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IHTRODUCTION

This report provides a description of the network

optimization technigque used in-the DLDCNS., Previous
memoranda on the subject are combined, summarized and

corrected,

This report is written as -an interim record of the

optimization methodology used in the Domestic Long-Distance

Communicationsiﬂetwdrk Study (DLDCHS); The methoddlogy has been

continuously improved over the past year or more. Because of

this continuous improvement many of the references 1 to 7 are not

accurate statements of the method now being used for network

eptimization. The purpose of this report is to indicate how the

techniques described previously have been combined and modified

to forwm the present network synthesis technique.



2. ANl OVERVIEW OF THE SYHTHESIS TECHHIQUE USED

The steps taken in optimizing the
satellite/terrestrial network are summarized. tach of
these steps are described in detail in later sections of

the reportwi

e 2y : w

In order to synthesize a cost-effective Canadian

satellite/terrestrial network for the 1980's, thé following steps

have been and are being taken:

. i) A description of what is weant by an optimum network
s specified. This description must be or lead to a
quantitative measure by which networks can be
compared, ‘

i1) A description of the existing network is determined.
This description must:

a) -describe the network as it is in 1973,

b) 'bé-Pexpandab1e" as far as 1990, in that subsystems
‘that may be introduced "into the netwovk in the
1980's can become part of the model.

c) specify the capabilities and the relevant costs of
~each system in the network, S

d) be complex enough to accurately model the
essential features of the network, and yetl siuple
enough that different expansion options may be
easi]y chosen and evaluated.

ii1) A description of the most Tikely traffic Toads on the
' network, and the upper and lower bounds on that
traffic estimate, must be made. This traffic -
includes: S
a) heavy-route long-haul voice, data, and leased-Vine
requirements in southern Canada, bhoth of the
interprovincial and intraprovincial type.




s

b} television distribution by the networks such as
CBC, CTV and Glebal TV, and by the cable TV
.companies and oducal1on dopartmpnts of the
provincial governments.

c) thin-route te1ephone and data setVicé to remote
cowmun1twes+ R

iv) A synth519 procedure for network expansion must be
developed. A necessary part of this procedure is an
algoritim for vouting traffic through-a constrained
network at minimum cost. As well, however, it is-
necessary to develop strategies to determine what
network options to investigate, and to consider the
Targe . number of possible satellite systems in an
organized way. :

Lach of these four areas of activity are discussed in’

dotail below,



3. THE NEASURE USED TO COMPARE FEASIBL£~HEYHURKS 

Theioptimum network is defined kozbe the one with
minimum cost oveyr the 1973 to 1985 inter&éi, taking into
account maiﬁtenance, operatipna and majoxr féfurbishment ok
existing systems, and maintenance, operation and

amortization of new systems.

i i TR ST TR AT RENIE? €A S e Ry AT e

The basic objective of the DLDCHS is to determine the
expansion of the‘idngmdiétance network which w0u1d be of greates
national benefit_in the long term. This is interpreted Lo mean
expansion of thé.netWork to meet prédicted traffic requivements
in the 1980m19ég tjmemffame at minimumgcdst to the nation, witl
perhaps some consideration of how the network might expand in the
post=1985 time-frame. -

The approach described in reference [3] 1s_being used.

Essentially, that}approach is to

i) ignore all costs that were incurred prior to 1973,
since these costs cannot be recovered by changing the

network. (Salvage of large wicrowave systems for sale

elsewhere has never been done to date in Horth America
to the author's knowledge. DHD has sold mid-Canada
system communication links to TCTS, but they are used
in place.)

ii) of the costs after 1973, consider only amortization,
refurbishment, maintenance, and operations costs, and
ignore corporation profit and income tak "costs".




The costs considered are only those real costs that may

change by a re-design of the-network, Further, -the costs are

only costs to the nation as a whole. Items such aé profit and

~taxes are simply a redistribution of wealth within the country.

It has béen commented that such'a_costing_proceduwe is not
"realistic", inithat it is not the sahé as that.ﬁséﬁ by the
common carriers. It is true that the network may be different if
outstanding debt 0f old systems was included ahd §65ts such as
profit and tax were included. However, neither system would
likely be the same as that which is designed to return maximum
profit to a pariicﬁ1ar common carrier, be it TCTS;]CN/CP, dr
Telesat. |

‘ Having specified what costs are to be considered, the next

step is.to determine in general terms the method used to

determine the optimum system., The "optimum" system is that which

“meets the traffic fequirements? fidelity requirements, and

network proteCﬁﬁon requirements at minimum cost. - fhe cost that
will be minimizéd is the present value (in 1980).bf the |
amortization, refuTbishméntg maintenance, and oﬁekations casts in
ﬁhe 1980~1985 tjme;framen Consideration will a156 be given to
making this sysﬁeﬁ{compatib]e with the network in the 1973-1980
timeuframe and tHe:post~]985 period. This wi]]ibe done in the

following way:



Determine the annual cosis of existing and new
radio, cable, wavequide, and satellite systums as
a function of installed circuit capacity. (This
will be discussed in more detail below.)

“Determine the minimun cost. network for each of ihe
"spot" times 1980, 1985, and 1990. . (This will be
~done with the optimum vrouting algorithm and the

.demand~cost strateqy, as explained below.)

- If these three "spot optimum™ networks are not
compatible, in that major systems are in an
earlier network and not in a later one, or if the
satellites in the different netwovrks are not the
same, then the "spot optimum” networks will have
to be modified so that they are compatible and the
present value in 1980 of their costs is minimized.




40~ PREDICTED END=TO-END CIRCUIT REQUIREMENTS ON
THE LONG-HAUL NETWORK

The network is designed to meet the voice, data,
and video requirements of the 1980's. Forecasts of these
requirements have been made from available data, and are

given in detail in other DLDCNS serial documents.

_The rav 1nformétion on which network‘requiremenfs-in_the
1980's must be based are voice and data requirements prior to
1973, population gfowth and economic growth forecaéts for the.
19731990 interyafa predictions of the end-to-end circuit |
requirements of thé common carriers for thé 1973 to 1980
interval, and stated requirements of the te1evi§fon networks in
the 1980's, Interprovincial and intraprovincial public switched
voice and total véice circuit end-to-end requiremenfs have been
determined by Keefer [9,10,11]. The CBC requirements are taken
from referenceA12§.requirements of the other te]eviéion'netwbrks
are not known, $o the estimates stated in referénéé*[?], based on
zero data, are.uséd.unti1 data becomes available., -

It 1sAas§Umed that these requirements aré'eXOQQnous'
variables, iae; they are independent of transmiésibn costs. One
reason for makfhg7this'aSSUMption is that‘]ongwhéuT_transmiéSion“-
rates are detetmihed by many factors, only one offWhich‘is_

transmission costs,




5. HMODLEL OF THE LOHG-HAUL COMMUNICATION HETUORK

A model of the Canadian terrustrigi long«hautl
transmission system is described. The model is comples
enoughvto_include all large concentratiogs of television
and teleéhdhe traffic, and yet simple enougﬁ to be
analyzedu _The model allows for expansion.throughout the

1980's, and includes potential satellite ground stacious.

At present;}the long-haul héavynroute communication
network in Canddqiconsists of two 4 Gliz radio‘systems owned by
the members of*TCTS, a 6 GHz radio system owned by.CH/CPg and‘the
Anik 4/6 GHz satellite system owned by Telesat Canada. In almost
all cases these systems are operating far be1ow’the1r ultimate
capacity of 16,800 full-duplex voice civcuits on the 4 GHz
systems'and 109800.v0ice circuits on the 6 GHz system.

The terrestrial systems include hundreds of'radio ~epeater
sites, Rather_than include each of these Tocations as nodes in

the long-haul network model, only nodes which are one or more of:

—
~—

major popuiation centres and so a source of
significant long-haul telephone traffic,

ii) a regional distribution centre for CBC television
programs, or

iii)  an jmpbrtant network branch point,

are included, The simplified network inc]udes,2h nodes and 26



connécting Tinks, as shown in Figs; 1 and 2, The'réaéon for
1n¢1uding the nodes. in the network are shown in Fﬁg;_]f Four
“nodes 1in Quebecsand thevmévitimeé are not traffic sources, but
are included because they are major brahch points. -Severa1 of
the Iinks of Fig. 1 have sé?eral systems in para]ieig as'Showh ih
Fig. 2. ” |
The nodes shbwn in Figure 1 and 2 are not\Sing1e repeater
r'51‘tes-;'some metropoiitan nodes cover hundreds of square miles and
include a§ many as ten junction repeaters and switching cenfresu
Thesé complex nqdes héve been rep1aced by‘star nodes’, with one
branch of the sfar going ﬁo~bach;other major node‘that is
ldirett]y'connected to the noae b@ing represented, - Separate star.
”vepresentatiohs are used ﬁo?mode] the TCTS and the CN/CP
:qﬁéthqust fhé'now‘raﬁﬁér-aétifip1a] network is part]y shown in
"Fig;’B, This netiwork model is developed to a]]qw'v§r10QS nethrk
‘expansionioptTOnS,to be investigéted“ vather than to accufateiy
5frepresent the network in the f1e1d node by node. _
' . "The qround statwons of the satelldte system are.modeTTed
Zﬁﬁ‘eitens1ons of the network shown in Figures 1 to 3. Satellite
S ground terminals in’ southern Canada will carry one or more of thé

© following kindsfof'traffig:

i) teievision transm1t and- receive,.
i1) television receive only, - ‘ .
“iii) wmultiple-access voice, Tikely TDMA,

iv) dedlcated use of two sate111te transponders between
Lwo qround stat1anq
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FIGURE-1

SIMPLIFIED NETWORK MODEL WITH 20 NODES AND 26 LINKS

Source of VYoice Traffic Only =~ - | S /‘§\} |

é\\“\é

T - e e e -
i§1 Source of Television Traffic Oniyv
1) ‘

Source of Telavisiorn and Veoice Traffic




EXISTING*TERRESTRIAL CAPACITY OF THE LONG-HAUL NETHORK

08 0R0 000
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NODES:

1. Vancouver - 6. Winnipeg 31,.;Montrea1
‘2. Edmonton '.7,:“Windsbr' 12, Quebec¢ City
3. Calgary 8. Sudbury 13. Riv. du Loup-
‘4. Saskatoon 9. Toronto 14. Riv. Blanche
5. Regina - 10. Ottawa -~ 15. '

Moncton. -

~ FIGURE 2

(©e=
16, Halifax
17. Sept Isles
18. Sydney
19. - Cornerbrook
20, St. John's

D)D)

()

LEGEND:

. 4 °GHz Radio System " .

16,800 voice ¢ircuit capacity
6 GHz Radio System

10,800 voice circuit capacity
Digital Coaxial Cable System:

20,160 voice circuit capacity"

L1
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FIGURE 3
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The cost of ground station equipment varies widely among that

required for the four types of traffic. For instance, television

receivewonTy is much less costly than television transmit and
receive. Becauséfof this, a satellite ground statfon énd the
terrestrial backhaul system to the terrestrial 1ong;hau1'netwofk
s modelled as.shown in Figure 4, Brahches of tﬂe]nétwofk'
reprééenting the ground station are labelled a tb e, and~nodes
are labelled A to F. Television rece1Vew6nly traffic is carried
on branch a, teieVision transmitnandnreceive on.branch b,
mu]tiplenaccesé voice on branch ¢, and dedicated#ifansponder
voice on branch d. All traffic to the satel]ite'isicarried“on
branch e. HNode F is identical to the node at the metropolitan
f:l&@ﬁétion to which the ground terminal is associated.
? iﬂuﬁjhe satellite is represented by a separ#te node 1n_the_
’-;hgtwbkﬁlg Nodes A, B, C, and D of each ground station (see Fig.
-jfﬁ)fﬁ%er§0nnectedvto the satellite. | |

S
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FIGURE 4

NETNORK MODEL OF A SATELLITE EARTH STATION
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6. COMMUNICATION LINKS AND THEIR COSTS

Thé salient,characteristi@s and ddsﬁs of systems
that-may.ﬁééome.part of the 1ong_hau} transmission network
in, the 19éQ‘s ére déscribed. Relationships betweén
caéital costs and-énnual-cosis of these syétems_are_

developed.,

The network model is such that all costs can be associated

“with a link of the network, and ownership of each link in the

network except the intevsystem connections of Fig., 3 can be
specified, - The Tong-distance links are assumed to.be one of the

1

jfo]lowjhgf

'i) analog microwave radio Tinks.existing in-1973,
i1) new analog microwave radio:links$

i11) new digital fa‘_d‘io.]i'nks9
iv) new digité}fcoaxia1 cable Tinks,

V) o new digjtai mi1Timetre-wavégujde 1ihks,-

The numerical values of the costs of these systems, and the

technique used to .determine those costs from aVai]able'data is

:?‘vdesﬁribedfbe]ow,'



6.1 EXISTING TERRLSTRIAL SYSTEHNS

‘Existing terrestrial long-haul transwuission
systems are 4 GHz and 6 GHz analog radio systems opervatod
by TCTS and. CN/CP respectively. Debermination of the

. , . ) .
annual costs of these systems takes into account the fact

that thesé.systems are already in the field and have

negligible net salvage value.

Let us fifst~consider existing analog microvave radio
systems;.owned:by eitheér TCTS or by CMN/CP, Infdfmatioh is
'ayaj1ané giving:the location of each kepeater siﬁé in theése
sy;iems; the f?equéncies used, -and installed equipment at eacﬁl
fréquency bénd.i Iﬁ the TCTS systems 4 GHz is used Tor long-haul
traffic,'aﬁd 2 GHz;yﬁ GHz,'7 GHz, and 8 Gllz are uséd for lTocal
traffic. The firsi step in determining the annual cost of such a
system i;-ﬁb determine the capital cost of each:kebeater_site if
1t’Were:built 1631973. The cost of the bui]ding}'tower, roads;
etc. are divided.befwéen Tong-haul and local systems Tn
pkohortion to the'number of radio channels used by'aach. This
information can be used to determine the equivalent new capital
cost of the 1oﬁgehau1 poriion of the Tinks showﬁ ih,Figures I to
3, as a functfon“of installed capacity on that'iinkjl It is
assumed that eéﬁhl4 GHz radio channel can be 1qéﬂég with 1,200
voicevchénne1s'otﬂa TV program with seyéral audio‘channe1s, arid

that each Tow 6 .GHz radio channel can carry 1,800 voice channels



or a TV program with audio. This loading is possible with modern

transceivers with TWT output. amplifiers, in contrast with the 480

channel and 960jCHanne1 lToading 0f~01der'trdnsceivers.

The Capﬁt§1-tost of a, 4 GHz radio Jink a57§ functionlof
installed 1ink capacity is the step-function shown in Fig.ﬁS?
Larger costs are incurred when introducing the sixth and the
e1¢ventﬁ operating channel. The step-function cost curve is
épproximated by the vamp, also shown in Fig. 5.

| The next-étep is to convert this capital cost function to
an annual cost.fun'ction9 again in térms of 1nstaT1éd Tink
capacity. If.thé amount of traffic cérried on thé:1ink as a
function of time~ov¢r its complete lifetime were known, then the
tgcbniqug discussed in refeqencegz could be used; However, th@t
1ﬂfokmatfon1%s(2g£ known a priori; for the time interval between

“'_whén the syStem’is-insta11ed and the present time, this

Vt‘ihfgrmatfon is known by the carriers (if they have-jn"fact kept
f}ihgﬁéfkéﬁokds)lbut not by CSE, and for the future the traffic
_ ;éaffjed§b% gﬁ iﬁdeidua] route as a function of.fiMé is a_resuTt
‘be'fhé.sfuay, ra#ﬁer than an input, Thus a simbiév;methgﬁ af
 determjning aﬂnuai costs must be determined. SuéhVa method, used
‘iq_thisgStudy,fﬁs described in refefehce 3. Thié.méthod is to
qséuhé”that amorfization costs,_refurbishment costs, and
méihteﬁéhée_and operations costsg.which toqether"fdrm'the system
V_ahnua1 costs, aréEﬁogéther a fixed percentane df=tﬁé §ystom
capital costs.._Thé result is a System annuaJ cqst function in

terms of installed system capacity, This function for each Tink

17
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FIGURE 5

CAPTTAL COST OF A 4 Gllz RADITO LINK.
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in the nétwork%"together Qith a description of the;network
topd}ogyg and thé end-to~end traffic requiremcnts'Qf the network,
formé'the input data for the optimal routind’aThbrithmu

Let us now consider hpw to determine thiéiénnual cost
function in detail; beqring‘ﬁn mind that we are only qoinq'to‘
consider futufg costs of thq network. Consider first the initial
step in the capiﬁéi cost curve. :This:is the cost of the
buildiﬁg, roads,fprime pdwers tower§.antenna, ete.i‘For-an
existing system it s only necessary to cpnﬁid@P_M&O costs of
these items., M&0 costs are assumed to be a fixéd percentage, o,
of‘the‘capita] cdéts of the system. (No‘informatioh is availab1e

on d1ff rent va1ue‘ of a for roads, bun1d1nqs, antenna svstems,
¢

[ | - . !

and electronic equ1pment an overall value oF l3%_1s assumed.)
Consider néxt the annual costs of e1ectronitiequihment
that is already.ihsta1]ed. It is not necessary fb pay cohp]ete
amortization costéiof this equipment, because 1ts purchase Wwas®
the pést, and hast'cosfs are not.considered, HOWPVGP, it is
ecessary to réfUFbish this equipment at some futyre date_becduse

of obsolescence.. These refurbishment costs are

My = G (1) N; : | o (1)
A T - T o _
{1 o (1+1) T2 }

Where C 15 the rofurb1shment cap1ta1 cost

1 is the interest rate or opportun1ty
“cost of money,- :

N, is the number of years before ="
refurbishment is necessary,
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and N, is the 1ifetime of the now
: “eclectronic equipment,

The values chosen for H1 and H? are averages ovey all exisling

systems., It is tentatively assumed that N] is seven years, H? i

fifteen years, and i is 8%. The effect of inflatiaon on Ap is nat

included in (1).- Usihg these values of the paraméters in (1),
AR/C is 5.7%. Tf‘this cost is added to the maintenance and
operatfons cost, the total cost of'present1y installied electronic
equipmént is 18.7% of its capitaT cost,

The last item to consider i5 the cost of new electronic

equipment to increase the capacity of the link., The annual cost

:_of this equipment is the full amortization cost plus the MAD

costs, a toté] of =

C A3+ i : (2)
. . 'ﬂ['ll ,n
L - (1+1) “’5
Again the effects of inflation are not included, With 1 = .03

and Ny = 15 year;‘és in (1), these total annual costs are 24,77
of capital costs. | |

_The re1ationshﬁh betweén the simplified cost curve and the
annual cqst curve as functions of instaT]ed capacify ave stown in

Fig. 6.
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_ FIGURE 6

ANNUAL COSTS OF AN EXISTING RADIO LINK o
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6.2

NEW TERRESTRIAL SYSTEMS

Potential new terrestrial loﬂgmhaul transmission

systems include 4 GHz and 6 GHz analog radio systems,

digital radio, coaxial cable, and millimetre waveguide

‘systems. The capital and annual costs of these systems

per route mile as a function of installed capacity are’

'dqscribedo

New terrestrial'systems are those for Wh1 ~h- the dpta11ed

‘route has not been determined, no m1crowave sites have been

“ihStai1ed9~ho cables laid for coaxial systems, etc. In that’ case

fthé,prbéedure is to determine a capital cost'and then an annual

cost per m11e, and multiply the cost per mile- by the a1r11ne

d1qtance hetween end terminals, times a fac?or of 1 2 to takp

'1nt0 account ‘detours in the actual route

lnto be of the form

 .where m |s the number of 1nsta]1ed full- dup]ex voice: cwcmcs9 o e
and N is’ the ma.ximum capac1ty of the system., S1m11arly, the '

“:“annual‘cpst'per mile of a long haul systém'Can'be;wfitténrihiﬁhets

form

1he cost per mile oF any .new long- hau] system lS asdumed

G = ooy ¢ Cmowen oy

o s m > M




At
U‘.

A{m) = A, + Agm, ms H P
> o s, m o> I
where Ay = C, |ot : i o {5)
BTRNIPFI L E S
. ; =Na
- (- )y
\ . .

- where .o . is the ratio of maintenance and operations
: cost per year to capital costs,

‘i .is the interest rate or opportunity. N co e
- cost of money,. T ' ’

iNé. is the Tifetime in years of the
“initial portions-of the system such
. as the buildings, roads, cab1es,
- .antennas, etc.
VN4- is the 11fet1mo in years of the
electronics of the system, porhaps
. determined by obsolescence ol the
”nEqu1pment
'Differéntfifansmission media can be moﬂeTTed-by7specifyinu‘_'
the Vé1ues-of the parameters P09 C], os M, N3: and N4 For thui
mechum° Med1a model]ed in this way 1nc1ude FD 4 GHz rad10, TH
'GHz radio, 11 GHz d1gxta? rad1o” ID 4 digital caax1dl cable, and
 m1111meLre d1g1ta1 wavegu1de systems In-eauh'qase J§ isléssumed
©that Nj is 25 year< and Ny is 15 years,' Estimates of theiotheﬁi."

’parameters are ngen xn Table 1.



Parameters of Heavy-Route Transmission Media

TABLE 1

iMedium

C, C o M |

4 GHz Radio - 517k $1:10 0.13 16,800
6 GHz Radio $17k- $1.10 0.13 10,800
11 GHz Digital Radio  §18k §1.95 0.13 32,256
LD-4 Coaxial Cable 55Tk | $1.12 0.10 20,160

- Mil]i@etré'waveguide $74k $0.23 0.10 240,000

" The M&0 costs are assumed to be 10% for cable and waveguide

systems, and 13% for radio systems,

The latter are more exposed,

'and usé'TNT amplifiers rather than solid state amplifiers. Both

of these differences contribute to a higher M&0 cost. Based on

'*Jthe‘information in Table 1, and assuming that the cost of money

'&;jsp8%vﬂthe~annua1 costs of the five media in Table 1 are given in

STable 2.




TABLE 2

Annual Costs per -Mile of Heavy-Route Trahsi.ﬁ;'i'vsvsf'i_on _M,_é.cﬁa

Hedium - T R YC) R B A e YO

|4 GHz Analog Radio 53,800 | 16,800 | 3 8,400
6" GHz Analog qu%§<,." 3,800 10,800 "A$'6?7OQ¥ 

111 Hz pigital Radio 4,000 | 32,256 | $14,000

1Lp-a bigi;51 Cable § 9.9k 20;160 '" ‘f$14$8qd

Hillimetre Waveguide | $§14.3k | 240,000 | $26,300
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6.3 SATELLITE GROUND STATION COSTS

| Pofénnlal Jatelllte ground stailonsAaré.modelled ;;d~
. a€>pnrt-of the'terrestrxal network ‘The dost mnde] fqr;d
 'ﬁhese ground statlon is- desrrlbed-' Both-enlstlnd;andfnéﬁ{";d"
:lgrounddsnationsq lnuludJng the necessary backhaul’

© facilities, are 1ncludedf

The network mode] of a sate]11te ground sxat1on*was

"!descr1bed in Sect1on 5. and shown in F1g.’4 Links a, b"

"represent the electron1c equ1pment to transm1t and recelve the 'ﬁ"3°

ltra.u1c Lhrough the sate111te., L1nk e represenis the antenna,-qfﬁ;,7'
e J ‘ | i-- i
the bu1|d1nqD arce S<road pr1me power system, and backhau1

':‘systom._ The cap1ta1 cost and techn1ca1 descr1pt1on of these'

' ’;11nks has been spec1f1ed in references [13] and [14] The

’:{convers1on from cap1ta1 costs to annua1 costs 15 descr1bed below.

d and 14 GHz band f If 12 and 14 GHz 1s used Lhe qround stat1on can_,}.,,_i.’*j
n]bg 1ocated anywhere without 1nterfer1nq w1th the terrestr1a1 |
'A‘m1crowaye‘systemh However, comp1etely new ground stat1ons wod]d

: wnbé~feqd{red' In contrast, 1f K and 6 GHz were uqed 1onq

“1errestr1a1 bacLhau] links are requ1red butzmany of Lhesef'"

nf;backhaul 11nks and ground stat1ons have a]ro dy been*

’~Ethe Anik systemo‘
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Tt
-

Considerfirst a new ground station designed to operate in

either band, - From refevences [13]. and [14] a»c§pita1 cost
functioii C(w), a function of the number of voice circuits or
television channels flowing through the Tink, can be determined.

The annual cost functions for these links are: .~

~J3
~—

A(m) ; C(m) a + i .':" |
| 1= (1e1)" Vs |

where d is the M&0, rate, i is the interest rate, and Ng is the
system 1ifetime for cost purposes. Again, inflation is not

accounted for. -The values chosen for these parameters are o =

- 0.13, the same as that for terrestrial radio systems, 1 = 8% as

before, and Hé'#:7 vears. “5 is set at 7 vears because that is.

!

. e e . i, . ~ i
the Tikely lifetime of the satellite, not because the system
vould have to be veplaced after 7 years. With thgse values on .
the parameters, A(m) = 0,32 C(m).

The alternative is to use an existina ground station and

Lackhaul system, 1ln this case it may be necessary to improve the

axisting site by improving the antenna, increasing the capacity

of thﬂbackhau’l:'link5 adding new transmitters, etc. Let Cj(m) be

CtHe vapital cost function of the existinag equibment as a function

of w, the number of circuits through the link, and C»(m) be the
covvesponding cost function of the new equipment. The annual

rost function . of the Tink is then
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Alm) = a {C}(m) + Cz(m)] i ‘Cz(m) R (8)

1 - (1+1)JH5-
iHo amortizarion costs are‘associated with existing équipment from
- the Anik system because these costs have a1readyvbéen incurred
and are nof recoverable by removing the faciiities. If ve use
thg samevparameters as were used for a new ground étation,_(B)

becones

A(m) = 0.13 Cy(m) + 0.32 c2<m), | C()

If the amortization time for new ground stations were

'HHCWGQSCd_fPON'7 vears to 14 years, the time~frame for two
v b : ‘ * N E , : .
satellite systems, then equations (7) and (8) become.

for an entirely new ground station, and

A(m) = 0.13 Cy(m) + 0.25 Co(m) L | ‘(11)” ‘j:

for an existing ground station.

A(m) = 0,25 C(m) g T | (16)




6.4 SATELLITE SPACE SEGMENT COSTS

Tﬁé cosf model fdr ﬁhg space portion of a
cqmmunicafion satellite system is déscribéd;‘ Th¢.¢qs;s 6f
the T &C. s;ation and the satellite.systémﬁcpnfrol_,
centre are_lhcluded as par£ of the space:§6xtibn cc:)st-;s;r ﬁ%
sﬁch éys&émé_do not carry network traffiéféﬁq SO can mbgﬁ_
eésﬁly be égsted as part of the space segﬁént.of ﬁpe

-system. .

11fet1me.pu“

Corbity

\:

The:spaée'seqment of the sate]]i%e §y§tém'iﬁh1udé$‘the

sate111t9 or same!]1tes themae]Vesg and the torrestr a1

i ' . \» i ’ |

.
fac111t|es to contro] the oystemg i.e. any part oI 1h@ system not

- d1rect]y assoc1ated with a ground sta11on uhlch Larr1es n@tworn

'vtraff1c.;

The sate]11tc space segment is a well d@flned sy:tcm with

“4fma apec1f1ed 11fet1me for the actual sate111to. ths the

Afﬁephnlques deve1op “in reference [2] can be usnd LO defcrmlne‘

*ahe annua] costs of the sate]11te space soqmnnt 'Tho annua1 cnsi'_-f"f

!

'.15 f1xed§!and not a funct1on of traf11c Lhrouq} fh aLoilwto@

AR

"because there 1% no opportun1ty to modify a aato1]1tc durlnﬂ its; o

‘“nx1der f1rst the cost of the satellites thvmsolvcs, in o

wThe present va]ue of this portion of thé aystem‘dé




'. ) Wt . . ¢
+ g (L) .. - (12)
where CU is the portion of the satellite development costs that
- the manufacturer chavrges to the system in quéstion,
.CS is the cost of producing another satellite of the same

type, and of transporting that satellite to the launch
site,

C.I is the incentive charge by the manufacturer for a
satellite operating successfully in orbit,

€ is the cost of Taunching the satellite, 1nc]ud1nq cost
of the launch vehicle, use of the launch s1te, payment
of launch personnel, etc,

b: s the ptanned time interval between the time for
which the present value is caléulated and the “time
that the jth satellite is Tlaunched,

R "

i is the interest rate,

and ~ y is the cost of insuring the launch, as a fraction of -
: the cost of a satellite and its Taunch.

-The annual cost of this portion of the éystem is

hg = P i | o ,1;'1713@@=,(13)
| 1. (1) |

vhere L:is the Tifetime of the system, If we set N'= 2, two
satellites in orbit, Dy = 0, Dp = 0.5, Dy = 1.0, i = 8%, y = 15%,
Ctwice the expected fa1]ure rate of a rhoy—De1La 1aunch, and l = 7

year‘s9 the annual cost of the satellites in 0rb1t is -
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amortization and_the-H&O cosfé of the T.T.&C. station énd“thg'u“

satellite control centre. (In the Anik system the T,TQ&C[

;Vanier.) The T.T.&C. station can be costed in much the same way

| ‘ as a traffic-carrying ground station, in that only M&0 costs of .. .
“the. existing portion of the new T.T.&C. station are gharged.-'ln;"*
contrast,»nevaortfoné of the existing Station,-0r7a‘comp1etg1y   1 ;f;vﬁ

“new station mdst-be charged both amortization and H&0 ¢o§t$! }If;ﬁ

this amortization is over 14 years, the lifetime of two .

siccessive similar satellite svstems, and an M&0 rate of 13% is

used, the annual costs are

Appe = 013 €+ 0,25 ¢y

¢

“where Cy is the cost of the old portion of the T.T.&C. station .

and CN is the cost of the new portion,
The total annual cost of the space segment Qf”th23 :'qh:“

satellite system, then, 1is

o

A, = thg CD,+ 0.61 C_ + 0.43 -(CI + gL)Vf_i__

L0013 Cy ¢ 0.25 C v AL . (18)

where Acc is the annual cost of the control centre.

‘As well as the above, the space segment costs -include the

. ‘ S

station is at Allan Park and the control centre is on River Rogda_7">
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7. THE OPTIHAL ROUTIHG ALGORITHH

The optimal routing algorithm routes the épecified
Qoicé-and television traffic over the éonstrainod ﬁétw0rk
~at minimum annual cost, Thé network iS'constrainéd.in
‘“that potential tervestrial links and satellite‘grbuﬁd

stations are specified and assigned cost functions,

The optnma1 rout1ng a1qor1thm routes the: traFf1c Lhrouqh
the sate111te/terrestr1a1 network at minimum annua] cosi The

input to the algorithm is

i) A comp1ete dcscr1pt1on of the networP topo]oqy as
outlined in Section 5,

“ii) an end-to-end traffic description, as discussed in
: “Section 4, :

_ﬁfi)__fhe annual cost of each Tink in the network as a
- function of traffic carried over that link, asv
described in Section 6. SR

The. output of the algorithm is:

i) a descrlpt1on of how telephone traific between each
pair of end points is routed through the network, and
how each television sianal is distributed throuqh the
network, ' -

ii) a statement of the amount of Lrafr1c carr19d on each’
Tink of the network, - -

iii) the annual cost of the complete nétwork,'




The a]gorlthm used to produce th1s output is a heur1st1c

one, rather lhan one which is based on linear proqrdmm1ng It 1s§~

AH exLensuon of Lhe a]qorithm described in referencea [6] and

[8]9 genara]uzed to route television as u911 as. telephone trauf1cfﬂj”

at minimum cost. The heur1st1c approach rather than thp standard_x

L.P, approach was Laken because of 1he much 1arqer amount of
computer t1me,used by the L.P. programs ava11abie.‘ (In a teqt

run with a network of six nodes and-eleven 1inrs the heur19t1c

a1gorithm required only about 1% of the time. re qu1red by the L”Pif

Tvﬁrogram-to optimize the network.,) The Canadlan long= 1au1 netvorkz

model as deScfibed for'optimization in the computer har abouf 60

nodes and 120 ‘Tinks, including 1/ traffice qonerat1nq nodes fhé,i;;
increase from_the 20 nodes and 26 Tinks ehﬂwn in Fig. 2 15 due df

inclusion of satellite ground stations, mgtrop011tan mnde]s, and D

dummy'links.introduced to model several parallel systems,: The
'ﬁeuriétic a]gobithm_can optimize trafffc f]qw thfough”this 
network in ‘about oné minute~of Sigma 7 . time. Ahout'TO-tq«TS
Vhinufes of prbgrémmér time is required to prepare thé input'da{@,

and to do the initial interpretation of the output data..




8. THE DEMAND-COST STRATEGY

The requirements for voice and video circuit§
:through the satellite cén be determined as a function of
the anﬁual cost of a voice circuit thrqugh the space
pdftién of the satellite sysfem" A gréphical description
of this‘information is called the satpliite demana curve.
Aswwellj-the optimum satellite for each.éatellite traffic
re@ﬁirqment can be chosen and costed. The satellite
syétem cost curve is the graphical description of this
lafter information. The cost curve and demand curve can
A*bglcombined‘in such a;wayaﬁhat the opfimgmlgatp}lite
system;-subject to the network conStraints imposéd, can be

determined.

1he optimal routing algovrithm d1scussed above spec1f|es

how traffic should be routed through the neuwork that has

. specified topology and link costs. However, determ1nac1on of the

'various:éate]1ite options and the associated satellite Tink costs -

is a major part of the project sate111té'1ink costs have yet to

be'détermined9 and may change significantly as new satellite

options”ére‘considered, Use of the dpmandmCOst Strateqy a11ows:
ifor cons1derable network optimization work to be done w1th0ut
ideta11ed knowledge being available on the sate111t9 system, and
uprevents the}nece551ty for duplication of effort when considering

‘a different satellite.




Rather than developing a cost Funct1on For the sat9111te

11an, as was done in Section 6 for the terrestr1al 11nks, l@t usf%
:'suppose that Lh; cdst of transmitting a voice c1rcu1t throuqh thei?
sateT11te,1s x~dol'la~rs9 with no constraint on the amount 01 |

traffic through the satellite. The network can be opL1m1zpd w1th~a}
the optimal rout1ng a1q0r1thm for any specific va]ue of x; and ;

- repeated for severa] values of x. The requ1red number'of“vowc: ;;

c1rcu|ts through the sate111te in an 0pt1m|7ed network ran b9'5 

thought of as & function of x, the "offering pmc-e of

satellite circuit. The qraphlca1 Pepresentat1on of. th1s:”"x‘

_funct1on, p]otted w1th x on the vertical -axis" and the number dfﬁﬁf

'satellwte v0Jce4c1rcu1ts on the horizontal axis, is referrpd

as the satellite demand curve. (The reason for choos1ng_the aXé{l
" this way will be evident later,) It is expected‘that,SQCh‘ﬁ-iﬁ‘
curve will be similar to that shown in Fig. 7,~and-WiTT hh?e ﬁﬁéj:

following general characteristics:

i) It is a un1f0rm1y decreas1nq curve, in that oniy by _.f
_reduc1ng x can the traffic throuah the satolllte be S
increased. o _ Lo

ii) A value Xmay exists such that if the annua1 cosL p9w gf
voice circuit is greater than XMAY there w11! bhe no.
traff1c through the satellite. L :

iii) The traffic through the satellite is 11m1ted to soma=:
T1n1te maximum value even if x 1is reducod to - zeros . o

iv) The curve is a series of discrete: steps, as shown in .
: . Fig. 7. One reason for this is that as soon:as a - " °
television signal is routed through the satellite the. .-
number of equivalent voice cirvcuits is increased by a
large awount. The other reason is that as soon as x
becomes small. enouah to attract a voice circuit
between a pair of nodes, say beLwoon Vanuouver and
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Hnll aA, it will cither tako as much,of that traffic
as is.allowed for network protection rcasons, or
~enough that a tink sonuwhnrn is no longer required,
vh1 hever is sma1]er‘ L '
‘There will be different demand curves, of course, for dif forpnt
 °traFfic requirehents and different terrestrial and ground station
'j11nk costs,’
As WLI] as these demdnd curves, the actua1 cost ofﬂthe

“ispace port1on of the satellite system can be dcterm1nod aé‘

2descr|bed 1n Sect1on 6.4. There are a number of sate]]wte

‘fopt1ons, each opt1mum for a :pec1f1c amount of sate111te traff1c,‘

gtound SLat10n G/T ~and modu]at1on scheme, Thusufor a q1ven\ -
:ﬂqround segment of Lhe satellite system one can spec1fv the(‘

'im1n1mum LOSt of fhe space seqment as a Funct1on of. sate11|te

1vaf,r. as shown in F1go. o For a q1ven sate111te the cost
’urve iﬂ*constant-~and lncroases in a1screte steps. as a«new-more'

;hcomp19x safe11|te becomos neaessary The dotted'curves”indicate

”:are- nL1mum,_g

If the tota! annual costs shown in Fig. 8 are d1v1dod by
.:the number of c1rcu1i 'hPOUqh the saté11ite, the resu]t is “an

33annua1 cost per saxe111te voice circuit curve, as’ shown “in I1q.

At each va]ue of traffic throuqh the 9at9111te F1q 9

nd1qatos the m1n1mum possible annua] cost of a vo1ce.c1rcuit;

'g the coSt throuqh a- sate‘11te that is optimum for -that.amount of

ﬂftrarf1c. ”

‘f3_&e'co§t;of the Iargev svstems be10w the rapac1tv at wh1ch they R
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Suppose we now overlay the curves in Fiqures 8 and 9, as

shown in Fig. 10. In this fiqgure the demand curve 1s_the‘§moﬂnt
that could be charged ForAa_voice civcuit atleaéh;va1ue-df
traffic, and the cost curve is the minimum amount that*must be
charqed From tho demandwcost strategy viewpoint. there are three

classes 01 p01nts on the cost curve. These ares

i) points at which the cost curve is below the demand
~ curve, such as point a; ‘

ii) points at which the cost curve is above the demand
curve, such as point by :

ii1) points at which the cost curve and the demand curve
' are equal, such as point c. =~ =~ :

[ B t ' !

Pdints.a are feasible points, but dt the sate|11Le costs of po1nt
é the total neiwork cost could be reduced by lnprea31ng,the
amount of satellite traffic above that indicated by point a.
Points ‘b are not'feasibfe, since no sate111Le system can meet the
COStS'PequiTEd by the network. ~Points c are opt1mum in that at
point ¢ the total network annual cost is minimjzed. Thére may be
.seVefaf pointé 65 in that the cost curve and the demand curve may_f
~intersect several times. OFf this set of'iocai1y optimum points,
thé globally optimum one is that with least satellite voice
circuit annual coét. This 1s also the point with 1argesﬁ 
.sate]11te capacity, since the demand curve fs'a decreas1ng
runct1on° o

Severa1 network constraints and requirements must be

specified before a demand curve and a cost curve can bhe’
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determined., These include the total traffic through the network,
the types_of system used in the terrestrial.network, the amount
of network protection imposed, etc.  The optimum networkglsubject
fo fhese constraints, is specffied once the ohtimum point é has
'been'detefmined. Point. ¢ on the demand curve can be used fo
“specify the terrestrial network and Tocation of the satellite
grbuhd'satibﬁsq Point ¢ on the éost curve specifies the type of
vséte1Tite'to he used. Cost-demand curves for Sevéra] networks
subject tofdifferent constraints and.requirémeﬁts can be
obtafnedg and these results used to determine the qglobally

Optjmum network and to determine the cost of imposing certain.

-, constraints on-the network,



9. CHOICE OF SATELLITE SYSTEM PARAMETERS

The - demdndmoosb strategy can be used to. optlmlze

{ the saLe111te/Lerrestr1dl network for which the- satelllte.s-

'~operating_frequency and ground stations have been’

specified. -These constraints can be relaxed. by varying'

 the system parameters and re-optimizing the system. The ™
tem P g vs te |

: optimum'set of system pa:ameters is that:seb‘whi¢hfrésult54,g

"in a minimum total system annual cost.

Cho1ce of severa] basic safe]]1te system parameters such

"as operatlng Frequency (12 and 14 GHz or 4 and 6"GH2), and qround:

stat1on antenna daameter, can be determ1ned by us1ng the

as that shown in. F1g..10 is for a specified set of telrestr1al
“Tink costs, 1nc1ud1ng,the costs of the ground stat1onv1inks,a As
quUhdmsﬁafion ahténhé diameters are decreased, and/or the 12/145'

GHz band 1s used 1nstead of the- 4/6 GHz band it 1s expected Lhdt'”

ground»staf1on costs ut]1 decrease and satel11te costs w1|l

increase, For eachjfrequency band and for various antennq

diameters thgrobtimumfpoint ¢ of_Fign 10 can-be determined.

Associated with each such point is a total network cost. The

St

‘network with the 1owest of these costs is the one chosen. Once-?"

this-nétWork 1s determ1ned The opt1mum satellite frequency band

and sate]11te antenna d1ameiers are known.

demand cost sirategy. A sd1e111te system demand cost cque such‘
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10, OPTIMIZATION OVER THE 1980-1985 IHTERVAL

The demand-~cost strategy can be used to optimize
the network to meet a given traffic requirement. Since
that requirement is a function of time} the nethrk is
only optimum for a.single point iﬁ time, and vyet systems
wWithin the network are opﬁimized for intervals as great as
25 years. The optimum solutions for specific time
in%tants‘must be combined to produce coMpatibie;networks
chi'the 1973 to 1990 interval wifh'minimum overal bresent 

value.

fhe_nétﬁork model and links costs déscribed iniSectiQn§‘5v
and 6 are:ékpected to be valid for the complete 1973 to 1985
"~ interval, aTthough they will be updated whenever new'informafﬁon
‘bEtomes available. However, the optimization'of the.netwofk,
described in.Sections 7, 8 and 9, 1s\for:a speci?ied frdff%c
input. Sihbe ﬁhe traffic through tﬁe netwqfk ié exheéted.to
increase significantly during the'interva1,of interest (see
Section 4 and References 8, 9, and 10), a network 6ptimized fdf
one point in time may not be the same as the’network that is besf
'fbr thaﬁ.pdint'in time when optimization ovef the complete 1973
ﬁo=]985 interval is considered. For insta’nce9 the optimum .
safe]]iﬁe'for 1980 "'may be smaller than tﬁét reqqired ﬁh'the

minimum-cost network for 1985,




The measure used to compare different compatible networks
for the 1973 to 1985 interval is miminum present value in 1973,
= The prdb?em'iS-that a new system introduced fﬁ séy 1980 may ﬁot
fbé.fn ihe dptihum 1985 network, nf the optimum satellites for
1980 aﬁd 1985_may be different; The optimi?atioh technique is to
chobse aﬂhgmber of compatible systems that aréAnot optiMum at q]l
”_timéwpoipts over timeéframeﬂAénd of tﬁése Chobsé‘thé 6bg with'tﬁéy
Tmfnimum present value, At bresent this techniquelhas:not beeh._
mechanized, nor is it likely to be. It will Tikely depend for
ﬁhe mbsﬁ;bart on engineering judgemehf,ibésed Qﬁiﬁﬁe*obtimum ‘

- solutions for specific traffic requirements. . =
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