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ABSTRACT 

A procedure is reported for the optimal inser
tion of an SS/TDMA satellite system in a TLC net
work. After a layered definition of the system 
functions and cost elements, the satellite network 
is modelled according to an oriented graph, poin
ting out the network switching points and sharing 
levels. According to this model, a procedure is 
described as a sequence of separated optimization 
steps linked to each other by the most significant 
correlation elements. An example is finally pre
sented, allowing a comparison among different sy
stem architectures, each of them being defined by 
the TDMA terminal bit rate, the penetration level 
of the earth stations, the utilized DA configura
tions and the eventual presence of switching 
points in the network. 

1. INTRODUCTION 

An SS/TDMA system (allowing a rational band 
use) with a few spot beam antennas is considered. 

As far as the access network is concerned, 
different sharing levels on the trunk groups con
necting the telephone exchanges to the related 
ground station are available. Space resources are 
managed according to different Demand Assignment 
(DA) schemes, involving different system utiliza
tion levels. Channels efficiency is increased by 
redundancy reduction equipments (ADPCM, DSI). 

Achieving the optimal insertion of the 
satellite system means defining: 

the traffic load to be shifted on the SS; 
the number of earth stations, the hierarchical 
level of insertion, their location and the 
telephone exchanges linked to each of them; 
the TDMA terminal allocation on the frequency 
band; . 
the DA functions and the sharing levels on 
the access network links. 
The optimal satellite dimensioning is obtained 

on the global satellite system cost which is com
posed by local access network, earth station and 
control network costs. The payload cost is not ta
ken into account since it does not substantially 
affect the system configuration choice and since 
the satellite capacity is supposed to be fixed. 
Nevertheless this cost element can be added after 
the previous optimal insertion has been found, in 
order to compare different technological solutions 
for telecommunication networks (satellite, optical 
fiber, ••• ). 

Only the circuit-switched telephone service is 
considered. The optimal solution constraint is the 
quality of service expressed by the end-to-end 
loss probability. 

The satellite network obtained in such a way 
represents the basic network structure in which 
the above mentioned satellite facilities can be 
taken into account. 

2. SYSTEM FUNCTIONAL LAYERS AND COST ELEMENTS 

Each call engages resources belonging to four 
different functional layers: 

access network 
earth station 
space frame 
control network. 
Each layer, identified with the resources ac

complishing the related function, can be modelled 
by compact blocks, sufficient to point out the 
most significant cost and operation elements. 
[1,2,3,4] 

Only cost elements allowing a comparative eva
luation of the possible system solutions are con
sidered. 

Access Network 

As far as the full duplex access links are 
concerned, two sharing levels are foreseen: 

not-shared circuit trunk groups (D-trunks), 
each one intended for a single exchange
exchange oriented traffic; 
shared circuit trunk groups (S-trunks) ,each 
one intended for either exchange-satellite or 
satellite-exchange traffic. 
The first kind of trunk groups involves the 

same traffic partition on the space channels. On 
the contrary, the S-trunk coexists with all the DA 
schemes, but it requires switching functions in 
the station. The above switching functions can be 
placed in the exchange where the station is loca
ted. 

The access network cost is the sum of all the 
exchange-station link costs Ce • 

The sharing level choice leads to one or more 
trunk groups, composing the exchange-station link. 
The following linear cost function can be assumed: 

(1) 

where Ne Is the link capacity, Ce and ceo the cir
cuit and the fixed costs respectively, depending 
on the link length. 

Earth Station 

In principle an earth station can be outlined 
by four blocks, each one representing a functio
nally closed equipment set [5] • 
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Fig. 1 - Earth station functional blocks 

The functions performed by the station proces
sor (SP) depend on the DA schemes assigned to the 
satellite system. In particular, SP exchanges in
formations with the Master Processor (MP). The DA 
functions do not affect the costs of modem and RF 
sections. In a pure permutative satellite system, 
SP and Connecting Network can be avoided. 

In general, the cost of a single station scan 
also be expressed in a linear form: 

(2) Cs = Ns Cs + nTER • cTER + cso 

being Ns the overall access channel number, Cs the 
channel cost (switching and DA), nTER the number 
of terminals, cTER the related cost and cso the 
fixed equipment cost. 

According to this model, the DA scheme comple
xity and the access link sharing level are mainly 
reflected on the earth station cost. 

Space Frame 

Every frequency band is univocally associated 
to a transponder and on it a space frame is defi
ned, filled by all the terminals working on that 
frequency. [6] 

A defined sharing level of the space channels 
corresponds to every DA scheme. Four DA schemes 
will be considered: 

E-E: end-to-end between exchanges; the satel
li te accomplishes channel trunk groups, 
each one intended for a single exchange
exchange oriented traffic (relation); 

S-S end-to-end between stations; the satelli
te accomplishes channel ' trunk groups; 
each one shared by all the relations en
ding in a couple of terminals; 

VD Variable Destination; the satellite ac
complishes channel trunk groups, each one 
shared by all the relations rising in a 
terminal and ending in the set of termi
nals associated to the same transponder; 

FV Variable Origin, Destination and Window 
(Fully Variable); the satellite accompli
shes channel trunk groups each one shared 
by all terminals of a transponder towards 
any other system terminal, regardless of 
the transponder it belongs to. 

All these DA schemes can coexist on the satel
li te. The frame cost elements depend on the DA 
schemes: they are included in (2) as far as the 
station functions are concerned, while they con
tribute to the MP cost for all the centralized 
functions. 

Control Network 

A control network is used in order to exchange 

informations among earth stations, on board pro
cessor and a centralized processor unit (MP). All 
the costs affering the centralized functions are 
included, for simplicity, in the station cost. 

3. SATELLITE NETWORK MODELLING 

The satellite network can be modelled accor
ding to an oriented graph: ' the vertices represent 
the network switching points while the edges stand 
for the trunks connecting them. More precisely, 
the directional edges represent monodirectional 
circuit trunks in the access links and monodirec
tional channel ·trunks in the space segment. 

If the space full-duplex connection, linking a 
couple of nodes, is achieved through two monodi
rectional channel trunks showing a univocal coin
cidence of the occupancy state, the related graph 
edge is double oriented (two arrows). This iast 
case holds when the following (necessary) condi
tion is fullfilled: the two interested nodes are 
homologous (i. e. they represent the same sharing 
level). In that condition, in fact, the occupancy 
in the two transmission directions is symmetrical. 

In the network, four switching points (graph 
vertices) are singled out and the following de
scription will be used: 

~ - exchange 

c=J - earth station 

o 

- set of earth stations 
sharing the same frame 

- satellite 

The routing associated to each exchange
exchange traffic flow will be represented by a se
quence of numerical labels, each of them being as
signed to a graph edge. 

With the above description, the network confi
gurations can be modelled according to the four DA 
schemes. 

E-E Configuration 

Only the exchanges accessing the satellite sy
stem are graph vertices. The stations will not ap
pear as they simply carry out trunk permutations. 

Fig. 2 - Oriented graph for the E-E configuration 

Every traffic relation utilizes one only swit-

2.3B-3-2 



ITC 11 Kyoto September 1985 

ching segment: 

Traffic Relation 
ei + ej 
ej + ei 

Routing 
1 
2 

If Nl and N2 are the capacities of the trunks 
1 and 2 respectively, each one of the exchanges 
ei, e j will be linked to the related station 
through two circuit trunk groups of capacity Nl 
and N2, while the two stations are spatially lin
ked through two channel trunk groups each of them 
of capacity N1+N2. 

Even if the network nodes are homologous, the 
related graph edges are not double oriented as 
they substantially represent the access · links. 
This is why the preceding condition about the bi
directional edges is only necessary. 

s-s Configuration 

In addition to the exchanges, the earth sta
tions are now included: they perform a switching 
function. 

Fig. 3 - Oriented graph for the S-S configuration 

A path through the graph is composed by three 
edges: 

Traffic Relations 
ei + ej 
ej + ei 

Routing 
123 
425 

The space link between sk, sn is composed by 
two identical channel trunks, both loaded by the 
traffic flow generated between sk and Sn in the 
two switching directions. This means that the 
station-station links are bidirectional circuit 
trunk groups, also being the exchange-station 
links monodirectiona1 trunk groups. 

VD Configuration 

In this configuration, the frame channel sha
ring in destination adds another switching point. 

A path through the graph is composed by four 
edges: 

Traffic Relations 
ei + ej 
ej + ei 

Routing 
1 345 
6 4 3 2 

Fig. 4 - Oriented graph for the VD configuration 

The channel trunk 3 is loaded by the traff ic 
flow generated between sk and g e in the two swit
ching directions; the channel trunk 4 is loaded by 
the traffic flow generated between sn and g Cl in 
the two switching directions. 

FV Configuration 

In this configuration the station-to-station 
link is guaranteed by a connecting network (a 
three stage T-S-T arrangement when just a classi
cal S-stage is used on board [7]. 

Fig. 5 - Oriented graph for the FV configuration 

The path through the graph is composed by six 
edges but in this case the space channel availabi
lity is constrained by an internal blocking due to 
the particular occupancy states on the up and down 
links. 

Traffic Relations 
ei + ej 
ej + ei 

Routing 
13564 7 
8 6 4 3 5 2 

Each one of the two trunks (3,4; 5,6) ending 
in a transponder (g ~ g e) is loaded with the total 
traffic rising or expiring in the transponder it
self. 

The path description pointed out in this para
graph, together with the hypothesis of the occu
pancy statistical independence among the trunks, 
allows to calculate the end-to-end blocking proba
bility by the following formula: [8] 

(3) B(ei, ej) = 1 - IT (l-Bt) 
t e: Lij 

where Lij is the set of trunks used by the traffic 
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relation (ei, ej). 
The model (3) also holds for the FV Configura

tion when the internal blocking is considered to 
be negligible. 

4. OPTIMAL SATELLITE INSERTION IN A TLC NETWORK 

The optimal satellite network dimensioning in
volves the solution of a series of correlated pro
blems. Due to the relevance of the overall comple
xity, the optimum is obtained by sequentially sol
ving separated problems, taking into account every 
time the most significant correlations. 

In the following, the various problems tied to 
the optimal satellite dimensioning are presented. 
For each of them the cost function to be minimized 
and the related constraints are pointed out. No 
emphasis is put on the algorithms implemented for 
the solutions: they subs tantially belong to opti
mization problem classes, developed in the litera
ture. 

4.1 Choice Of The Satellite Traffic Load 

The satellite is assumed to be used as a te
lephone network enlargement to absorb traffic load 
increases. 

We assume that the shift of a traffic amount 
on the satellite does not produce modifications in 
the terrestrial network topology and hierarchy. 

The choice of the traffic to be shifted on the 
satellite can be performed according to different 
criteria. We choose moving on the satellite defi
ned parts of the whole relation load (overflowing 
by the terrestrial routings). 

This choice involves a large access capillari
ty but does not produce substantial modifications 
in the terrestrial routing criteria. Besides, DA 
schemes have to be introduced. 

For instance in .an assigned load condition, 
the shifted relations are those suffering the hi
ghest end-to-end loss probabilities or those ha
ving the highest carried erlang cost. 

4.2 Earth Station Location 

The access network topology is completely de
scribed by both the earth station set I with the 
related geographical location and the partition on 
the above stations of the set E of the exchanges 
accessing the satellite. 

The cost "elements which contribute to define 
the earth stations location are the following: 

the station cost Cs, as expressed in (2); 
the access link cost Ce , as expressed in (1). 
The optimal station location is determined by 

the set J E with the related exchange partition 
such that the following minimum is reached: 

(4) min L [Cs + L CeJ; Una :E 
( I, ne) s e:I e Ens s e:I 

being ne the set of the exchanges linked to the 
station s. 

The costs appearing in (4) depend on the $pace 
segment DA configurations which at this point are 
not yet known (they will just be determined on the 
basis of the solution of (5) in section 4.4). The 
elements creating this dependence are the access 
trunk capacities and the presence of switching and 
DA equipments in the station. So an iterative pro-
cedure should start; but it can be avoided when 
the above dependence has not a strong impact on 
the solutions. 

4.3 TDM! Terminal Allocation On The Frequency 
Band 

A multibeam satellite system introduces a num
ber of advantages but, conversely, requires the 
following problems to be solved: 

how to carry out the connections among the 
stations through a feasible transponder 
switching function; 
how to assign the available frequency band to 
the TDMA terminals (terminal/transponder 
association). 
Solving the first problem means defining, 

along the frames, the transponder-to-transponder 
connections which can be settled in a permanent 
way for Fixed Window DA schemes or re-defined fra
me by frame (call by call basis) when Variable 
Window DA schemes are adopted. 

For the terminal/transponder association we 
choose as optimal a criteria giving a uniform 
channel distribution on the frames by assuming a 
given mean frame efficiency. Obviously, the number 
of transponder depends on the TDMA terminal tran
smission speed. 

4.4 Choice Of The Optimal Configuration And Satel
lite Network Dimensioning 

At this point we have already defined the sa
tellite traffic load and the stations location 
with the related assignment of the available fre
quency bands. 

Now we have to determine the optimal configu
rations (in the sense of section 3) and, accordin
gly, the optimal space and access trunk group ca
pacities. 

The solution of this problem is carried out by 
minimizing the global satellite network cost 
(regardless of the payload cost): 

(5) CNET'" L 
se:I 

being Cs(~) the s-th station cost when the confi
guration (0) ~ holds and Ce(~) the cost of the a<;:
cess trunks, linking the exchange e with the sta
tion s. 

The minimum is calculated as a function of 
both the configuration ~ and the space-access 
trunk group capacities, according to the following 
constraints: 

(7) L Mt ( ~) <I' 
t eRg 
g=1,2, ••• G 

exchange-to-exchange loss 
probability not exceeding 
an assigned value 
overall trunk space capacity 
(inferred by the configura
tion ~ on each transponder) 
not exceeding the frame ca
pacity T. G is the number of 
transponders, Hg is the set 
of space trunks belonging to 
the transponder g. 

Note that the objective function (5) is for
mally identical to the one expressed by (4); ne
vertheless the two functions are minimized on dif
ferent sets ' of independent variables. The optimum 

C) From now on "configuration" stands for "set of 
the configurations foreseen on the whole net
work" 
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of (5) is carried out coherently with the optimal 
topological choices performed in (4). 

The constraint (6), in the hypothesis of sta
tistical independence (0) of the trunk groups for
ming the path ei+ej, can be expressed as: 

where BA and Bs are the blocking probabilities 
suffered by the (ei,e1) traffic relation on the 
access network and on the space segment respecti
vely. These probabilities can, in turn, be evalua
ted by the blocking probabilities related to the 
single trunks, as in (3). 

The constraint (8) points out a loss probabi
lity partition between terrestrial and space seg
ments. High values of BA involve low access net
work costs, but low blocking probabilities on the 
space path are necessary and consequently, by (7), 
high sharing levels and station costs are needed. 

The optimal partition depends on both the ~ 

configurations and the access link costs (both of 
them are the optimal solutions we are looking for 
in (5». 

Besides it has to be noted that, due to the 
choices on the access network sharing levels, the
se last ones are univocally determined by the DA 
schemes: this eliminates one problem variable. 

Another important consequence of those choices 
is that the configuration ~ influences the access 
trunk capacities only for the number of E-E links 
it involves on each earth station. 

Finally, the constraint which mainly condi
tions the above optimal loss partition and, conse
quently, the DA scheme choice, is expressed throu
gh (7) by the finite frame capacity. 

So we reach the minimum (5) in two steps: in 
the first one we determine the configurations with 
the related space trunk capacities, in the second 
one we determine the optimal dimensioning of the 
access links. 

Configuration choice and _related space trunk capa
cities 

The optimal configuration is obtained by fi
xing for each traffic relation a maximum space 
segment loss Bs(ei,ej) and by satisfying the con
straints (7). For optimal configuration we mean 
the one minimizing the earth station cost 
(switching network and SP) under the following 
constraints: 

min L Cs ( 4» 

not know anything of the access network, we choose 
Bs(ei,ej) in order to guarantee that an access 
trunk dlmensioning exists such that: 

(10) 

Condition (10), of course, does not lead to 
the minimum of the objective function (5) as the 
access link costs could impose an unbalancement on 
the traffic relation losses (always under the con
straint (7»: it just allows the space segment 
choice not to add "a priori" constraints in the 
optimal network dimensioning. Now, the following 
statement can be verified: 

"A sufficient condition on the value of 
Bs(ei,ej) so that (10) can be fulfilled is: 

(11) 

where bs is chosen in order to verify the con
straint (7). Condition (11) becomes even ne
cessary if the network is completely connected 
(in the sense that every access trunk conveys 
or receives traffic to or from all the frame 
segments accessed by its station)" 

These results follow by observing that: 
all the traffic relatiQns flowing on the same 
space path suffer on it the same blocking 
probability (0); 
every access trunk load is split on or col
lected from a subset of space paths, the sub
set depending on both the traffic relations 
shifted on the satellite and the configura
tion ~; 

every single path occupies four frames due to 
the bidirectional telephone service: in each 
of them the constraint (7) must be satisfied. 

The above remarks support the criterion according 
to which the minimum (9) is reached: 
a) for a fixed bs : O<bs<bMAX the optimal configu

ration ~ is reached by (9) in which 
Bs(ei,ej)=bs Tt eft ej. Together with cfb the 
space trunk capacities Mt(cfb), among which the 
frame capacity have been subdivided, are 
known; 

b) as the previous capacities Mt ( cfb) do not com
pletely fill the frame channels (the higher is 
the load unbalancement, the lower is the frame 
filling), they can be re-defined with the cri
terion of maximizing the frame filling level, 
keeping fixed the configuration ~; so some 
space paths will reduce their loss. 

~ s d Access link dimensioning 

(9) L Mt< 4» (T 
t e: Hg 

B(Sk, sn) (Bs(ei,ej); sk,snd; 
ei e:S?sk; e j e:S?sn 

in which the last constraint expresses that the 
loss of the space path between stations sk and Sn, 
must not exceed a maximum value. 

The main problem is how to choose the space 
segment losses Bs(ei,ej). At this point, as we do 

(0) Acceptable hypothesis for all the sharing le
vels but the E-E (section 3). 

Configuration 4>0 being fixed, the sharing le
vels of the access ne twork are uni vocally ass i
gned. Besides, at the above point b) all the space 
paths are dimensioned and so their loss Bs(ei, ej) 
is known. Now, the only variables to be determined 
in order to reach the minimum of (5) are the los
ses of the access links, being known the offered 
loads to each one of them. 

The goal is achieved by solving the following 
miminum problem: 

(0) We work in a poissonian environment 
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(12) 

min 
Ne 

I 
sd 

As we have already said, the value of 
bs imposed in point a) conditions the solutions to 

(9) and (12). More precisely, a variation in 
bs infers opposite cost variations on the satelli
te system and the access network: the minimum (5) 
is finally reached for that value of the loss 
bs for which the above cost variations compensate 
with each other. 

5. A CASE STUDY 

The presented example just shows the procedure 
functionality: it has not the objective of dealing 
with real system evaluations. The procedure has 
been implemented by making use of the non-linear 
optimization models (branch and bound, conjugate 
grandient method of Fletcher and Reeves). As far 
as the end-to-end loss probability evaluation is 
concerned, the classical analytic models based on 
the product from (3) have been adopted. 

According to the constraints shown in sect. 
4.4, the case study refers to a satellite system 
with a fixed utilizable capacity of 36.000 chan
nels at 64 kbit/s (i.e. 9000 bidirectional telep
hone circuits). 34 telephone exchanges offer the 
satellite 4535 erlang split in 618 relations with 
an average load per relation of 7.34 erlang. The 
satellite covers the 34 exchanges with 5 spots. 
The optimal insertion is carried out under the 
constraint of bmax=O.Ol exchange-to-exhcange loss 
probability. No alternative routing is foreseen 
inside the satellite network. 

Starting from the above defined data and con
straints, the procedure determines the optimal ac
cess network topology, the D.A. configurations and 
the system dimensioning. 

The earth station RF cost is determined by as
suming the cost of a kbit/s to be a decreasing 
function of the TDMA bit rate. Besides the cost of 
each terminal is proportional to the related RF 
cost, while the switching function cost (added, 
when needed in the earth station) is assumed to be 
a constant. 

In Fig. 6 the sys tem cos t behaviour is sket
ched as a function of the TDMA terminal bit rate. 
More precisely, both the diagram variables are ex
pressed with respect to a reference system confi
guration. , 

TDMA SPOT 1 SPOT 2 SPOT 3 

bit rate 
ratio Stat. Transp. Stat. Transp. Stat. Transp. 

1 2(2)* 1 2 (2) 1 2 (1) 1 

0.714 2 (0) 1 3 (0) 2 3 (0) 2 

0.625 2 (2) 1 3 (1) 3 3 (0) 2 

0.5 4 (2) 2 6 (5) 3 3 (2) 2 

The overall system cost rate (curve 1) is 
not too much sensitive versus the TDMA bit rate 
(at least in the assumed cost hypothesis). The 
earth station and the access network costs (curves 
2 and 3 respectively) are, on the contrary, mo
re sensitive versus the TDMA bit rate: with low 
speed terminals we have low station costs andSo 
the procedure assigns a great number of earth sta
tions reducing the access network cost; when high 
speed terminals are adopted, the station cost in
creases and the procedure assigns a low number of 
earth stations leading to high access network 
costs. The earth station cost has a minimum, since 
at least one station per spot is needed. 

In Tab. 1, for each bit rate, the satellite 
system architecture is summarized: number of sta
tions and satellite transponders in each spot, 
channel percentage in the E-E and S-S configura
tions. In the considered transmission speed range 
(40t130 Mbit/s) and satellite capacity the proce
dure succeds in dimensioning the satellite network 
by making use of just the first two configura
tions. Fig. 6 and Tab. 1 have been obtained by as
signing the space segment a loss probability 
bs =0.005 (see section 4.4). 

~ 
'" 0 
u 

1.4 

Jl.3 

1.2 

1:1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

CD 
® 
® 

overall system 

earth station 

access network 

0.4 L--_..I..-_..I..-_..l-_..l-_--l...._....I..._-L._--L._--I._. 

0.2 0.3 0.4 0.5 0 .6 0.7 0.8 0.9 1.0 1.1 

TDMA terminal bit rate ratio 

Fig. 6 ~ Network cost behaviour 

Channel distribution 
SPOT 4 SPOT 5 among system configuration 

Stat. Transp. Stat. Transp. E-E % S-S % 

1 (1) 1 3 (1) 1 44 56 

3 (0) 1 3 (0) 1 100 0 

3 (0) 1 2 (2) 1 88 12 

2 (1) 1 4 (1) 2 66 34 

(*) The number between braeckets indicates the number of stations accomplishing switching functions. 

Tab. I - Satellite system architecture. 
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SPOT 1 SPOT 2 SPOT 3 SPOT 4 SPOT 5 CHANNEL DISTRIBUTION AMONG 
STATION SYSTEM CONFIGURATION 

COST 
RATE 

St. Sw. SP St. Sw. SP St. Sw. SP St. Sw. SP St. Sw •. SP E-E s-s VD 
% %. % 

1 2 2 / 2 2 / 2 1 / 1 1 / 3 1 / 44 56 0 

0.5 2 2 / 3 3 1 3 3 1 2 1 / 3 1 / 29 59 12 

0.25 5 5 3 6 6 3 4 4 2 3 3 1 5 5 / / 44 56 

Tab. 11 - Influence of the earth station cost on the system architecture 

Tab. II shows different system architec
tures induced by earth station cost variations 
(due for instance to technological improvements). 
The reference cost (rate 1) is assigned to the re
ference TDMA terminal bit rate and this transmis
sion speed is kept constant for the three configu
rations. The lower the station cost, the greater 
the number of stations (terminals), all of them 
sharing only one transponder per spot (being fixed 
the satellite capacity). The presence of many ter
minals leads to a high degree of traffic parti
tion, hence higher sharing levels (DA configura
tions) become necessary. 
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