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Introduction
Uvod

In satellite communication networks the MAC protocol
(Medium Access Control) plays an important role in the
efficient utilization of scarce bandwidth resources. There
exist many DAMA (Demand Assignment Multiple Access)
protocols that operate in this mode; see Koutsakis [  ]. With
such network management technique the network provider
(NP) can efficiently allocate and distribute the scarce and
valuable capacity on satellite among the requesting users on
the ground e.g. service providers (SPs). End-to-end
resource management for such systems is the key to deliver
acceptable Quality of Service (QoS) to services while
providing adequate efficiency.

This paper concentrates on GEO (Geo-stationary Orbit)
satellite networks that take an important role in the public
and private Internets. But satellites are multiple access
systems with very limited transmission capacity compared
to terrestrial network nodes. A GEO (Geo-stationary Orbit)
satellite covers about one third of Earth so many ground
segments, Network Control Centre (NCC) or Land Earth
Stations (LES) are dispersed around, interfacing the
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Network providers need very effective optimization tool for good utilization of scarce link capacities during exploitation. In the case of multiple link capacities
with mutual traffic correlation such problem could be more demanding. The sizing problem is explained for satellite link, but it could be applicable for other
transmission resources. Dimensioning of getaway link (G-link) can be realized only by new constructions (new channel equipment) on the Earth side.
Mathematical model for optimal capacity sizing of different link elements (capacity types) is explained, minimizing the total cost (expansion, conversion and
maintenance). Instead of nonlinear convex optimization technique, that could be very exhausting, the network optimization method is applied. With such
approach an efficient heuristic algorithm for three different capacity types is being developed. Through numerical test-examples this approach shows the
significant complexity savings, but giving us very close to optimal result. However, in real circumstances some adding limitations on capacity state values have
to be introduced. In comparison to other options it is obvious that heuristic option M_H (with only one negative value per capacity state) shows the best ratio
between complexity reduction and result deterioration.
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Mrežni operateri nužno trebaju vrlo efikasan optimizacijski alat za iskorištenje oskudnih kapaciteta na prijenosnim linkov
, a ,

probleme satelitskog linka, ali je primjenjiv i za neke druge prijenosne kapacitete.
, s ciljem minimiziran a

troškova ekspanzije, konverzije i održavanja kanalske opreme.

i
, pa govorimo o algoritamskim varijantama. Algoritamska varija

kompleksnosti algoritma , odnosno pogrješke.

učinkovito ima kroz određeno
eksploatacijsko razdoblje. U slučaju višestrukih kapaciteta koji pokazuju prometnu međuovisnost takav problem postaje još složeniji. Članak se koncentrira
na Proširenje G-linka može ostvariti samo uvođenjem nove kanalske
opreme na Zemlji. U radu je prikazan matematički model za optimalno dimenzioniranje linka sa različitih kapacitivnih elemenata j

Umjesto nelinearnog konveksnog programiranja, a koje može biti vrlo iscrpljujuće, primjenjuje
se metoda mrežne optimizacije. Potom je razvijen i testiran heuristički algoritam za tri vrste kapaciteta. Algoritam pokazuje visoku učinkovitost, a nerijetko
postiže i najbolji mogući rezultat, pri čemu se značajno smanjuje složenost. Ipak u realnim uvjetima uvode se dodatna ogran čenja na vrijednosti kapacitivnih
točaka nta M_H (samo jedna negativna vrijednost po kapacitivnoj točki) pokazuje najbolji
odnos između i odstupanja od najboljeg mogućeg rezultata

se
N

proširenje linka s višestrukim kapacitetima, problem proširenja/zamjene kapaciteta, prijenosniKljučne riječi: kapaciteti s prometnom međuovisnosti,
dimenzioniranje satelitskog linka

Izvorni znanstveni članak

Bolja spektralna iskoristivost linka za višestruke kapacitete koji pokazuju prometnu međuovisnost
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terrestrial network. The capacity on GEO satellite is defined
with a number of spot beams that cover the region and each
getaway (LES) is associated with at least one beam.
Generally, getaway can support one or more beams and it
depends on traffic intensity. Each beam has multiple
channel carriers and they are partitioned among getaways
based on estimated traffic demands; see [  ]. Also, we know
that the traffic to/from ground segment is limited with
simultaneous usage of channel capacities on the getaway
up/down links (G-link).

Taking into account continuous increase of traffic
demands from SPs, each getaway (LES) has to expand the
G-link capacity during exploitation but it could be very
expensive. Periodically, new (adding) channel equipment
has to be installed on the ground side and it is the only way
how network can ensure more simultaneous connections
(channels) toward terrestrial network (for certain location
on the ground).

Each getaway link (G-link) is a very high-speed point-to-
point bi-directional TDM link that ensures a large number of
simultaneous channels. Although the satellite capacity is
limited, every new generation of satellite enables more
working channels on it. It is a very good occasion for
significant expansion of the G-link capacity. During the
next exploitation period (5 - 6 years) the G-link has to be
expanded but in a rational manner; see [3]. Expansions can
be done anytime, at early beginnings, in the middle or at the
end of planning period. An example for the expansion of
only one capacity type can be seen in ig 1.
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In this paper we are looking for the optimal
expansion/conversion sequence to decide at which moment
and in what amount of the appropriate capacity type (type of
channel) the new constructions/conversions have to be
done. Network providers (NP) want to ensure both: minimal
expansion/maintenance/conversion cost and fulfillment of
traffic demands. If reductions or conversions (dotted lines)
are possible the shortages or idle capacities can be
efficiently eliminated.

In the context of QoS provisioning we have basic
differentiation of voice, data stream/FTP and messaging
traffic on the same link. In the future we need better
granularity of quality levels that influences capacity
allocation very much. Today it is desirable to dynamically
allocate the channel capacity to service provider request on
BoD (Bandwidth on Demand) principles, so the
differentiation of QoS service classes is necessary; see [4].

a) Many broadband services, as VoIP(Voice over Internet
Protocol) on BoD (Bandwidth on Demand) principles,
require the implementation of QoS mechanisms. In
broadband DVB-S/DVB-RCS networks (Digital Video
Broadcast – Return Channel Satellite) different capacity
request categories are defined 5 and 6. These are Constant
Rate Assignment (CRA), Rate Based Dynamic Capacity
(RBDC), Volume Based Dynamic Capacity (VBDC) and
Free Capacity Assignment (FCA), each with distinct and
well-defined properties. Users of satellite systems are
usually price-sensitive, so that their satisfaction is
determined by both the quality and the price for it. One such
parameter is capacity category and they are not independent
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of QoS scalability. Regarding to allocation mechanisms the
assignment is made in the following order: CRA first,
followed by RBDC, then VBDC and any left-over
distributed as FCA. In that case capacity types are ranked by
the quality level.

b) Similar problem can be seen in VSAT (Very Small
Aperture Terminal), the systems covering big cruiser ships.
We can optimize the link budget profile with dynamically
changed capacity arrangement. We can differentiate the
priority traffic classes and the best effort traffic so the
bandwidth optimization leads to variable channel types and
their amount in time. To ensure TCP over BoD the
bandwidth has to be dynamically changed during an hour,
day, week etc: see [7] and [8]. Such optimization in
bandwidth arrangement (throughput) cuts the expenses
drastically.

c) Another example for capacity type differentiation is
in mobile satellite networks with global coverage. Traffic
to-and-from mobiles is served in LES and can be routed
through different satellites. Normally, more than one GEO-
satellite is visible from each LES (e.g. Inmarsat network). If
LES works with two or more satellites each link is of
different capacity type but they are in firm correlation,
serving the traffic from the same world region; see [13] and
[15]. For example, if unused (idle) capacity on the link
exists the traffic can be redirected through another satellite
covering the same region, or in other words: channel
equipment on the ground can be re-used from one satellite
link to another. In that case we are talking about conversions
and the capacity types are not ranked.

Many similar capacity expansion/conversion problems
exist where multiple link capacities show mutual traffic
correlation. Conversions can be allowed anytime and in all
possible directions (combinations) or with some
restrictions. With capacity conversion we can prevent
money loss caused by bad utilization of capacity and with
much lower expenses than through expansion.

From previous discussion it is clear that the capacity
link expansion problem (CEP) of different capacity types
exists. In satellite link capacity planning NPs want to satisfy
given traffic demands (by SPs) at the lowest possible cost.
They need an optimal decision in which moment and in
what amount of each capacity type expansions (new
constructions) have to be done.

Two strategies can be applied: fulfillment of traffic
demands can be a must or traffic loss can be allowed at a pre-
defined rate. In both cases we need an optimal decision in
which moment and to what amount of specified capacity
type the expansion has to be done.

We expect that traffic demands rise in time which can be
addressed through introduction of more channel equipment
(modem units); see ig. 1. But in some periods traffic
demand increment can be zero (that means stagnation) or
can be negative (decreasing). In both cases idle capacities
can appear and may cause significant loss of money. So the
optimal expansion of link capacity must be carefully done.
The reduction (disposal) of link equipment is not an
acceptable solution here and it is not the matter of further
discussion. Instead, the conversion can be more appropriate
solution.
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1.3
Capacity planning over finite time period

Plan vremensko razdobljeiranje kapaciteta za određeno

Figure 1

Slika 1

Capacity planning for only one capacity type
over the finite time period

Planiranje kapaciteta za samo jednu vrstu opreme
i za kona ni broj periodač

.



The CEP (Capacity Expansion Problem) is formulated
as minimization of the cost function over a set of variables
confined within a constraint set. The expansion/conversion
problem for three or more (multiple) different capacity
types with allowed shortages is a very complex problem.
Although it can be solved with many different
approximation techniques it is still the subject of many
scientific papers. Some papers that have significant
influence on this paper are: Suk-Gwon & Gavish [9], Castro
& Nabona [12] and Lee & Luss [16].

After the brief explanation of the capacity expansion
problem (CEP) the mathematical model is formulated in
section 2 of this paper. In section 3 the algorithm approach
and basic heuristic solution are explained. In section 4
different heuristic options are proposed and compared
through numerical test-examples. Discussion is related to
algorithm complexity and computational savings, as well as
about efficiency of algorithm options and their possible
application.

The CEP for a finite planning period is similar to a
multi-period inventory problem but it also has elements of
multi commodity assignment problem. Because of
nonlinear cost functions over time, showing the effect of
economy of scale, we can apply any nonlinear optimization
technique. Instead of a nonlinear convex optimization (NP-
complete), that can be very complicated and time-
consuming, a network optimization method can be

2
Mathematical model for CEP
Matematički model za CEP
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efficiently applied. The main reason for such approach is the
possibility of discrete capacity values for limited number of
capacity types (channel type) so the optimization process
can be significantly improved. In that sense CEP-problem
can be formulated as Minimum Cost Multi-Commodity
Flow Problem (MCMCF); see [12]. It can be easily
represented by multi-commodity single (common) source
multiple destination network and the flow diagram can be
seen in ig. 2.

Each satellite link capacity (called commodity) is
expanded over time to serve demand types. Commodity
for = 1, 2, ... , is designed primarily to serve demand of
type , but it can be converted to satisfy demand ( ). In
such conversion process some limitations can be
introduced. Fig. 2 gives a network flow representation of
CEP for and time periods. The -th row of
nodes represents the capacity states for each period for
appropriate capacity type . At each node ( ) there is an
external traffic demand increment , possibly negative. For
convenience, the is assumed to be integer. Horizontal
links (branches) are representing capacity flows between
two time periods. An unused capacity (surplus) can be
utilized in the next time period but maintenance of idle
capacity could be too expensive.

On the contrary, shortages (negative values) can
produce unsatisfied demands. Period +1 may be
introduced when all capacity states values are zero; see
(2.4). It means that after planning period all traffic demands
must be satisfied. The sum of traffic demand for capacity
type between two periods:
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Figure 2
Slika 2

A network flow representation of the capacity expansion problem
. Prikaz ekpanzijskog problema pomoću dijagrama toka i mrežne optimizacije
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The sum of demands for the whole planning period and
for all capacity types has to be positive or zero:
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A path obeying the above condition is said to be
feasible. Note that there may be multiple feasible expansion
solutions. The total cost over time includes cost for capacity
expansion ( ), capacity conversion cost ( ), idle
capacity and capacity shortage cost ( ), and penalty
costs in the form of joint set-up cost (z ). If the link weights
correspond to the costs the objective is to find optimal
expansion policy that minimizes the total cost incurred over
the whole planning period. The CEP problem can be
formulated as follows:
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oIt means that we do n  t expect reduction of total
capacity after the whole planning period; in other words we
presume the increase of capacity. Horizontal links that
connect nodes represent the capacity between any time
period and +1. Positive value represents inventory
(surplus) and negative value represents shortage (lack of
capacity). The vertical links represent link expansions (new
constructions) with , or link capacity conversions with
in the appropriate time period. Common node O is the
source for all capacity expansions.

Capacity points are noted with at time period in
which the relative amount of capacity for each capacity type
( ) is known (in defined bounds) and which at least one
capacity state value 0.
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Let C be the number of capacity points ( 1),
and the total number of capacity points (the sum of them) is

. Reduction of can be done through imposing
appropriate capacity bounds or by introducing adding
constraints.

Let ( , ) denote a network topology, where is the
set of nodes representing possible satellite link capacity
states (capacity points) in each time period and , the set
of links (arcs), representing the capacity changes between
time periods. Vertical set of nodes for each time period is
represented by the capacity point .

On diagram from ig. 2 each horizontal link is
characterized by link weight value. Each weight
depends on the capacity situation on the satellite link
between two time periods, defined by the capacity
expansion values , conversion values and traffic
demands . It means that the link weight (cost) is the
function of used capacity: lower amount of used capacity
(smaller bandwidth) gives lower weight (cost). The lack of
capacity can decrease the link weight values the same as idle
capacity can increase it. If the link cost corresponds to the
amount of used capacity, the objective is to find optimal
expansion strategy that minimizes the total cost incurred
over the whole planning period. The main condition is that
given traffic demands must be fully satisfied without
shortages on the end of planning period.

The CEP is formulated as minimization of the cost
function over a set of variables confined within a constraint
set. In general it is the multi-constraint optimization
problem (MCP) but in this paper we are concerned with one-
dimensional link weight vectors for +1 links on the path
{ , = 1, …, }. We have only one capacity
constraint for each capacity type and for each time period
denoted with ( , … ). Definition of the single-
constrained problem is to find an expansion sequence from
the first to the last node in the network from ig. 2, such that:
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so that we have:
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for = 1, 2, .. , ; = 1, 2, .. , ; = + 1, .. , ( < )
Normally, the objective function is a nonlinear

function, consisting of many different costs functions. They
are usually represented by nonlinear variable cost functions.
It can be assumed that all cost functions are concave and
non-decreasing, reflecting economies of scale.

It this approach the network optimization method is
efficiently applied. The network optimization can be
divided in two steps. In the first step we are calculating the
minimal weights ( , ) between all pairs of capacity
points for the whole planning horizon. The calculation of
each weight value is called: capacity expansion sub-
problem (CES). The number of all possible CES values
depends on the total number of capacity points. It requires
solving repeatedly a certain single period expansion
problem (SPEP).

t T i N j i N i j

d
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Algorithm development
Razvoj algoritma

u,v u vα α +1

Figure 3

Slika 3

The CEP problem can be seen as the shortest path problem
for an acyclic network of calculated CESs

CEP-problem se može sagledati i kao traženje najkraćeg puta
u acikličkoj mreži pod-problema.

.

In the second step we are looking for the shortest path
from the first to the last node in the network with the former
calculated weights between node pairs (capacity points);
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see ig. 3. Suppose that all values (CES) are known, the
optimal solution for CEP can be found by searching for the
optimal sequence of capacity points and their associated
capacity state values for each time period. On that level the
CEP problem can be seen as a shortest path problem for an
acyclic network in which the nodes represent all capacity
point values, and branches (links) represent CES values; see

ig 3. Then Dijkstra's or Floyd's algorithm or any similar
algorithm can be efficiently applied; see Lee and Luss [16].
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In CEP we have to find many weight values ( , )
that emanate two capacity points, from each node ( , ) to

node ( +1, ) for 0 +1. We can calculate ( ,
):
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can obtain the best possible result (close to optimal
expansion sequence). The key for algorithm improvement is
in the fact that extreme flow theory enables separation of
these extreme flows which can be a part of an optimal
expansion solution from those which cannot be. Any of
them, if it cannot be a part of the optimal sequence, is set to
infinity.

One may observe that the absence of cycles with
positive flows implies that each node has at most one
incoming flow from the source node. This result holds for
all single source networks. That means that the optimal
solution of has at most one expansion for each capacity
type. If conversions exist (as a part of partial expansion
option) such flow can be a part of extreme flow only if there
are no cycles with positive flows. All basic and adding
constraints for the CES problem with three capacity types
are identified in the paper by Krile [14] and Krile & Kos
[15].

The total number of capacity points is the measure of
the complexity for the CEP-problem. Through many
numerical test-examples we compared this heuristic with
algorithm on exact approach. Results of one test-example
are given in able 1. For all of them the best possible
expansion sequence is achieved. The basic heuristic
solution (denoted with Basic_A) with no limitation on
capacity state value shows the savings in percents on
average near 45 % that is proportionally reflected on
computation time savings; see diagram in ig. 5.

In real application we normally apply definite
granularity of capacity state values. For traffic demand
increment values we put only discrete values (only
integer). It reduces the number of the capacity points
significantly. Because of that the minimal step of capacity
change ( ) has strong influence on the algorithm
complexity.

However, in real situation we cannot accept Basic_A
option because the existence of negative capacity value for
more than one capacity type per capacity point (in one
period) can block the whole system (traffic congestion). So
we have to introduce some limitations on the capacity state
values, talking about algorithm options:
a) Only one negative capacity value in the capacity point.

Such option is denoted with M_H
);

b) Total sum of the link capacity values (for all quality
levels) is positiveA_H );

c) Total sum is positive and only one value can be
negative. Such option is denoted with R_H (

);
d) Algorithm option that allows only non-negative

capacity state values is denoted with P_H (
);

e) Only null capacity values are allowed. A trivial
heuristic option (denoted with T_H) allows only zero
values in capacity point (only one capacity point).

We compared the efficiency of algorithm in above
mentioned options. We made many similar numerical test-
examples for =3 and =6. One of test examples is shown in
graphical form in ig. 4. Elements of cost functions and
final results are given in able 1.
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for = 1, 2, 3, ... , = 1, …,
value represents the amount of total capacity changes

for capacity type for appropriate time period. The total cost
between two capacity points for periods and includes
many costs: the capacity expansion cost ( ), idle
capacity or capacity shortage cost ( ), capacity
conversion cost ( ) and joint set-up cost (z ). The last
one can be used as a strategic penalty cost with strong
influence to optimization process.

To compute the sub-problem value it is convenient
to describe the problem as a single source multi-commodity
and multi-destination network. To solve CES it requires
solving repeatedly a certain single period problem. Let
SPEP ( , , ... ) be a
associated with period for capacity type , +1, ... , and
corresponding values of ,
... , . A detailed explanation of various SPEP solutions
(strategy) for three different capacity types can be found in
previous work of Krile [13].

The computational effort is ( ). If there are no
limitations on capacity state values the complexity of such
algorithm approach depends on traffic demands and it is
pretty large, increasing exponentially with

To reduce the complexity we can introduce the basic
and adding properties based on extreme flow theory, see
Zangwill [17]. With such algorithm approach we can ensure
the close to optimal result, using significantly less effort in
computational procedure. In all numerical test-examples it
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Figure 4

Slika 4

On the left side we can see the best possible expansion sequence.
On the right side the near-optimal result gained by heuristic option of much lover complexity

Na lijevoj strani slike imamo najbolji razultat ek panzije.
Na desnoj strani je nešto lošiji rezultat dobiven s algoritmom znatno manje složenosti.

mogući s.

Figure 5

Slika 5

Trends of algorithm complexity and result deterioration.
Values are given in % respectively to referent algorithm.
Trend složenosti i kvali

Vrijednosti su date u % u odnosu na referentni algoritam.
tete rezultata pojedine heurističke opcije..
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On the top of ig. 4 we can see traffic demands in the
form of traffic increments for each time period and for each
of three capacity types. The best expansion sequence is
achieved with M_H algorithm option (left side). Further
decrease of complexity (near 20 %) occurred; see able 1.
On bottom diagram we can see the presence of capacity
surplus (idle capacity) between periods 1 and 2. Also, the
shortage exists between periods 4 and 5 with amount of -10
for the second capacity type.

On the right side of ig 4. we can see the result gained
by algorithm options A_H (similar as with R_H), but small
deterioration of result exists (<10 %). In that case shortages
don't exist, but complexity is significantly decreased.

Different algorithm options are compared in ig 5. The
average values (trends) of the best possible result (the
minimal cost) and algorithm complexity can be seen on the
same diagram. Only for few test-examples the best possible
expansion sequence can be found no matter the algorithm
option we use. For the most test-examples the algorithm
option M_H can obtain the best possible result with average
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can increase the complexity of the optimization process
very much.

In this paper such CEP algorithm for multiple capacity
type allocation on satellite links with mutual traffic
correlation is discussed. The network optimization is
applied instead of well-known programming technique
because the problem recognizes only discrete capacity state
values. In this paper the algorithm for three capacity types is
tested, representing the method of CEP algorithm
development for different capacity types. In real
application we have to introduce some limitations on the
capacity state values, talking about algorithm options. It
reduces the algorithm complexity significantly, but still it is
so high. In the most test-examples the algorithm option
M_H can find the best possible expansion sequence
(minimal cost) but with reasonable algorithm complexity.
At the same time it can ensure the fulfillment of traffic
demands with minimal exploitation loss caused by the lack
of capacity. From further testing results it is obvious that
some algorithm options (heuristics) are very effective, with
acceptable deterioration of result. They can be efficiently
applied to short-term or medium-term satellite link capacity
planning for finite number of time periods.

M
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Traffic demand increment
Time
period r1,t r2,t r3,t

Algorithm
option

The best
possible

result found

Number of
capacity
points

Number of
acceptable

sub-problems

Computational
savings, %

1
2
3
4
5
6

-10
10
0

10
-10
10

-10
10
0

10
-10
10

10
-10
0

20
10
10

Full approach
Basic_A

M_H
A_H
R_H
P_H
T_H

7 809,72
7 809,72
7 809,72
8 227,97
8 227,97
8 227,97

52 259,06

2 305
2 305
1 645
1 405
1 245

289
7

293 860
158 379
127 249

67 221
31 062
17 383

13

-
46,18
56,69
77,12
89,43
94,08
99,99

cit(xit) = fi
t-1

(Ai+Bi xit
ai

), A1=3000, B1=25, a1 = 0,9, A2=1000, B2=20, a2=0,85, A3=2000, B3=30, a3=0,95
hit(Ii,t+1) = fi

t-1
Hi Ii,t+1 , Hi = 400 (Iit > 0), Hi = 300 (Iit < 0); for i = 1, 2, 3

git(yij,t) = fi
t-1

Gi , Gi =100

pt(z,t) = 0

Values are independent of time period t.
For all periods and for all facilities it is the same value f = 0,9.
Optimal usage of the capacity (the best expansion sequence):
Y2,3,1 = 10, Y2,3,2 = -10, X2,4 = 30, Y2,3,4= 20, Y2,3,5= 10, X2,6 = 30, Y1,2,6 = -10, Y2,3,6 = 10
Minimal cost: 7.809,72

Table 1
Tablica 1

Results of algorithm options for a numerical test-example
Rezulati testiranja razli itih algoritamskih opcija. č

Figure 6
Slika 6

The complexity savings increase with value T
Uštede u složenosti s promjenom varijable T.

5
Conclusion
Zaklju akč

Today, satellite network provider (NP) needs an
efficient resource management tool for better utilization of
capacities. Continuous increase of traffic (arrangement
from service providers - SP) makes NP to install more
channel equipment at ground segment. It has to be done in
optimal way through a finite planning period, consisting of
number of intervals. That problem is in firm correlation with
resource allocation to each SP and their planning strategy.
Inappropriate bandwidth reservation (lack of bandwidth)
could result in congestion possibilities. On the other hand,
too much capacity (idle) can cause the huge expenses. In
case that different capacity types are in firm correlation it
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