting in the following analagous definitioms (ﬁs signi-

fies the service time random variable}:
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n .

Prob(tt <t) = Probability that the time pepiod

B(t]
./ required to serve a tustomer will be
) léss than or equal ‘to t. )
“b(t) = d_ig;l = Prob(t< ttsgud{)

LI}

Probability density function of . the ser-

vice time

g(t)dt.=.the conditional probability that the service
time wi}l lie between t and t+dt g{ven that. ser-

vice Hﬁ;'al;eady lasted for a time t.

i . Vo

' ©
g(t) = service rate function.
= b(t) : _, " (A.3)
1-B(t A
t o | o
B(t) = 1 - exp[—J;(t)dt]f., t>0 {(A.4)

0

As before, if g{t)=u, then the service time will be exponen-
tially distributed with mean value, .= 1/, -
System behaviour is often described by means of the fol-

lowing performance measures [13].

pn(t)

system at an arhitrary time t.

L{t)

mean no. of customers in the system at time t.

-

probability that there are L\*;;Ltomers in the :
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Lq(t) = mean no. of custogers in the gueve at time t.
W - meaﬁ waiting tiﬁe in the system,

W, = méan Qaitiﬁg time in the queue, ‘
C(t) = mean no. of busy servers ét time‘t.
C(t) = mean no, of idie servers at time t.

To illustrate the hanner in which these quantities may be
calculated, consider the system of Figure A.3 which is com-
posed of m parallel service channels, ' Suppose we know
pn(t),l‘ then from the basic definition for the expectation

of a random variable:

—
Eame ¥
o+
i}
T3¢k
=
o
ol
fad

. {(a.5)

=]

= kp (t) - (A.6)
q k=1 m+k

—
—
ot
pe—

|

Equation (A.6) follows since if there are m or less cus-

tomers in the system, they will all be in the processor and

L]
*

11 A means of finding pn(t)_is discussed 'in Section A.2.

T
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Server #1 |—

Y

S ™ Server #2
queu

= Server #m —*

Figure A.3 Example System for Calculating
Queuing Performance Measures

7
the queue will be empty. The probability that there are m+l
customers in the system, for example, 1is the same as the
probability that there is a single customer in the gqueue.
. 4 .
4\;__/)

npn(t) +mex p (t) (a.7)
Q- n=m+

Continuing:

C(t) =
n

=

c(t) =m-c(t) - (A.8)
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In many instanceé,- W-énd Wq an bé caléulated ﬁrom L and

Ly respectively wusing a relationship genérally referred to
as Little's formula [19,26]: |

»

=L (A.9)
A '
= . A-lO)
y Lj ! i

The sgmbol'k' represents the mean arrival rate of custom-
ers who actually join the system and are not rejected be-
cause the system is'full. Lﬁ—aﬁxis the probability that tﬁe
system is full, = then 1-Py is the probability that there is
at 1eas£ “one idle server or one availéble positionl in the
queue. . Equivalently, 1-Py is the fraction of arriving cﬁs-
tomers which enter theosystem. In terms of the total mean

arrival rate:

A= A(l"'Pb) ) (A.ll)

Intuitively, Little's formula 1is easy to understand;
~Consider a (human) customer who has just arrived; on the av-
erage he. enters into service after a time Wq. If, as his
service begins, this individual were to glance back and

count the number of people waiting behind him, then on the

~
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average this number would.bé Lq. It also took, on the aver-
age; 1/x for each of £hese Lq individuals t6 arrive, and the
total time it took for the Lq arrivals to queue - up behind
_him must equal his own waitiné time, i.e. Lq(l/x) = wq:
Similar arguments can be appliéd to (A.9) by obser#ing that
when a customer ié just completing his service, on the aver-
age, L people will be in the system and his avéfage total
Qaiting timelw‘is eqﬁivaient to the average time it took the
L to arrive. | . -

sufficient condtions for the validity of.(A.Q) and (A;IO)
are rather general and tﬁe reader is referred to Gross and
Harris [19] for a more in-depth exploration of this subject.
Suffice it to say that Little's formula“ is valid for the
common case of egponeﬂtially distributed interarrival times,
general service,!? and a FIFO queuiné discipline.

Fipally, one further relationship exists between W and

Wq:

W= W + ft ' (A.12)

That is, the mean waiting time in the system is simply the
sum of the mean waiting times in the queue and the mean ser-
vice time. The proof of (A.12) is simple, Let tt and 1Iq

be random variables representing the waiting time in the

*? No assumption is made regarding the exact form or nature
of the service time distribution.
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-éystem and the queue-respectibely. We have tt?'¢q+ ﬂg.and

hence E[tﬁ]=5[1xqj+8[ us] which yields (A.12) directly.

-

A2 TELEPHONE. TRAFFIC VFORMULASl ' _

The Erlang.B,l Erlang C and Blocked Calls Held formulasl
.are firmly éstablfshéd and widely used within the realm of
telephone t}affib engiﬁeering, haviﬁg“ been found to give‘
goéd overall experiméntal agreement., These formulas furnish
a relationship between the offered traffic load (defined
"later), the number of communication channels (trunks) and
the resulting blocking or queuing probability. The princi-
pal difference between the three 1lies in the assumed behav-
iour or reaction of customers who . arrive at a time when all

the service channels are busy.

The following assumptions apply to all three formulas:

1. There is a finite number .of channels = m.
2. The interarrival time of calls is exponentially dis-
‘tributed with a mean value = 1/A.

3. The length of time a call engages a channel (the

holding fime) is exponentially distributed with a

mean value = 1/,

In terms of the basic queuing model developed in Appendix
A.l, the call requests are the customers and the communica-
tion channels are the servers. Table A.l defines the system

states used 'in the derivation of the formulas.

.
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State | - " Interpretation

0 no calls in system; all channels idle

1 1 call in system; ‘1 channel busy

2 2 calls in system; 2 channels busy,

m m calls in the syétem; m channels busy;

processing capacity reached. The disposition
of any new arrivals in now dependent upon the
service discipline; calls will be blocked,
queued indefinitely or held for a specified
period of time.

m+1 m+l calls in the system; m channels busy.
' This state and higher states do not apply
_to the Erlang B service discipline.

- .

AN

Table A.1 Definition of System States for Use in

Develoﬁment of Traffic Formulas
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B RN

A.2.l?¢ Eflang B (Blockéd_calls'Cleared) Discipline

Under this Servicéibolicy,‘ .calls which arrive when a

channel is idle are served immediately. An arrival that oc-

curs when all channels are busy;howeﬁer,.is blocked, leaves

the system and does not return. The situation is shown con-.

ceptually in Figure A.4. -

-

v
¢hannel
» mean S€rv- —— depart
ice radg,}; " system
no queue channel #2
. . " pu
iy o
mean arrival - ‘:
rate, A .
| channel # . -
o m-1 ’
2
|« : : channel #m
- n o — e

-Figure A.l, Blocked Calls Cleared Service Dis-
cipline (System capacity =no. of
servers=m

ks
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. Lefipn(t) ‘benthé_prob§bility'£hat.the syétem is infstate
~ﬁ at time t where state‘n’(<m) is defined in Table A;l. AAn‘
-analytical approach to sblv%ng.for bn(t) generally involves'
writing a set of .differential—difference equations
[19,20,?0,41]. The ;ethodélogf is quite involved but fortu-
nately we are primarily interested in ﬁ@e ‘system at steady
state and, as we- shall see, this leads to a simpler set of
linear eguations. ‘
The signifigance of A.and u remains the saﬁe és in Appen-
dix A.l.  Also, it is qssumed;that the probabilify éf more -
than one arrival -in time interval jt or more than one ser-

vice completion in At is given by 0{(t), where:’

1

Tim ~ 0(at) = 0. - (A.13)
At-o At

v

In words, (A.13) states that, as &t becomésaémélleF, the
probability ‘sf observing more than’ one event in At will
likewise become smaller, approaching zero in the limit as
&t +0. With these considerations in mind we can make the

‘following statement concerning State "0":

p (t+at) = (;kxﬁt)po(t).* uatp,(t) | (A.14)

! PR
L5 . o, N R ’ . ‘. &+
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where: pb(t+At)-é prpbaﬁilitnggat'the systeﬁ.‘is in state 0.
I at time t+at. - .

e o

(1-xat) = conditidnal probability that the system

remains in state 0 during the interval

[t,t+at] given that the - system was - in
state: 0 at time t. -

- | .- L o | \

At = condfﬁiBnaiunbpob?biligy that the system
_réﬁters staég 0 from state l_aufing the in; L
lterval [t,t+at] as a result'of; a sérvice
completion and given that the system w;s
. ~in séﬁté 1l at time t. ’
. Note in’ (a.14) that all higher order_;ransitions (for ex- '
';-ampie,' from stgte} é‘téistate 0) which would require more
‘.than‘one service completion durihg RY: are excluded. RearL~7 ;
ténging'the térms ;f (A;l4) and ‘takiqgﬁ;he lﬁmfﬁlaé At ap}. N
brqaches zero: i T R
i po'(t+at)-po(§)_-=dp(;(t)'_ s
At at . dt : o

_A.po_("‘tn)l_‘i‘l-lpll(t) .

Similarly if we-consider state 1 and ask'ourselves_hoh it

is possible to move into or out "of state 1 we arrive at the

T . , . . .
following expression: t ' ™ : : :
. ’.g{ hais " . ) - '
. A; B
. &
2 s ( .;‘ﬂ -
1!8 " Q"
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py{t+at) = (1—AA£)(1-uAt)p1(t) + AAtpo_(t) + 2uAtpy(t) _ | (A.16)

1

-+

“
J

For example, the firstkterm.oh the fight—hand'Si@é of (A.16)
is the probability " that we’yemain'iﬁ s}até 1 during st (no
new arrivals.and ' no service.completiohs). _'}léo. notice in
this equation that the sefviéé rate in pfoceedfhg from state
2 to state &:is 2y rather than simply w. .Thus with two ser-
vers engaged,_"the service rate is twice as greaf ag, when
only oné'servqr is working. In general the service rate in

L . _ . .
state n will be nu. Again, taking the limit as At~ 0 (not-

" ing thét the term involving (at)? is'O(dt)),‘(A.lGQ becomes:

-

“ *-
. i f' - v oL ;o
Jim p1{t#at) p'l(t) - dpy(t) o ' N ‘
atw T BT at i |
= -(pta)py(t) + Apogt)'+,2up2(f)‘ o (A.17)

c—— \
¥ -
J.‘/.

. For the.general state n<m:

gt

-t

e o
“dp (£)= ~(mea ), (£) + ap_y () + (n+1)wp , (t) .
dt S . : |

- oo ‘.:3
=1,2,3..m-1 . (A.18)

F—

-.- \-/_ .,‘ . .

N

te

Finallé; fbr the highest state m, we have (recognizing’

‘that no ngy‘arrivalé into the system are possible due to the

blocked-calls-cleared service policy):

o £

!

170.
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, dpm(t) -

' .(A“.l9)-
. 1(t) . \

~Mup (t) + Ap

Equations (A.15), (A.18) and (A,19) .are the differential-"
difference equations we seek -- differential in time; difﬁ}
ference equations in n. This set of m+l equations may be

.written in matrix form:

T
.

state:

dE}(t] E}(t]

\\jjéte:.
) R " (a.20)
- where foce] = [oth), pate)s (e L ey (), patl] ®
\/~ ;
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Employ{ng a convenient shorthand notation, ~(A.20)} be-

cdmes:

g M: [p(.t)] [R] - .. ‘(A.zl):

Matrix [R] is termed the transition rate matrix. Each off-

diagonal element of [R], T§j (i#j), may be thought of as the
rate of transition from state i to state j. Figure A.5 is a

visual interpretation of (A.20).

Figure A.5 Probability Transition Diagram for

Erlang B Service Discipline

S

.
had
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The nodes in th;s'diégram represent system states and the
tgansition rates;are' ihdicated on the directed branches.
For example, onewmoves from state 0 where there are no calls
in the system to the next higper gtate where there 1is one
call in the systeﬁ,at a rate, ) . Convefsely; one returns Eo
the originél state 0 once a ca;IEis completed and the chan-
nel is freed. Such a transitidh. occurs at a rateu. The
rate associated with a seif'loop is equal to the negative of
thg sum of the outgoing rates for the node under considera-
tion. These corréspond to the elements along the principal
‘diagonal of (A.20).

A knowledge of the stéterof the system at t=0 is equiva-
lent to knowing p;(0}, ki=0,1,2...m, and this is éuificient
to allow the set of m+1 interrelateé differential equations

_ represented by (A.21) to be ‘solved. However, 1if our sole

—— B e

interest lies in .the steady state.proﬁabiliﬁies we can. pro-

ceed in another way and avoid this chore. '
Firstly, what is meant by the term "steady state"? Math-
ematical%y‘speaking, we wish to £ind pﬂ:%i? pn(t). Practi-
ca;ly'spéaking, we envision that the system will eventually
reach é point where its behaviour is independent of its ini-
tial state and that no matter Qhat tim% we observe the'sys;
temw’ the probability of finding n customers Qill be a con-
stant. ‘By +this time, rany transient .components will,

hopefully, have been long since washed out,.
~ .
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| Although-not‘immediaéely apparent, the" ideé of E steady
state is clbsely 1ﬁnkéd to‘vtﬁe concept of ergodicity [6].
"Whgnwapplied'to a random. procéss,' the descrip£or "efgodicﬁ
infers‘that statistical measures such as ﬁhe - mean or ;ari-
ance may be determined equaliy well from a time average of
any one Sample=function or from an' ensemble average at a
_pafticular instant of time. " In a queu1ng medel the random

process is {N(ti} where N(t) represents the. (random) number

of customers in the- system-at time t and the brackets indi-

cate a collection. or ensemble of such functions, Realiza-
tions from-{N(tﬂ- might appear as in Figure A.6.
The time average of one particular sample function,

1 e |
i = §|N;(t)dt = constant | - (A.22)

Obviously, the accuracy of this average will improve as T

grows larger. The ensemble average or expectation is:

.. n
©om(t) = lim N, (t)/n
naw =0
= nEonpn(t)f function of time (A.23)
s

&
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ti =
me average._lcfhi(t)dt‘
TO '

ensemble 'avera'g;e =K E\I(tﬂ —

Figure A.6 The Concept of Ergodicity [19]

Now, if {%(t{} is indeed ergodic then the time average

must equal the ensemble average:

] T V
3 Tim lei(t)dt _ lim n(t) (A.28)
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Since the LHS of (A.24) is a constant, m{(t) must become
independehf'of time as t+ «» and from fﬁ.23); the same must .

apply. to pn(t).,“That is, lim‘p (t} = p_.
L e n . ‘n . 7
Returning now to our objective of finding a solution to.
(A.21), let ﬁs proceed under the assumption that the system
of Figure A.5 is ergodic and later determine the condiﬁipns

under which this assumption ‘is Erue, In the steady state,

d[p(t)]/dt =‘d[pj/dt =0 and (A.21) becomes:

S | S
) _ [PL[R] =0 ' (A.25)
Or, in expanded form: - o 2
.
|
|
lv
|
|
|
I
|
: _ I
Eo’p]_"’pm_lspHZI' I
|
‘ |
l
|
|
| A
o
t
!

(A.26)
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BEquation (A;26) may be considered as a set of equations'.
goﬁerhing the exchanges of the stgady' state pfobabilities
améngst the various states; These exchanges may be‘repre—'

sented by a steady-state probablllty exchange diagfam as

shown in Figure A, 7.

r—

nu (n+l)n

\@J

l
|
[
I
I
"
L

. _._J

closed surfaces

Figure A.7 OSteady-state Probabillty Exchange Diagram
. for Erlang B Service Discipline

The only difference between this diagram and the diagram of
Figure A.5 is that the self loops have been removed. A bal-
ance eqguation may be written by considering a surface which

encloses all states above state n:

the steady state probability steady-state probability
flowing out of the surface flowing intc the surface

(a.27)
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1f we apply (A.27) to. state 0 as indicated in,Figure A.7,.

the result is:
Apg = upy

This is simply the firstAequation of (A.26). I1f we apply
(A.27) to state n as is ‘'also indicated in Figure A.7, the

. result is:

(n+l)up .y = Ap, : | ~ (a.28)

Equation (A.2B) 1is a recursive 'relationship and by writing

out a few sample terms: h '
P1 = APg = A/u Pg
u 1!
Py = A.py = (AMfu)?py
w2 2. ,
P3 < lp_Z_ = M)_zpﬂ 2 | .
‘ p 3 3! .

it is apparent that the general formula, expressed in terms

of Pg. is:

" ‘- . Pn = (;\/u)npo - . (A.29)
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The m+l states are mutually exélugive and exhaustive,

thus
T .
ip, =1 (A.30)
n=0
That is: | : ] | i
R NG
u w/ ool w/omr
- ) R
po = ( I, (a/w)"/neyt T (AL31)

And from (A.30):

_ Yyt o, n=0,1,2. .. (A.32)
pn

The blocking probability, B§ , is simply the probability

that the system is in state.m since while in this state any;

new arrivals will be turned away, therefore:

. m,
P = (3/u)"/m. (a.33)

(ax/u)"/n:

.n=0

T3
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 Equation (A.33) is the well known Erlang B formula. In

the contegtnof telephone traffic analysis, (A.33) specifies

the relationship between the offered traffic load, k/u, the

number of_chahngls (trunks),.m,_and the anticipated blocking
probability, B . | - : _ -

| Before going ahy further, the concept of an offered-traf—
fic load :could prébably usé some clarification. Consider
the case of only one channel (m=1). lIf, for exampher, - A =y
fthe mean arrival rate = the .mean service rate) then calls
‘are arriving at a'rate which just-equals the channel;s gbil—
ity to handle théée calls, The condition u =1 theréfore
seems to represent some sort of safuration point. In theo-
ry, if perfect - scheduling of calls could be achieved (the

-

" start” of ‘one calls coinciding eiactly ‘with the end of the

previous call) so " that ‘the channel is engaged constantly,
then A/u=l, . In practice, 6f course, the random nature of
customer requests for service will prevent this from occur-
ring.

Note also from (A.33) that theory does allow values of
A/w in excess of unity. The limitation on system ;apacity
results. in the rejection of a certain fréctipn P of custom-
ers soTthat overload'is prevented. Thus a steady state so-
lution alﬁéys exists and the -assumption of ergodiéity.ap-
plies. However, as m - m.,-‘(A.Bl) becomes an infinite
- series, requiring i/u<l for convergence. In this base,
A/u<l. is -the néce$sary'condition for existence- of a steady

state solution..
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The Quant{ty, A/u has a -unit assqeiated with . it. - This

unit is dimensionless and is generaliy called an "erlang”.

Alternatively, traffic load may be expressed in terms of

"call seconds per second" This latter unit is more practi-

cally- orlented as 1llustrated byﬁthe followlng scenario. An
L

individual is monltorlng ("tapping™) a telephone line. At

some arbltrary time t=0 he connects hlS recording eguipment

and at{;some later t1me t T he dlsconnects the eguipment.-

The périod T will be called the interval of study as. shown

in Figure A.8. During this interval he records three con-

ty / t2 t3
%//f/% I///f’xﬂ - {I[f,/’{’[/,/,l”l/li’/l/{ > t§.me .
t=0 ' ' ‘ t="T

2

«———  interval of study ————»

Figure A.8 A Practical Interpretatlon of
T M"Traffiec Load"

act

.

versations of varying durations t;, ty and t;. The traffic . .

load or channel utilization is defined as

ty +t, + t, o (Tall sec/sec)

M
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Consequently:

and iS‘QbViOUSly less than or equaﬂ_fd unity;- (If‘thé«users.
pause® to consider_what they are .discussing the call is’still

in progress and the channel still in use). It is apparent

~ that 1 erlang is equivalent to 1 call second per”second. .. -

PR .

A.2.2 ‘Blocked Calls Held Service Discipline

A second traffic formula is ~obtainable from the Erlang B
model by allowing m=+ » , This is iﬁterpréted’ as meaning

that no, customer is rejected due to a lack of channels.

C Rather;- they ‘are prepared to wait for a time 1/u on the av-

erage if upon entry into the system, . all .channels are found

to be busy [20]. Should a channel become évailable'While

"waiting it 1is seized and used for the residual portion of

the call holding time. In any case, no cdstomef_remainé'in
the system for longér than one complete call holding 'time.
. . A}

As before, the steady state prd%abilities are:

Ph ™ Lliﬂln“Pb
nt -

From (A,31), with m == : I o Y

3

W+
-

(F(azw)"/nt)"l = 7R
=0 N

P.o
L n

(a.34)

&

P, = (/) e AMu <1 B (A.35)
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The bldcking probability - is now defined as the probability

that the system is in state m or.highe;,'that is:

Py = Prob(the system is in state. m or in staﬁe m+l -or in
- state m*2 or’,..)

Since this represents a union of disjoint events:

'

4

Py c ti/u) ") oMY o . (A.36)
n:m v
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- A.2.3 Erlang [of (Blocked Calls Delayed) DlSClpllne

As shown in Flgure A.9, ‘the' model for the Erlang 'C ser-
Qice” dlSClpllne‘C0n51StS of m _channels and an unl1m1ted
‘queue.  Calls arriving- to: find en.idle ‘Ehanne; are served
1mmed1ately while. calls which érriye“when:eil chahnels ere
‘occupled joﬂn the queue 'in, FIFO order and-waie inaefinipely

for serv1ce.

channel #1

»Mean serv- |, caller. departs
- |ice rate, n system .

unlimited queue

~|channel #2 .

'.“ —' . :.' . | " )-1
f““ ., M
. 1 mean arrival N

rate, A

channel #
— (m-1) L .
2 | .

|ehannel #m - B v

- o

Figure A.9 .Erlang C Service. Disc1p11ne (system -
‘ capacity = o)
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Consider the surface A encloging all states above state -

. ‘ _ ‘ \ - . _
n (n<m-1) in Figure A.10(a). The balance equation is:

'(n+1)kgn+l ='Apn > n;0?1’2°"m"1 ‘ (A.37)

‘The general relationship in terms of po'is:

- n. ' AR | .
pn —-(AQP) pO“w n=os¥f2-'{m : ‘(A.38)

Now consider the surface B encleosing all states above state

n (n>m) in Figure A.10(b).  The balance eguation in this

case is:

COMMp Ly = AP, s nEmLmELmME2... . (a[39)

Writing‘put a few terms of (A.39) and employing (A.38) when

n=m:i

'pm+1

|

7 _ m¥2
Pasy T APRe T ék{;z .Po

=
3

" In .general:
P = )™ Mpy (A.20)
m! : . :

n o= m+l,m+2,m+3. ...
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. .:, | . | o . Zﬁe surface B

(b)

Figure A.10 Steady- state Probablllty Exchange
' Diagram for Erlang c Service D1501pline
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Since - .. . - e E e

N .
: . . ‘ 4 ”
it is found .after much simplification that: .

Inasmuch as no calls are denied service, it is no longer
possible to speak of é‘_blbcking probability. - However, we
" can define a probability of.delay Py associated with finding

L

. m or more calls “in the system. Thus:

P = Pol (A/u) "m - f ) 1 {A.42)

"~ Let us temporarily introduceé the symbol p=A/mu which, inci-

‘dently, represents the relative traffic'loéd per channel.

‘Then:
P s po‘;‘ mm.‘pn
‘ q n=m m,
co m-l n
= pgm ( Zp - T p )
m. n=0  n=0
m m
= Poﬂ;(_l_ -l
mit1l-p 1-p '/
(’ = pol fl)m-um
" mitu U= A

. lBB :

)
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. . ' -
.

Finally, substituting for p, from (A.41), we arrive at the

Erlang C formula for the probability of delay: .-

-‘ —1U S ) ,-"- . i
Py 71 (l)m(um¥k.mz (A/uw)" + (ALg)m)"l- (2.43)
oW " ¥m n=0 "n! mr . :

@

A.3 TRUNKING . .
'Trunking'ié‘a‘system design ., concept usuallyidiscﬁéséd'in
the context of cdnvéntional landline félephone service but ~
whicﬁ is aléo-quite appliéablé to radio communications. Un-
der some ciréumstances ig ofﬁers'considerab;g poténfial for
increasing channel utilization and reducing delays for ser-

vice [45]. - ' |

‘Tﬁe premise updn'which trUnking islbasedfmaj. bé under-
stood with the aid of Figure A.11. At the top of this dia-
gram yé show two users, Al anJ{kZ, at point A -connected by a’
single éommunfcatioﬁ channel to two other usefs,Lh Bl and Bé;
at.point B. ObViously; if someoﬁe'at A is talking to some-
one at B then the other users at thesé two's}tes,_ who .might

also wish to communicate, are forced to wait.
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A2 [ | - _{1B2
A3 A . | LB B3
ALl o : : : o .|Bb
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Figure A.11 The Trunking Concept for Twe Groups
, of Users at Two Isolated Points A and B

f..
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‘Suppose now that two more, users appeac at each point and
that an additional- channel is deédicated to. theéir use as

shown in Figqure A.11(b). From the users' standpoint, ‘the

quality'of seryice hae in no'.way cEanged. 1f on one occa-
stci Al.is'talging to ﬁl.and L2 wants-to telk tc Bf, ;hén
A2 has no choice cutlto wait .unti}l Al .and Bl f{qish. All
the while, the second chanhel me&,be idle; no member of the
éeqpnq group.of users needs it- at that moment. - However; if
the seccnd channel could Vbe maée' accéssjble to the first
-grouplof users, A2 could place hie call without delay. .Sﬁpf
poée this ie'done: The finel‘configu;ation is shown in Fig-
ure A. 1l(c) : irl . ;' | g

The service avallable to the users is much improved; the_
probablllty of.hav1ng- to wait for a 'channel is clearly re-
duced.” Moreover the ut111zat10n of the channels ‘has in-
_creased; . an idle.cne can now be put to work.‘ This {s the
‘essence' of the trunklng concept |

The formulations of Append1x A permlt us to replace thls
simple scenario with a more precise descrlptlon Figures
A,12 and A.13 1llustrate some typical results for the Erlanq\
C serv1ce d15c1p11ne._ The graphs of Figure A.12 relate
waﬁtlng time (W } to channel usage (p= A/mu) with the eumber
of trunke& channels (m) serv1ng as a parameter. Channel us-

1

age is 1nd1ca§ed in call seconds/second (see discussion of
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Figure'A"B)'._ Waltlng t1me is expressed in multlples of the
 mean channel holdlng tlme (1/h) -- so%ely as a mathematlcal,
' conven;ence.H Figure A.13 shows.the'p;obability of_fidding a -
clear channel (l-Ph)fas a function of channei usage with the d
‘number of trunked channels as a parameter.
| The relat1ve benefits of trunk1ng depend heav1ly upon the
quallty of serv1ce demanded by the users For example, take
.a usér - who must have a'probablllty of 0.95 of finding a sin-
gle channel idle whenever there is a message to be transmit-
ted. 'érom Figure A.13 such a channel can be in use, on the
'everage, only 5% of the time. Next consider ;threé more
usere with identical_needs,‘ éééh with a_channel of his own,
If all agree td tfunk their channeIS‘ 'the'system of four
trunked channels R carry six times as mueh traffi; whiie
~maintaining the(%jje probablllty (95%) for all usefsn of
fiﬁding'a ‘channel avallable wvhen a message is tb be sent.
Thﬁs is indicated in Figure A.13. |
New copeider a different'situetidn. :If a group of users
can tolerate short delafs then a single channel, loaded
nearlyjto the 70%ﬂfevel'will.suffice." (See Eigure.A.IEI:'
"~ Under thése conditions trunking affdrdsilittle impro@ement.
Four such channels, trupked, would heve a-much reduced delay
time‘but.ﬁhat' value would this be fb users prepared te ac-

cept the delay associated with the non- trunked channels?

Also, some small 1mprovement in channel utlllzatlon could be

-

-t

'? By a short delay is meant an average delay of one or two
average call holding times. :

A



b

| N . s
, qcﬁie&ed but‘thé‘system; already at 70% gapacity, in prac-
tice cpuiﬁ'hot‘be pushed to much higher levels. |

In general, the advahfagés of tru?king are greaﬁﬁst when

hd

the éhénne1S are lightly loaded. " When channels are already

'héavily loaded, the ‘advantagés of applying the - trunking
. ; ,

principle may be small or nonexistent..




" tialized before simulation begins.

Appendix B
GPSS SIMULATION PROGRAMS

B.1 -GPSS PROGRAM: MODEL 1
] . - .

The Gengfal Purpose System Simulator (GPSS) program list-

ing is contained in Box B.l. _The heart of Athé program-is

the fixed (voice) channels and the access channels in all.40

cells. This matrix has diménsions 40 X XH) as illustrated

'in Figure B.1l. ‘The number of rows corresponds.to the number
of cells while XM1 is a savevalue location containing the

number of fixed plus access channels per cell. XHl is ini-

a

~

'Aﬁy enfr?'(x,y) ~in MH1 (where x spepifies the row and y,

the column) is either a Q or a 1 indicating the availability

- of nonavailability respectively of voice/access channel .y in
cell x.  One can visualize the elements of MH1 changing in a
‘random fashion as the simulation progresses and new calls

join the system while completed calls leave.

A Straightfd%ward linear search 1is conducted when as-

_signing channels to calls. Thus in Figur B.1, when'looking

for 'a free access channel to serve a call imcell i, we
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‘control matrix MH1 which keeps track of the avéilability of

Fe
i
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CREATE . .
- REALLGCATE BLO+250+BVR¢2+CHAs1 s COMs 150000 +FMS 41 L
- REALLUOCATE FSVelsFUN»291GRPs41sHMSe72HSVel0eLDGedl .
REALLOCATE QUE+42+S5TO142eTABeI 1 VAR» BT+ XAC 1500 .

=L 0OC OPERATION AsBeCeDeE«sFoG COMMENTS
. SIMULATE 10 . B ) _
:INITIALIZATIGN .
= ACCESSY 7 .
INITIAL AH2410 # OF FIXED CHANNELS/CELL (VDICE)
INITIAL XH3 0 # OF DYNAMIC CHANNELS IN SYSTEM
: INITIAL XH4 3 ) # OF REATTEMPTS
1- MATRI X Hed0s11 # OF COLUMNS = XH1
2 MATRIX HeQ0e6 # OF COLUMNS = XH3
3 MATRI X Hed 910 # OF COLUMNS > XH4
4 MATRI X He40s10 # OF COLUMNS > XH4_
*® K
¢5TURAGE AND QUEUE DEFINITION
.. . . .
STORAGE S51=540+,50 STORAGES 1 THRU 40 ARE ASSIGNED A
SYSTM EQU 4145 .CAPACITY OF S50 CALLSe. STORAGE
" SYSTM STORAGE . HSYSTM® HAS UNLIMITED CAPACITY.
ACCES EQU : 41.+Q ’
- .
| *TABLE DEFINITIOQN : e . . e
x » v
SRVDA TABLE Plelelsd4l A SRVDA AND FAILA TABULATE THE NUMBER
SRVDB TABLE Pleleleél OF CALLS WwWHICH OBTAIN OR DON'T OBTAIN
" FAILA TABLE Plslsleqdl AN ACCESS CHANNEL e« SRVDB AND FAILSB. .
-‘FAILB TABLE Plelelsédl SERVE THE SAME PURPOSE FGOR THE VOICE
& . : CHANNELS. i X
" TIMEl TABLE JA2 04500430 =
| TIMEZ TABLE = JTA«0e50030 =
TIME3 TABLE 1A+ 050030 .
TIME4 TABLE " TAs02500,30
® o

#FUNCTION DEFINITION
*

EXPON FUNCTION RN&C24
030/0138l04/al02222/0300355/7 0310065097 653009/ ab2eF15/e¢7+102/e7591e38

280 1e6/8441283/988, a0 2e3/492 52/¢54 ' Bl/e¢95 7096432 .
;97.3.5/-95.3.9/0990‘.6/.99505-3/.998.6.2/-999'7/.9998.3
. . L )

-

Box B.l Program Listing for Simulation Model No. 1




N

L&

x
*x

1 CEL1" GENERATE V83.FN$:XPON-...10-F
2 _ASSIGN 1.7 o
3 T YRANSFER ' CALLS v )
4 CELZ2 GENERATE VB3, FNscxPCN....Lo.F
5 ASSIGN 1+2 ] .
€  TRANSFER  +CALLS :
? CEL3 GENERATE vas, FNstpDN....1o.F
8 . ASSIGN 143 .
3 . TRANSFER +CALLS
190 CELa GENERATE V83IFN$EXPBNII -'JLOOF .
1 ASSIGN
12 . TRANSFER CALLS
13 CELS GENERATE VB3 s FNSEXPON s s 0+ 10.F
14 © . ASSIGN 145
15 TRANSFER = ,CALLS" - '
16 CEL6 GENERATE ' VB3 4FNEEXPCNss es 10sF
17 ASSIGN , .. . 146
| 18 . . FRANSFER” +GALLS .
- 19 7T CELT TGENERATE VB3I L, FNEEXPONs s 10sF
20 " ASSIGN 1,7
21 TRANSFER +CALLS _
22 CELS ggpaaAzghm_vss FNSEXPONss s+ 104F
23 T ASEIGN 1.8
24 TRANSFER ,CALLS .
25 CELY GENERATE VB3 sFNSEXPONs s 35 10sF
26 s ASSIGN 147 B _
27T TRANSEER ZCALLS
28 CZL10 GENERATE . VB3,FNSTXPCON,+44410sF
29 ASSIGN 1+10 .
3o . _TRANSFER  +CALLS _
31 CELLI1 GENERATE VE3 sFNEEXPONys 09 104F -
32 - ASSIGN 1.11 .
33 TRANSFER. ,CALLS ‘
34 CELL12 GENERATE VB3 yFNSEXPONs» 49 10+F
3 ASSIGN 1,12 -
36 TRANSFER +CALLS
37 CEL13 GENERATE VB3 sFNBEXPONs s y¢104F
1- . JASSIGN. 1,13 -
39 TRANSFER JCALLS
A0 CEL14 GENERATE VB3 sFNSEXPON s 23 104F
41 ASSIGNM 1.14 :
@2 _TRANSFER +CALLS . o o
33 CEL1S GENERATE VES +FNSEXPON s s ss LOsF
44 ASSIGN 1+15

Box B.1l (cont'df

Program Listing for Simulation Model No. 1

198

:VARIABLE DEFINIT LON
8t VARIABLE 4500000 MAX IMUM STMULATION TIMS

. B2__ _VARIABLE. 120000 __MEAN CALL HOLDING TIME

© d3TTTTVARTABLE 4000 - MEAN INTERARRIVAL TIME 0OF CALLS
83 VARIABLE  XH4-Pa+1 .
1 BVARI ABLE Cl'L:'VSl*NsCALLS'LF'9000




Box B,1 (cont'd)

35 . ‘- TRANSFER »CALLS: -
46’ CELL1® GENERATE . VB3 . FNEEXPON.s » 49 10sF

47 ASSIGN .16

48 T TRANSFER T G CALLS T :

49 CEL17_GENERATE VBB.FNS"XPDN" 19 10.F

50 ASSIGN 1417, -

51 ~__TRANSFER +CALLS )

-52° ¢ CELI8 GENERATE VB3 +FNSZXPDONs s34 10.F

53 © ASSIGN 1418

54 TRANSFER +CALLS -
55 CEL19 GENERATE V83.FN$EXPDN.-.-10.F

56 ASSIGN ™ 1y ! )
57. TRANSFER » CALLS . 2
58 CEL20 GENERATE vEJ.FNscxpoN...alo;F -
59 ___ASSIGN 1.20

-1+ TRANSFER vCALLS

61. CEL21 GENERATE’ VB3 oFNSTEXPONs s s 0l O4F

62 ASSIGN 121

63 TRANSFER +CALLS

64 CSL22 GENERATE =~ VB3 ¢FNSEXPCNoss sel10+F

65 . A53SIGN 1422

66 . TRANSFER +CALLS . <

a7 CEL23 GENERATE. VBB.FN&EXPGN..--}QyF N .
é8 T ASSIGN 123 ‘ _
69 TRANSFER yCALLS - . *iv//
70 CEL24 GENERATE- vaa FNSSXPONss ss 10.F - .
71 - ASSIGN 124 ' '
?2 TRANSFER +sCALLS

73 CELZ25 GENERATE VB3 s FNSEXPONss 99 L0sF -
74 "ASSIGN. 1,25 .
75 o TRANSFER vCALLS o

76 CEL26 GZNERATE VSB.FN$LXPDN....10.F

77 ASSIGN 1+26 -

78 " TRANSFER +CALLS -

79 C'E_L‘a‘f GENERATE  Vv83 'FNSEXPONU + 92 10.F

80 ASSIGN R - 4

a TRANSFER wCALLS - :

82 CEL28 GENERATE VB3, FNSEXPONss v+ 10sF
| 83 © . ASSIGN 1+258 L
g8 * THRANSFER sCALLS

85 CEL2S GENERATS VB3 s FNSEXPONyss 43104 F

86 ‘ ASSIGN 1,25 ° .

ar . ....TRANSFER _ _,CALLS. . o

as CEL30 GENERATE VSJ.FNLLXPGN...-IO-F

89 ASSIGN v 1,30 i

30 TRANSFER s CALLS :
| 91 CEL31L GENERATE VE3 FNSEXPUNss 59l Q4F -
32 : ASSIGN 1. 31

23 : TRANSFER sCALLS

34 CZEL32 GENERATE VB3 s FNSEXPON s »9 10F

.95 LGASSIGN 32 _—

96 TRANSFER WCALLS : _

97 CEL33 GENERATE VB3 +FNSEXPCNse s+ 10sF

38 . ASSIGN 1+33

9 o TRANSFER +CALLS o —
160 @34 GENERATE . va3.FNssxPDN....1o.F .
io1 ASSIGN 1,34 L

Program Listing for Simulation Model No. 1-
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i -
t
192 TRANSFER +CALLS -
103 ‘CEL3S GENERATE VB3 W FNSEXPONs» 29 10+F
104 CASSIGN 135 L
10S TRANSFER T L CALLS B
106 CZL36 GENERATE  VBI JFNSIXPUNssss104F
107 "ASSIGN 1+30
108 ~+ ' TRANSFER iCALLS L
109 " CEL37 GENERATE VB3-FV$EXPDN..o-10-F
110 ASSIGN 1+37 e
111 TRANSFER +CALLS
112 CEL38 GENERATE VB3 FNSEXPONes s 104F
113 ASSIGN 1738 |
‘114 TRANSFER . '4CALLS L
[is CEL39 GENERATE  VE3sFNETXPENos 001 04F .,
116 - _ASSIGN e3¢ -
EeWa TTTTIRANSFER T G CALLS - .
‘118 CELA0 GENERATE . V82 FNSEXRONv s ve 104F
119 ASSIGN 1440
120 TRANSFER. _ ,CALLS.
121 CALLS ENTER SYSTM
122 ASSIGN 2% XK1
123 ~ ASSIGN B4 XH2
124 ASSIGN GaXhge o
125 B TEST NE TEFZVF 3L IXDT (DYNoO1)
. *® : . ]
*ACCESS CHANNEL SEIZURE ATTEMPT
E ] . - .
126 QUEUE ' "ACCES
127 - . QUEUE Pl
128 -ACES4 ASSIGN 2. XH1 .
129 - ACESS TEST E MHI(PI.PE).O.NEXT
130777 . ~ DEPART Pl
131 DEPART = ACCES
132 TABULATE SRVC.A~ .
133 _MSAVEVALUE 14P14sP2414H
134 PRITRITY T 7y ' :
135 ADVANCE 100 .
136 MSAVEVALUE 1+P1l+P240.H
137 LEAVE SYSTM.
T13In T TERMINATE - T
* «
*¥F IXED CHANNEL ASSIGNMENT
. * o
139 FIXD1 GATE LF PI,FAILB (DYNO1)
140 FIXD2 TEST E MHLI(P14P3}+0+sSERCH
131 MSAVEVALUE 1 +P14+P341+H
a2 _TABUL ATE SEVDB B
133 ENTER P1
144 FRIORITY 2
145 ADV ANCE V82, FNSEXPON
1426 o JJEST E_ . __G%130 4FREE
147 : MSAVE VAL US 1.p1.93.o.H
148 RESET LOGIC R P1 .
- 149 . TRANSFER WEXIT _
* - . .
. *3EARCH FOR A FIXED CHANNEL
& ‘
Box B.1l (cont'd) ]

Program Listing for Simulation Model No. 1




161
162

163

164
165

193
194
195

196

197 .
198

199

SERCH LDOP

L 201

.

*

Y

*

* .
CEXITTULEAVE

*CALLS LEAVE'svsréu

. 3+FIXDe. . )
. LGGIC S Py ' o ot
. TRANSFER  +FAILS  (DYNO1) ' g T
*S3EARCH FOR AN ACCESS CHA Ls WAIT & REATTEMPT IF NECESSARY
F3 ) . .
NEXT _ASSIGN L 2% s 1 i e T e
CTTTEST E P2,P3,ACESS - -
TEST G P4+0.FAILA" : :
ADVANCE . 5000, 5000 ‘ .
MSAVEVAQQEWJ+o1qV34e1-H )
MSAVEVALUE 3%,P1,waa,
ASSIGN 4—,1 . -
TRANSFER +ACESS
'“”*CILE“UNWBEE_TD—FTNU”thfSS”tHANNEL
FAILA TABULATE" "FAILA
' DEPART __ PL
" DEPART" ACCES
T LEAVE SYSTM '
TERMINATE

Box B.1l (cont'a]

Program Listing

Pl
LEAVE SY3TM
TERMINATE
& _ .
TFAUXILUTARY CLGCK ({CCNTROL OF SIMULATION DURATION)
* .
GENERATE 302000 :
. e lEST E BV1s1.STCP o -
‘ TERMINATE . 1 - A L
STCP. TERMINATE 24 ‘
T ST ART 1+NP }
RESET S41 o -
INTTTAL MH3TT. 1= IO).O/MHdTl 40.1-10),0" " T T
START 25
END )

for Simulation Model No. 1




:céli no.
o ¢ -~
I 1 [
- b :
2 < I .
3 !
_ I
L © Fixed ] Access
. Voibel' | .
. |
. |
N 40 ‘ B
channel no. =1 2 3 L+ e e a-eXH2 s« ee o XHL
: ‘ \ | . 4\ . ] /.
XH2 fixed XH1 - XH2
volce channels access channels
per cell per cell
Noge:' Elements of ‘MHl can be 1 or 0; a 1 ind-

‘icates the channel is in use while a
zero indicates 'the channel is idle

LY

-

Figure B.l Fixed Voice and Access Channel Control
- ‘Matrix, MHL ‘

“
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start at the. extreme right ot .tow i'and move leftWara uhtil_
a 0 in encountered; The 0 is chahged to a rl‘andlthe call,
then uses the chahnel Whose~identity'-is-given b; the cclumh
where_thgno wae'fd&hd.' -It is not‘permitted‘to_go past'the
column represented by the dashed line dhringﬁan access'chan*
nel search. | - |
~ The same ptocedure is followed in assigning a voice chan-
nel'except that the‘search now begins at the partition sepa-
.rating the voice channel control from the access channel
“.control.. .If we reach column 1 without encounterlng a 0, the
;call is blocked and is tabulated as‘such

_Calls are generated independently ~in each cell in the
sectich of the program titled CALL GENERATION. During the~

program assembly phase each of the forty GENERATE blocks is

primed; that is, arrlval tlmes t 1<1<40 are drawn from
the .exponential distribution. (Really, ‘the initial t; are
the interarrival times relative to - t=0). Calls are then

_scheduled to enfer the system at each time t.

When program execution actually begins, the_simﬁlaticn
clock jumps to the minimum t,. A‘calllleaves GENERATE hloch
l; picks upA its cell number (i) in .the subsequent ASSIGN
block and TRANSFERs to the mainAprograh.at address CALLS,
line 121. While this is going cn, a new interarrival time
t; is -computed and"anothet .call‘ ié;schedhled to 1leave

GENERATE BLOCK i at time t,+t.. This process is repeated

over and over again for each GENERATE block. In this way
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the passage of time is modelled -- the simulation élock;bé—
ing,cohtinuallyl updated to the time of occurrence of the

‘next event,

Processing of a call continues until (i) the call encoun- .

fers some_nqn;zérc delay sdch as the time spent "holding",an
';access channel or (ii) -the célllfinally LEAVES-thé)system.
In t@é,iéttgr case, all referehces to tpe call aré.destroyed
and the simﬁlatién cigck updated. In the fofmer case, pro-
ceséiné of thilcall is suspended and a note is made that
this call should not be re-examined unéil some future time,
(if §e'ta;é the access channel holding time .as anlexample,
 this futﬁre time Qﬁuld be H;lOO msec from how). The simula-
tion clock is then.updated aﬁd pfoceééinglof the next call

~in line begins (or resumes at the point in. the model where

it was suspended).

The concept of some dynamic entity -- in this case, a
call -- moving 'through the pfbgram blocks is simply a con-~
venient artifice. As ﬁar as the GPSS processor is cong

cerned, a call is nothing more than a number in a memory lo-
cation. Associated with this nUmbe;. or call identity will

be ‘a great deal of information; for example, the time at

which the call is next scheduled to move or its current lo-

@

cation,in the model. As well, each call has its own indi-
vidual parameters. In our model we have used these parame-
ters to store the cell number (GENERATE block)  where the

call was generated, identity of the channel which the call

x

B

n S

" ¢
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is uséng,‘or ﬁbe‘pbrtion of ‘the reattempt allotment R which
still remains, amongst other things.‘ ) - |

Most of ‘the laﬁorious tasks such  as the scheduling. of
eventsiiﬁ;sequenfial 6rdgr, updating the simulation clock or
pfoauciné ahd printing outpﬁt stafistics‘are handled auté—
mat{cally by thé:GPSS Eroceésor.. Thé programmer'srprincipai>'
respphsibilities '(besiﬁes writing a ioéicélly consistent
ptdgram'of éoQ;se) are to spécify (i) the deéired‘interarfi4
val time éist;ibutiqn for evehps,‘(ii)r the conditions under
which simﬁlation,is‘ ﬁo_cease and (iii) the form which the
~output stafistioé should take. Lét;s iogk:at tﬁése one—byj'

one.

(1) How are random inﬁerarrival tiﬁes comﬁutéd?

Sample values from‘a_ user-specified cumqlatiQe'aigtribu;
.t&on;fuﬁction; F(t), are generated according to the invérse
distributioﬁ.méthod [5]. This method selects a random num-
ber u, uniformly distributed between 0 and 1, sets F(t)=u
and solves for t. For a particular value uy, of u, Figure
B.2 shows that_é value t, 1is returned which is a particular
sémple of the random variable T, that is t0=F*1(UO). We
need to prove 'that'the values of T prodﬁced iﬁ this manner

actually have the distribution F(t).
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Figure B.2 Example Cumulative Dlstributlonl
AN Function (for Discussion of The
co T Method of Generating Samgle Val-
’ ugs of a Random Variable

' say t%‘are the dbsé:ved values 6f;$' and F'(t') the cor-
| responaing cdf. 1If we ;an”shdw that'%”it') = F{t") then the -
.observed distribution will be identical to the speéifiéd
distribution and T' = T.‘ | |

For T'<t', we must have ugu' as in Figure B.2, so:’

Fi(t®) = Prob(T'gt') = Pr&ﬁ(ugu')
But u'=F(t‘),.§qh. | S .

SR () =_Prob(ugF(%')) = Prob (u<k)

.where F(t')=k.
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Since the values of u are uniformly distributed between 0

and 1, Prob(u<k)=k and

P (t)=F(t")

-

Therefore.the observed wvalues of -t' are genuine samples
of the specified distribution F(t). ‘
When T is exponenfialiy_distribuped,'the cdf is:

F(t) = 1 -e b t30°

where A=mean arrival rate.

If ve set F(t)=u and solve for t-as described above:

t = -1-1n(1-u)
A IS
The function "t = -ln(l-u). is-tabulated before simulation
starts and 1is included - in the program listing (under the

heading 'FUNCTION DEFINITION). . The format- is:

Upsty/u,,ty/ug,ty/. ..
Now whenever a random interarrival time is needed the

steps followed are:

N
1. Generate a value uy;, 0<uy;<.9999
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2. From the t&bulafed ordered pairsiof. functibn values:
-céﬁpute t0_=‘—ln(1—ﬁ05 by linear‘inferbélation.;“

.3; -Muitiplf t, by 1/x; the result i; éhe desired inter-

arrival time. .:(Usuélly; 1/ is an independent vari-

léble, _assignéd a value just befﬁré a simulation tri-

. al).

‘Exactiy the same steps.are followed for the generation of
random service times except :that to is multipled by 1/p --

the mean service time.

(ii) When is a simulafion trial finished?

- .Control of the simulation duration is by means of short
‘subprdg:am labélled AUXILIARY QLOCK  in the pn@grém.liétingﬂ‘
This subroutine has two pruposes. First, afte: 5 minutes of -
simulated time, all the statistics accumuiated'dp to thié
PQiﬁt aré cleared and the model RESET. ngever,'matrix MH1
remains_unchanéed,and all the calls in the model at the time
' the RESET was initiated are lgft untouched. From - this
steady state point, the simulation is STARTed once again
whereupon thé second function of-the subﬁ?gg;am comes into
play. After every 5 minutes of simulated time a test is
performed to see if either 1% hours of simulated time have
gohe by or if 10,000 calls have been generatea. Fulfillment

of either condition is a signal to end thé.simulation;
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_(iii& Héﬁ arelthe output statiét}cs proaucéd?
‘The chief means for'accumulatiﬁgtstatisticg (in this par-
,t}gulér modélf are the TABLEs which have.beén-assiéned the
names: SRVDA, FAILA, SRVDS, 'FAILE. A sample output for, ta-
ble SRVDA is shown in BOX B.2. ' When a call in cell i ob-
tains an'acceSS'channei, thé entry in row ‘i and column 2 of
SRVDA is increased by 1. Simiiafly when a call failé_xo ob-
‘tain an access channel a corresponding entry in FAILA[is in-
creased by i. SRVDB and FAILB serve the same purpose for
the voice channels. These 4 tables allow calculation of the
access channel and voice channel blocking probabilities %Ja
and P, . The remaining data in Box B.2 is produced automat-

bv , _
ically by GPSS and is not relevant to the discussion here.

.
'.
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A record of the reattempts made by calls while seekihé an

idle éccess channel is provided by matrices MH3 _and MH4.

- - Any element in MH& -~ symbolized by MHé&(x,y) -- represents

the number of ¢alls in cell x which had to make y'reattéﬁpts

(y<R). Any element inﬂgHB--- symbolized by MH3(l,y) - rep-
resents tﬁe'number of calls *entering the systém which needed
' to make y reattempts. ‘These‘ matrices alloﬁ talculation 6f
the reattempt cdf and Pbai ~~ the probability of making at
leést_ong reattempt. |

'naily, the mean delays ai and‘aé are measured by means
of fﬁe GPSé‘ ﬁUEUE entity, The time which elapseF'between
entry of a cail' into‘a QUEUE block and exit from é‘comple—
mentary DEP@RT,block located elsewhere in the . model is re-
corded and a;erage values are computed once simulation ends.
(The label "QUEUE" is really a misnomer -- no calls are ac-
tuaily délayed by the QUEUE block). |

A sample of the queue statisties is illustrated in Box
B.3. THere is one queue.for'each' cell as well as a sfstem}
gueue called ACCESS. The deléys listed in the last two col-
umns are ‘in milliseconds., Zero entries refers to *ralls
- whith experienced ‘a Zero gdelay' betwgen' compiementary

QUEUE/DEPART blocks. B

P

[
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B.2 . GPSS PROGRAM MODEL 1 (MODIFIED)

Box B.4 conta1n5 a llstlng of that segmeht of Mbdel 1

which was modlfled to take into account COlllSlODS resultlngp

from calls arr1v1ng within 7 msec of each other ! The_new
‘Statements-have beenjhﬁgﬁlighted. fhis modification, al-
" though it ¢oﬁsistsD;6f only a few"additiénalllihes, turned
-out 'to be a very formidableztask. - GPSS can Bn}y‘handle oﬁe
‘call at a time so some artificial means had‘;o be devised
for cifcumventﬁng this limitation and to allbw for consider-
ation of two or more calls at the same time. 7 R

.Noﬁ, 1nstead of- settlng an entry in. matrl; MH1 to l imme-
diately when a call selzes an acceSS'channel, this task 15
held in abeyance for 7 msec. The call, 'though, begins to
serve out its holding time. After'?-mseclthe cali checks to
see it some other call in the same cell has‘arrived.during
the last 7 msec. If so,‘ tﬁe.cails are considered to have
cbllided and are forced to reattempt seizure of the access

channel at a later time. The channel remains idle. If no

collision occurred, the access channel status is changed to

- busy and the call . serves out its remaining service time,

(H-7) msec.
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Box.B.4 "Modified Segment of Model No. 1 (To

Check for Collisions)

-«— new statements

214

9
-®
®
‘ _‘ . - .
:AtCEss CHANNEL SE1ZURE ATTEMPT.
126 MARK 5 A
127 MARK 6. -
128 . ACES4 .ASSIGN 2 WX HI1
_.129 . ACESS TEST E MH1(P1sP2) s 0aNEXT
130 JOIN Al e
131 AD VANCE 7 =
132 REMOVE 4] —-—
133  ALTER 4Le1alDslels Pl-CRASH -
134 : TRANSFER  oTEST2 ——
135 CRASH. TEST NE P10 o1 +TEST2 . —a—
130 . TABULATE  SRVDA :

137 TEST G MP6+84BYPAS -
138 : TABULATE  TIME1L EXCLUDES ZERD ENTRIES <e—
139 BYPAS TABULATE TIME2 INCLUDES ZERO ENTRIES .a—
140 . . MSAVEVALUE 14Pl+P2.1,H

-1a1 - . . PRIORITY 1.

142 - ADVANCE 92
143 . MSAVEVALUS 1+P1+P2,0+H -
124 ¢ LEAVE SYSTM
- tas. TERMINATE .
*F I XED CHANNEL ASSIGNMENT
*

| 146.......  FIXD1 GATE LR P1l.FAILB  {DYNol)
147 _FIXD2 TEST E ' MH1(P1+P3),0+SERCH
148 MSAVEVALUE 1+P1+P3,41+H
‘149 TABULATE  SRVDB
150 CENIER_.__....PL_ . .. .
151 PRIORITY 2
152 ADVANCE V82 +F NSEXPGN ~
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'B.3  GPSS PROGRAM: MODEL 2 I :

The.prbgram listing  £6r Siﬁqlation Model 2r.is contained
in ﬁox B.5. All the features of Model 1 are inciuded"in
Model_z‘ wifh the exceptiqn that TABLEs are no longef use@
for collecting statistics. Instead, = several-matrices épé.
emplbyed as will be described later.

“In additon to‘mat;ix‘Mﬁl'which controls fixéd voice chan-’
nél and access ghannei assighments,‘a second mafrix; MH2, is
now regponsibie for kgeping an ub-to;the-minute rebord'cf'
dynamic channel usagé throughout ; the system.: Ahf ﬁositiOn -
{x,y} in MH2 can i?ly assume the valueé‘O'énd 1 indfcating
the noh—use or use'bf dynamic channel y inlcell X.

VARIABLEs 1 to 40 (under the heading VA%IABLE DEFINTiON)
“are defined in terms of MH2 and a{é used to determine if a°
given-dynamic channel may be used 1in a given cell. (VARI-
-ABLEs 41 to 80 are merely continuationé of the.expressidns
for VARIABLEs 1 to 40). To explain how this works, consider

thé-situation where all fixed voice. channels -are busy in
cell 1 in Figure 5.1 .and a new call is ggﬁerated in ﬁhié
.geli. Thfé call'sroniy hope for obtaini;g ;efviCe :is to
find.a dynamic éhannél. The cﬁannél can not-be pFesently in

use in cell 1 or any.of the six surrounding cells, 2 through-

7, if the cochannel reuse ratio D/R is to be maintained.



.CIEATE - ‘ . -

- REALLGCATE BLL+25CsBVRIGsCHAY 22 LEMe 250000 +FMS, L - .
_REALLUCATE FoValsFUNZ2rGERP 142 +HMS s L2 s HOV s LU s DLeB1 - -
RZALLOCATE UUE »82+STC 42+ TABs Ll s VAR BB+ XAL 42500 T )

#L0C - CPEFATION A3B+CeD+EFG > COMMENTS'
SIMULATE 18 » -

«

£INITIALLZATIGN

*® .

OF FIXEU CHANNELS/CELb (VOICE+ACCESS)

INITLAL XRE s )L #
INLITL AL Az s 10 # DF FIXED CHANNELS/CELL VOICE)
INITIAL XHS s O # GF DYNAMIC CHANNELS IN |{SYSTEM
CINTTI AL XH4,10 # 0OF REATTEMPTS -
1 MATRI X T 4UL117 # OF COLUMNS =.XH]1
< MATFIX 1104 Qs #. OF COLUMNS = XH3
3 MATHI X el a1l # GOF COLUMNS > AH4 .
4 MATRIX Het Ol # CF. COLUMNS > XH4 :
] MATEI X el Q3 CALLS wHICH ENTER vOlCCS CH- SEWMENT
o TOMATRIEX ToHe40 4 3 . CALLS WHICH ENTER 3YSTEM QUEUE .
T MATEIX Heys 093 CCALLS wHICH COTAIN ACCESS CHANNEL
d MATRI X FHe+003 CALLS wHICH CJTAIN VvOICE CHANNEL
G- MATRI X He4D oo CALLS WHICH DCN®T  OBTAIN ACCESS CHe
L : . . ~LDWE TC REATTEMPT LIMITATICN
10 MATRI X - He40s 3 CALLS wWHICH LDAIN'T OBbTAIN ACCESS CHe
® . DUt TO ACCESS TIMER LIMITATION .
+ 11 MATRIX HedD 43 - CALLY wHICH ARE PJRGED FROM QUEUE .
* .
®STCRAGE ANO QUEUE DEFINITICWN ¢
*.
STORAGE S5l=5%54Js0u STORAGES- 1 THRU 40 ARE ASSIGNED A
SYsTM EQU 4145 CAPACITY DF 50 CALLSe STCORAGE
2Y3TM 5TGORAGE USYSTM™ HAS UNLIMITED CAPACITY.
ACCES EWY S 4l sl ‘ ' ' -

*
‘#FUNCTIGN CZF INITICN

&xpow FUNCTISM  RMasC24 '
Jed/aleal0a/e2ral2/aBeednnse 49.509/4 '-00/-00-915/0 rle 2/ 47591833
03 411a6/abB81]l aB3/aBC812al2/ 83124 3/ eF2r209D2/ 9402 Bl/ 49012099/ e 7013

.97-Ja5/.95.5-9/.99.4.6/.995\5-3/.998.6.2/.999.?/.9998-5
* ' ' ' :

®VARIABLE DEFINITION o . : )
- . .
VAKIABLE — MHZ2{1+P3)+MH2(2,P3)+MH2(3.P 3} +MH2( 4

1 P33)+V4L

2 VARIABLE MHZ {2 P33 ) +MHZ (9 P3)+MHZ{ L O+ PI)+MHZ( 3,2 3)4+V 42

4 VARIABLE Mha(a.P3)+MH2(10.P3)+MH2(11-P3)+MH2(12.P3)+V43
4 VAR JABLE  MHZ{4P3)+MA2(3+P3)+MHZ{L2:P3)+MH2(13,P3)+Vaas
) VAR TAQGLE MHZ2 IS P3)+MHZ2{ 1 P33 +MHZ2(4 P3)+MHZ2{ 14,P3)+V45

o VARIABLE MHZX G e P3)+MAZ2(T+P3)+MAZ2(1 P 3)+MH2( 3+P3 )+ V4o

7 VAR IAHLLE MRZ (7 +P3)+MAZ(B, POY+MH2(Z 4P 3)+MH2{ 1 ,P3 ) +V4T

8 VARIABLE MH2 {342 3)+MR2( 21 P33 +MHZ2(94P3}+MH2( 24P 33+V48B

3 VARIABLL MHCA{ G o P3)+MHZ(22+P3 ) +MHZ2( 23 4P3)+MHZ2{ 10 ,P3)+V 49
10 VAR IABLE MHZ2010sP3) +MH2{234P3) +MH2 (24 423 ) +MH2(11,P3)+V50
11 VARIABLE MHZ {11+ P3I+MH2(24+P3)+MHZ (25+sP 33 +MH2(26,P3)+V51
12 VAR JABLE Mha(1;.PBJ+MH2(11.PJ)+MH2(20.331+MH2(2?.P3l+V52
13 VARIABLE MEBZ(13eP3+MH2(12sP31+MH2 (74P 3)+MH2(28B4,P3)+VS53
e VARTALLE MHo 14 9sPu ) +MHZ {4 s P3)+MH2( 13 +P3 ) +MH2( 29.P3)+V 54
Ia . VAR1AOGLE MHZ(154P3) +MH2( D3 P3)+MH2(0 14 ,P3) +MH2{ 20+P3}+V55
lo VARIABLE MHZ {10 P2)+MH2 (6 P3) +MH2( S, P2)+MHZ2(15,P3) +V50
17 - - VARIABLE MH2 (1 7+ PSY+MH2(I1BsP I3} +MHZ2 (L sP I +MHZ2( 10 +P3)+V ST

' "Box B.5‘ Program Listing for Simulation Model No. 2
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LN mC UL NC wE LT

VAR [AGLE
VAFRLALLE

VARTAULE,
VARTABLE"

VARTIAGLE

b

VAR JABLE

VARIAGLE

VARIABLE
VAR IAGLE

VARIAULE

VAR IABLE
VARIADLLZ
VAR IADBLE
VARTIABLE
VARTAULE

VARTAULE |
VAR IABLE |
var lapLe b

VARITAdLC
VAR TAGLE
VASTALLE
VA= TAabBLE
VAR TARLZ
VARIJADLC
VAR LAGLE
Va=ladLuo

CVARTAGLE
" VARIABLE

VAR LABL S
VAR [AQLE
VARIAGLE
VARIABLE
VAR IAQLE
VARIABLE
VAR IABLE
VARIADLE
VARIAGLZ

“VARIAOQLE

VARIAULE
VAR IABLE
VARIABLE

Vak [ABLL -

VARTADLE
VARIAULE

TVARJTADBLE

VARIASBLE
VARIABLE
VAaRIABLZ

VARIABLE.

VAR-IAGLE
VARIADLE
VAR IASLE
VAR IAULE
VARIABLE
VARIAGLE
VAR IAULE
VAR [ABLE

Box B.5 (cont'd)
Program Listing for Simulation Model No. 2 o

.

CHMHZ(Z

CLMHZ2 CIZ PRIV EMH2I 30 P33 ) tMH2 (L 0,y
M2 (33eP3) +MH2( 34+P 3} +MH2(1 7,

217

MHZ(L3sP3)+MH2{1TF+Pa} +MH2 (7 4,P3 )} +MH2 (b4 PJ )1+VLE
THEZ (129 P3) +MHZ( 20 P2 ) +MH2 (B P 3)+MHZ2{ 7R3} V59 -
MAZ(20sPLd +MHZ(3T+P3) +MHZ (21 +2 3 ) +MHZ2(B3,P 5)+V 60
MH2 (2 s P3) +MAZ{ 40P 3 ) +MHZ2 (22 o223 ) +MH2(I 4 P3)+VEL
MRz (222 P31 +MRna{cd+PI)+MHZ (3P 3) +VH2

MHZ2 (234 P3) +MHZ2 (24,2 3) +MHE(10.423) +VD3

N2 2%+sP3) tMAZ2{ 2543 ) +MH2(1 1 P 3 ) +V o4

MHZ L 25+ P3 )+ MH2(2L.Pa) +Voo

Ger3 ) +MAZ2( 2T WPI} +MHZ2(1 24P 3 ) +VHS

MHEZ {27923 ) +MHZ( 28+ P ) +MHZ (1 32 3 ) +V LT
MH2(23+P3)+MH2{ 25 ,P3) +V68
de(:s.Pj)fNH&(dO-PB)+Mr|2(14.-—’d)+\109
MH&(JU.PJ)+MH2(JI-P3)+MH¢(lJ.DJ)+V?0

MHZ (31230 +MR2( 324,203} +VTL .

3)*‘\/7_1'_'

23)+V73

MHZ{ 2a e Pd ) tMAZ2(3040°P3) +V T4 .

ML {00 P} +MHZU D0 P3) MR (1 h o2 J ) +VTH -
MHZ2(ZO0sP3)+MAZLIT W PI) +MH2 (19 +P3I+VT O

A {37 Pd ) tMHZ{ a8 4P ) +MH2 (LU0 2B )+VTT

MHZ2 0 25,P3) +MH2{ 39,2 3) +v78

AHZ2 {23 4P31+MH2(G0+P3) +VT3
4n_(ﬂdnHJ)*MH&(&;-QJ)+VdO

MHZ2 UL AP 3) MRSl es PIY+MH2(7 4P-32)
SARLL WP EMBEIT W PIY M2 P 5}
MH2{ 4322 ) +MH201 e 230 +MH2{2 P 3)
MHZ2Z (1@ Pl +MB( 0PI ) +MH2( 1sP 3}
AH2 L L H3) FMH2U L0 P 3 ) +MH2 (H 22 3)
'MH’(lu-H31+NHd(17'9J)+MH2(15o33)
MHZ (u.PJdeHd(lc-PJ)+MHd(19'P3)
AHZLT aRP3)+AH2(1 3 P31+MH2L 2UWP 3} -
MHZLE o PII+MHEL{3 s P3)+MR2(2L+sP3)
what3.93)?MH2(2'P3)+MH2(9-P3l
M2 12:P3}+MHZ2(3+P3) +MH2(10.,P 3)
M2 (139 P3) +MH2(4 s PSI+MR2( 34P3)
HAHEL 27 PI3)I+MHZ( 14 sP 23 ) +MH2 (4 4.2 3)
MHZ{ 30 P3) +MH:.3( 1HePS )Y +MHL (D P 3)
MR2 131 vP3) +MHZ2{324yP3I)+MHZ2(16,4,P3)
MH2{32+P3I+MHZ (I 3+P3 ) +MHZ2(1 7423
A2 (33+P3) +MH2{ 34 +P3 )} +MH2 (45,23}
MH2 (17 +23 ) +MH2(45vP 3 ) +MHZ2 (30+R3)
MAZ (18RI} +MHZ(30sPI)+MH2 (37 +23)
MHZ(19.93)+MH¢(37.P3)+MH2(38.93)
MH2 (3 2P ) +MHZ (20 P3) +MHZ2{ 39 4P 3) -
AHZ2 (2143 ) +MHZ{ 40 4P3)
MHZ{ F+P3)+MH2(22,P3)
MHZ2 (LU »P3)+MHZ2(23,P3)
MH2(11+P3) +MH2(24,P3)
MHZ( L LWsPI3I I +MHZ{ 25 49P3)
MHZ{12+sP3} +MHZ( 264 3)
MHZ2(13sP2)+MH2(27+P3)
M2 (1 3+P2)+MHAZ(284,P3)
MHZ(1 42 P3) +MH2( 294 3)
MHZ{19+P3 )} +MHS( 30+P3) T : .
MHZ(15sP32)+MH2{ 31 .P3) ©
.4H2(lu.-—’4)+_MH2(.3.£-PJJ
MH&(%?.PJ)fMHZ(JB-PB}
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CULWN~O
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735 VARIABLE

7o VARITAQGLE .
77 VARIABLE
‘73 VARTAULE
73 VARIAuLLE
53 VAF [ABLL
31. VARTABLE
32. VARIABLE
33 VAKIAGLE
314 VARIABLE
39 VAR IABLE

1. ouvArIABLE
2 ' BVAFIABLE
3 dVAFIAbL"

SALL uhNCHATIUN

CELL  GENLIATE

ASSIoN

CELZ GENERATE
' AS55 IGN
TRANSFER
CEL3 GENERATE
ASS5IGN-
: TRANSFE®R
CIld " GENERATEZ
ASSIGN
. TRANSFER
cELS GENERATE
A>SIGN |
: TRAMSFER
CELS  GENERATE
ASS TGN
TRANSFLR
cELT SENERATC
ASSIGN
TRANSFER
CELS GENERATE
ASSIGN
TRANSFER
CELYS LENERATE
ASSIGN
THANSFER
CELLIO GENERATE
ASSIGN
TRANSFER
CELI1l OGENERATE
©ASSIGN
. TRANSFER
CELLZ GENERATE
ASSIGN .
TRANSFEY
CEL13 GENERATSE
ASSIGN
TFANSFER
CEL14 GENERATE

Box B.fi {cont'd)

218

MH&(I?.PJ)fMH&(J4.PJ) .
MHI(LIBWPII+MHZ2( 35, 3)
MHEZL{LFsR3) +MR2{ 3P 3)
Mq&(Eu.PB)+MH2(37 ~3)

MBIz (Z1sP3)+MH2(204P3)
M?&(LI-P3)+MN£(J9oP3)

4hyuJuu MAXIMUM bIMULATIDN
120000 " . MEAN CALL HOLODING T
Zudu - MEAN INT:FARRIVAL T
XH4—Pa+l -

Pit+4u

C1elee Ja1*N$CALLa "LZ19000. -
VElLTL
Mpg'bﬁ'ﬁdﬁo '

VEAIsFNIZAFCNsps v 1OF

] “lal
TRANSFER . .

sCALLS “
VB3 +FNsEXPINs s s 104F
le2

WCALLYS ’
VSJQFN$cApUN!lo'10IF
1.3

+CALLS :
V32 e FNBEXPON s 220 104 F
L4,

+CALL S,

1o .

«CALLS .
Vé3oFN£;KPDN|n'|10|F
lets

s CALLS :
VES s FN2Z XPLNulutlolF

1.7

vCALLS . .
VBI s FNEEAPINs s 9104F
1+,2

s CALLS . b
V83'FN$EKP?N--v-IOoF
1.3

s CALLS .
VB3 ¢ FNSEXPONs s s s LOSF
1410

W CALLS

VB3 +FNSEEAPONs s 93 109F
1,11

+CALLS -

VB3 « FNSEXPCNes s 2 10F
1.12

yCALLS

VEZ s FNEEAPCN»» 0 s 104F
1,13 ’

»CALLS !

VB3I« FNSEXPONss e+ 10sF

- Program Listing for Simulat;on Model No., 2

VB3 FiNGEAP INyes s LU F .

HH-’!

CALLS




ASSIGN

- © TRANSFER

CELLIL OGENEFATE
U ASSIGH

JRANSFEF

CELLG GENERATE
‘ ASSIGN

TRANSFZK

CaLl7 GENERATE
-LASSION

TRANSFELR

CELLB GEMNERATE
ASS5TGN

. TIANSFER-

CELLS GLNERATE
CASSIGHN

1RANSFER

TCELEU SENERATE

ASSIGN
: TRANSFEKR -
CELZ1 GENERAIE
ASSIGN
_ . TRANSFER
CEL22 GENERATE -
ASSIGN
TTRANSF &k
CEL23 SENERATE
- ASSIGN
TRANSFER
TZL24 GENLRATE
‘ASSIGN
TRANSFER
CIL25 GENERATE
- ASSIGN
TRANSFER

S LEL2e GENERATE

ASSIGN
. TEANSFEF
CIL27 GENERATE
ASSIGN .
. TRANSFER
CEL2d SINERATE
‘ - ASSIGN
TRANSFZR
CIL2S GENERATE
* ASSIGHM
TRANSFLCR
CELIU GENERATE
ASSIGN
TEANSFER
CEL31 GENERATE
ASSIGN
TRANSFZEk
CEL32z GENERATE
“+ ASSIGN
TRANSFER
CEL33 GENERATE

Box B.5 {(cont'd)
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lsl4
P CALLS

VB3 sFN5HE xPON..-.lO [

1415
+CALLS .

JajoFthAPnN|0|010|F

lolh

+CALLS

VB3 s FNSEXPON vy
117

+CALLS
VBJ.FN%:KPON--

1189 .
fCALLDS '
VEI oFNEZAP IN»
1+109

s CALLS

VEI +TNEZAPOIN o
120

CALL i
V32 WFNHTAITON 4
lscl

fCALL S

VB3I +FNSZXPON 4 »
Lyl

+CALL S '
VES o FNOTXPON y o
l+23

+CALLDS

VES s FNBIAPUN, o
1+24 ‘

s CALL 5 -
VdJOFNbePCN'u
1420

yCALLS

VEZJFNST KPuNov

ledo

¢+ CALL >

VEZ yFNBEXIIN s »
Lsg?

e CALL S >
VBA s FNBEZAPIN 'K
1.428

» CLALLS )
VBE +sFNISAP INy
1+29

s CALLS
VE33+sFNBIZXRPIN
1430

+CALLS

VEI +FNDZAPON »
1431

S CALL S ’
VEZ s FNBEXPIN 1+ »
lsd2 :

+CALLS

v10.F
|lOoE

¢t 10,F

v 1047

s 10WF
1 10,.F
s LULF
V10 F
s 10,F
{io.ﬁ

s 1UsF

s 10WF

+ 1OLF

2 10.F

»10.F

v 10+F

VB3 s FNSEXPONs s » LOsF




P = e 30 s e P e i e B S e et
NNF‘HMF_.".“P"{-PPOO

-
[V3,V]
whr

124
125
120

Cpar .

128

130
NN
132
133
134
135
136
137
138

139
L4 0
141
1462
143
144

L4G
147
143

N COE~ND W TUD

129

145

. ASSIGN

1032
g TRANSFER JCALLS -
C3L34 GENERﬂTE VB3I ZyFNBSZAPIN s e LOWF
AS51IGN 104
’ TRANSFER sCALL S
QEL35_GENERATE. V%BvFNbLAPleoO'IO[F
ASSIGN 130
: TRANSF SR + CALL 3 ' -
Ccoiuduo GENERATE VdJoFN& XPONsse s LOsF
ASSIGN “1+30
) TRANSFER ‘bALL&‘
CZL37 OGEMNERATE VEBI WwFMNIZAPCON s w99 10 F
ASS1ION 1437 : .
, TRANSFER +LALLS ) .
CEL3SB ENERATE V53 rNb«XPONnoo-IU-F
" ABSIGN 1.,8
TRANSFER s CALLS
CEL3® GENERATE Vb’.FNihAPONnuooIUoF
ASSToN I'vav
 TRAMNSFER dalLs
CIL40 GENCZRATE VB3 yFNSZXPINssss 100 F
ASS51I5N 1240
- TRANSFER «CALLS
CALLS ENTER, - 2YS5TM -
CALS TGN 4 9+ XH4
ASSIGN 0.1
r . .
*¥AGCSSS CHANNLL SZIZJdRI ATTEMPT .
* ) ‘ S
TMARK )
ADVANCE 300
GUEUES ACCES
- TQUEUET =1
ALCESSE ASSIGN S3eXHe
ACESS AS3IGN. Sy AH1
ACESL TEAT & CMHLIP12P2) 90 ewAlITI
- TEST = Plo,l.Achg
OEPART il )
UEPART ACCES o
ACESS MSAVEVALUZ 7+-Pl|910.19H
MSAVEVALUE - 1+PlsPEel s H
PRICRITY 1 .
ADVANCET 130 .
MSAVEVALUZ 1 2P1+P2+0sH
x
kF IXEC CHANNEL ASSIGHNMENT
* ©a ' -
FIXO MSAVEVALUE S+ePlsPliUslsH
FIXl GATE L= PleDYNed . sessesnevas
rFIXx2 TEST E “Hl(pltp-)oU' SERCH'
! ' MSAVEVALUE 1+PlesP391H -
FIxG MSAVEVALUZ E++F 1l PlOcl [al
ENTER =1
SPRICRETY 2
ADVANCE: VB2 s FNSEAPON .
FIx3 TEST £ G*1»0FrREE .
FIX9 GATE LK v

ﬂox‘B.5 {cont'd)
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‘dex

eIF N
GO0 T
NEI
AVA

.

C FIAED CHANNEL AVAILABLE
7 AODDRESS "DYN1*". IF
HER FIXED NOR DYNAMIC CHa

VBO +FIX13 sese

LABLE JOIN SYSTEM QUEZUE.
AT ADCRES?DS "DYN24'.

eveselF LOGIC SWITCH SPECIFIED 3Y

VAKRI ABLE 85 IS5 RESET THEN
THERE ARE NO CALLS FROM CELL
“I" WAITING IN SYSTEM QUEUE

.
»




149
150
151

1182
153 -

154
155
156
157
1158

1159
160

Jlel

162

1e 3

164
165

too
167
lo3s

169 .

L7
171
172
173
174

175
176
177
178

173

180
181
g2
14

1€ 4

-|185

.|186
187
188
1863
190
191
l92
193

FIx1la

FIx17
FIX1S
FIx2l

L

*
SERCH

xa ZARC

'k

wAITl

o wCALC
T &

MTx3a

LEAYV

MTX1lo

rs
*
OYN1
JrYN2

JINY

MSAVEVALUZ
LCGIC R
TRANSFER
AL TER
UNLINK
FRICRITY™
SCAM
TFANSFER
LColl m
TRANSFER
FEMLVE
TRANSFEK
LCwIC ~-
TRANSFER.

LCOP
LcGlIC s
TRANSFCR:

H FOR AN

ASS TSN
1E51 =
TEST ©
ALVANCE -
TEST LC
MSAVEVALUZ
M3AVEVALUE
ASIIGN
TRANSFER
UhabLE TC- F
MSAVE vALJUE
TEST €
CEPART
CEPART

L AVE
TESMINATE
MSAVEVALUE
LEAVE
TERMINATL

ASSIGN
TEGT =
MSAVEVALUZ
MSAVE VALUE
ASSIGN
JOIN
CENTER :
PRICRITY |
ADVANCL
TEST =

11F1|p3-0 H
Pl

JEAIT

@l sALL s 3 P3
WAITsFIALS W]
JBUFFER

41 1l P;ltsF1X17

UBAIT

T VES

!LXIT -

#5ZARLH FOR A FIXED CHANNEL

JeF I X
ri
DY N2 4

ALCESS CHANMEL »

p‘!oU.MT)\';_.
1wd-» 100
MESsOUVDUIMTX
3+v1svV8aslsH

sess sl IF THE PASSING XAC IS
MATCHED wWITH THE FIRST MEMOER
OF SYSTEM QUEUEZ wWHICH HAS THE
SAME VALJE OF Ple THE UNL INK=
E0 CALL THEN PROCEEDS TO USE
THE FIXED CHe WHICH "HAS JUST
‘BEEN RELEASED. o .

11l FIX1Y

.

WAIT ¢ KEATTEMPT IF NZCESSARY

iv

G4+ P] V34l e

4wyl
s ACESS

IND ACCESS CHANNZL

B+ FPLPl0s 1l H
.Plu'l'LEHV

ACCES
SYSTEM

lu++P14P101
S3YSTM

*DYNAMIC ChANMNEL ASSIONMENT
h . -

v

[ Xl

SIeXH3 . . C '
VTl s 0sLYNZO eeeesvesalCES THE DYNAMIC CHANNEL
ZpP1sP3sleH SPECIFIED BY THE CURRENT
E+sPLlaridel +H "VALUE OF P3 SATISFY THE
el COCHANNZL INTERFERENCE
=1 ) CIONSTRAINT? '

1 ' '

P7s0.FIXS .

Box B.§ (cont'd)
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V3ZWyFNEZIXPUN,

cassasasa WAS CALL REASSIGNED DURING




e

-,

19a

195
136
137

193
200
201
202
203
204
205

200

227
208
299
21Q
211
212

213
214
215

VN
LR
[l #X 4]

222
223
224
225
226
227
228
223

23Q
231
232

1233

234

16 a:

2l b,
1217
1218

JYNL2

JYNL1T
-oerc

Jynzl
x

JYN2S
YNNG

‘

FiREE |

*
kCALLS
* .
L2X1T
.
*LALLb
PURul

PJHuJ

PURGT

KCHANNEL REASSIGNMENT - - ‘
&

. ‘ 222

REMCVE - P : ‘ CALL MOLODING TIME?

12871 N LH&«AIT.U DYNIS eeees ARE THERE ANY CALLS aAITINu‘
CALTER . 41,ALL 3P 3 TN SYSTEM QUZIUEZ? -
TUNL INK _NA¢1 OYNel s 1 +[BV2 s s DYNLD s ae e UNLINK THE FIRST CALL
PRIGRITY | u.duFFﬁR‘ IN QUEUES wHICH SATISFIES TdHE
SCAN 4191 0Pl eseDYNLT R INTERFERENCE CONSTRAINT AND
ThRANSFER L EXIT ‘ . ASSIGN THE JUST RELEASED D YN
L3S 1C K V395 - AMIC CHANNEL TO IT- o
TRANSFER © +ZX1IT : ) , -
MSAVEVALUS 24P 1 Pl e -

THANSFER vEXIT .

RZMLVE 41 . : . g
TPANSFFH yOY NS A : .
LCUF-_ JW YN

MARK 3 S ‘ v I o
LG‘JIC s V&D esasansssseseeseeSET SNI\TCH 35 TG INDIZATE
JUIN 41 : THAT THERE IS AT LEAST ONZ
MSAVEVALUE 0++P1 32100 10K CALL IN SYSTEM QUEUE FROM
L INK ﬁAIT.FIFL' THE CELL >PECIFIED.

e

SCAN 91.5v1|3{3.FIX31
AL TR PlLelos7eilsI3P8

AL TuR Plsls3.P3s3:P8
REMCVE. s Plylea3sP3 |
ASSIGN .. 3408 .

TRANSFER" «O0YrNlZ.

LEAVE 5Y3TEM

LEAVE T . o
LEAVE SYSTHM _ .
TERMINATE -

PURGIC FROM QJUEUI DUE TO TIME LIMITATICN

REMCVE 41, )
SCAN “lslaPlaen U RGT |
MSAVIEVALUZ 11+ 4214P10s1+H o - :
ASSTGN 10++1 .

TEST -C MPJ-OOJJ-MTXIU

TFANSFZR: s ACESa

LCGIC K V35 ) :

TREANSFER sFIRGS

x . _ : :
#AUXILIARY CLOCK #1 (CONTROL OF .CALLS IN GQJEUE UANAIT™)

¥

&

K

OLNERATE ZUs ess3el s '
UNL INK AALT +PURGL »ALL¢BVS
TERMINATE .

*AUKILIARY CLCOCK #z (CUNTRCL OF SfMULATION DURATIONJ_

GENERATE 300000
TEST E . HV1ls1eSTOP _ B ' : '

Box B.5 (coht'd)
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235
23o

3TGP

SRMINATE
TERMINATE
STAET

‘Pax B.5 (eent'd)

Program Listing for $imulation Model No. 2

223

A

24

1l NP

541 - .
MHI{1+1-10),0/MH4(1~40v1-10)4+0
MHO (1=a40y 1 =3) 2 0/MHO{ L1 =40y 1=3) 40
MH7 (L1 =430s1 -3} 0/MA3{(1-4041-3),0

MHm {1~4001=3) s 0/MHIO(1=40 s1=3) 4 O/MHLL(1=40041=3) 4,0
25 : .
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The test*?gt a suifableréynémic chénnel.iélmade in'}ine
185 of fherﬁfoéram where the:variaﬁlg specifieéd by param;ter E
1-(V*1)‘is referenced. As mentioned before, each’®call has a
" set of parameters associated with it; pafameter 1 (P1) coﬁ—‘
tains‘the number. of the cell where the call was generatéd.
‘In this example P;;l and the corresponging 'vériable is

'V&Pl=V1:

V1 = MH2(1,P3)+MH2(2,P3)+MH2(3,P3)+MH2(4,P3)+V4l

| MH2(1,P3)+MH2(2,P3)+MH2(3,P3)+MH2(4,P3)+

- MH2(5,P3)+MH2(6,P3)+MH2(7,P3) .

Note that the column of MH2 is specified by parameter 3. P3
is initially assigned a value equal to the total number of

dynamic channels in the sysfem pool. Now 4f V1=0, then dy-

namic channel' P3 is not currently %eing uéed in cell 1 or
any 6f the six neighbouring cells and ¢an be assigﬁea to the
.cail. MH2(1,P3) is set to 1 indicate this fact. If vi>1,
K'the search must éontinue. In this case P3 is decfemented by
rl and V1 is tested for the n;w channel, P3-1. The procedure
is repeated uﬁtil a. dynamic channel meeting the coéﬂénne;
interference constraint for cell 1 (V1=0) is found. 1f af-
tef'testing all the dynamic_chénnels in the system pool, no
suitablé chqhnél is found, .the call joins the syStem gueue.
{The fixed voice.channel search precedes the dynamic channel

search so at this stage the call has no choice but to join
. ]

the QUeue).



o
1

\...; ‘ssh . ‘_' _ . | .2K5

. . . ) .._ - ) /
The system queue is modelled by .means.of the GPSS USER

CHAIN entity. A USER CHAﬁh,is a queue in the true sense of

‘the word. Calls are LINKed to the chain in a FIFO manner

and once linked, they are for all intents and purposes inac-

tive, No attempts will be made by the GPSS processor to

move these calls any further unless logic 1is explicity in-~

cluded to UNLINK the calls when. some:aspect of the system
state changes; “In our model this uﬁiinking occurs when an
active call has finished its serviée time thereby freeing a
fixed or dynamic'voicé channel for use by a waiting call‘or
whén.the. 5 second Fime limifatipn for the qﬁeued call has
- expired. | =
Eleven matrices are used to record various statistics.

.They have the following sagnifigance:

MH3(1,y): no. of calls 'in the entire system which make Y

reattempts (y<10) to obtain an access channel. -

MH4(x,y): no. of calls in cell x (x=1,2,3...40) which make

y reattempts (y<10) to obtain an access channel.

MH5(x,y): no. of calls in cell x whic¢h initially-enter the
; voice <channel assignment subroutine (y=1) or
which entér a second time (y=2) after having been

expelled from the. system queue the first time

around.

.
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MH6(x,y):

o

MH7(x,y):.

s

,MHB(.x,y):
" MH9(x,y):

lMHlO(x,y):

MH11(x,y):

no. of calls in cell x which queue for service. .

upon first (y=1) or sggond“(y=2) entfy into the

voice channel "assignment subroutine.

no. of calls in cell x obtaining an access chan-
‘el upon first’' (y=1) or second (y=2) entry into

the system.

no. of calls in cell x obtaining a voice channel
upon first {y=1} or second (y=2) ‘entry into the

voice channel assignment subroutine.

no. of calls in ceii‘x failing.to obtain an ac-

‘cess channel upon first (y=1). or second (y=2) en-

_try into the system due to the reattempt limita-

tion.: _ et
N

same as MHO except failures are due-to the access
timer limitation. |
no. of calls in cell x purged from gueue upon
first (y=1) or second (y=2) entry into the voice
channel assignment subroutine due to the 5 second

time limit. Calls purged from the gueue a second

time are considered to be blocked.

—
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