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We consider in this paper the uplink slot as-
signment problem in a multi-spot geostationary
satellite. Radio interference impose constraints on
the slots that can simultaneously be assigned in
different cells that have the same frequency. The
problem is shown to be an NP-complete one, which
motivates us to search for a heuristic solution ap-
proach. We describe here a heuristic solution based
on simulated annealing. We further investigate
how to improve the performance of the simulated
annealing and the rate of convergence of the an-
nealing. Numerical experimentations are provided
to test our proposed improvements.

1 Introduction
We consider a multi-spot geostationary satel-

lite system for which a manager assigns satellite
TDMA slots to service providers (operators) lo-
cated at various zones in various cells. We consider
uplink transmission. A slot cannot be assigned
simultaneously to more than one zone in a cell.
Cells of different colors (frequencies) do not inter-
fere, but cells of the same color do, and a slot can
be assigned to an operator in a given zone only
if the interference it experiences is below a given
threshold. Slot assignment is static but can be
changed once per hour (due to changes in demands,
on the one hand, and to changes in atmospheric
conditions, on the other hand). Our goal is to
maximize the goodput of the system (the through-
put of useful information), taking into account the
coding ratio of a slot that may vary from a zone
to another. Casting the problem into coloring of
graphs shows that it is NP-complete to maximize
the goodput, and we therefore propose a heuris-
tic approach based on simulated annealing4,5 and
analyze its performance.

The structure of the paper is as follows. In the
next section we describe the slot allocation prob-
lem. In Section 3 we describe the simulated an-
nealing algorithm and point out on some elements
used to improve its performance. In Section 4 we
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describe other improvements in the system perfor-
mance related to carrier allocation in the frequency
domain and to a two-stage implementation of the
simulated algorithm. We then present in Section 5
numerical results; we compare various implementa-
tions of the simulated annealing and compare our
optimized version to other approaches. The paper
ends with a conclusion section.

2 Problem Description
Our design of a multi-spot TDMA system con-

sists of two phases. In the first radio planning
phase, carriers are assigned to operators that are
located in various zones of various spots. The
carrier allocation takes into account the mini-
mum throughput requirements of operators and
the overhead due to coding rate which vary from
one zone to another due to various atmospheric
conditions. The allocation process aims at finding
a fair solution with optimality properties. This
phase was described in.1 The solution is the in-
put to the second phase of slot allocation which
we present in this paper.

Since different carrier types have different
throughputs, the duration of a slot varies with the
c arrier type, which renders the slot allocation an
even more complex problem.

A simplified version of our problem can be mod-
eled as a so called ”k-colorable induced subgraph”
problem where one considers a graph G=(V,E)
consisting of finitely many nodes and directional
links. A valid coloring of the graph consists of col-
oring nodes such that no nodes with a common
link have the same color. We look for a subset
of nodes V ′ ⊂ V and edges E′ ⊂ E such that
the induced subgraph is k-colorable, i.e., there is
a coloring for the subgraph (V ′, E′) of cardinality
at most k. The problem consists in finding such
a graph with the maximal number of nodes. This
problem turns to be NP-complete∗. Our problem
is in fact even more complex since both arcs and
nodes have weights (nodes weights are related to
the coding ratio and arc weights to the amount of
interference), and exclusion constraints are more
complex. This is in contrast to slot allocation in

∗see http://www.nada.kth.se/˜viggo/wwwcompendium/-
node34.html and6
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Satellite Switched TDMA systems that have poly-
nomial solutions since they correspond to coloring
problems with a simple bi-partite graph topology.2

We therefore used a heuristic simulated annealing
optimization approach.

Since a new allocation should be generated every
hour, solutions are needed within a few minutes.
We worked with eight spots, three zones per spot,
four colors and six types of carriers. The total
number of carriers of different types per spot was
generated at random, and the average sum of num-
ber of carriers was around 100 per spot.

3 Efficient Simulated Annealing
Slots, chosen at random, are assigned sequen-

tially. A slot can be assigned if the sum of the
interference it receives is below a given threshold,
and if with the extra interference that its assign-
ment generates, the total interference experienced
by any other already assigned transmission at the
same slot remains below a given threshold.

The interference created by a slot assigned to
zone i of a given spot l over a zone j of a spot
k depends only on i, l and k. In other words, all
zones of spot k experience similar interference from
a slot assigned to some zone i of a spot l (note that
the interference occurs at the receiving antennas in
the satellite). We denote this interference I(l, i, k).
These interferences as well as the antenna gains
G(i, l), corresponding to zone i in a spot l, are
given in a table (whose entries can be obtained by
computing the link budgets) that is an entry to the
simulated annealing program.

At each step of the simulated annealing,a ran-
dom spot and zone, a random carrier, and a ran-
dom slot are chosen. We call this choice a candi-
date assignment. If the slot is not yet assigned then
we perform the candidate assignment if and only
if the above interference conditions are satisfied.

Next, we consider the case that the chosen slot is
already assigned to another zone of the spot. Then
there are three possibilities:
P1. maintain the existing assignment,
P2. use our candidate assignment instead of the
existing one,
P3. cancel the existing assignment without per-
forming an alternative assignment of that slot.

To decide which of the three to use at each step,
we introduce a performance measure G, which is
a weighted sum of the number of allocated slots,
where the weight is related to the coding rate. The
weighted sum corresponds to the goodput of the
system. The decision is then done as follows.

• If with the candidate allocation, the value of
G is strictly greater than under the existing al-
location, then we use the candidate allocation

(option P2), provided that the interference
conditions are satisfied.

• If the value of G is the same under the existing
and the candidate allocations, then we switch
to the candidate allocation (option P2) if the
interference conditions are satisfied and more-
over, if it creates less total amount of interfer-
ence than the existing assignment. Otherwise
we maintain the existing assignment (option
P1). In this step we thus follow a hierar-
chical optimization approach by introducing
a second (lexicographic) criterion, of minimiz-
ing the created interference.

• If the G corresponding to the candidate allo-
cation is strictly smaller than the existing one
(but it is still feasible in terms of interference)
then we maintain the current allocation (op-
tion P1) with high probability, denoted by P ,
which is a function of the difference ∆G and
of a so called temperature T parameter. P
decreases to zero as T → 0, and is given by

P (T ) = exp
(
−|∆G|

T

)
. (1)

With probability P/2, however, the existing
allocation is canceled (option P3); with op-
tion P1 is also chosen with probability P/2.
These choices (that seem nonoptimal) allow to
prevent the convergence to a local minimum).
As the simulated annealing progresses, T is
gradually decreased, so that the probability
of choosing ”nonoptimal actions” vanish.

The algorithm ends if either one of the following
conditions hold:

• A given time limit is exceeded,

• Some bound on the number of iterations is
exceeded,

• During a given period of n consecutive iter-
ations, the gain G is unchanged, where n is
some fixed threshold.

Next we describe the way to update T . We
tested both linear and logarithmic rates for cooling
T . The linear cooling has the form

Tn+1 = ReductionFactor × Tn (2)

where ReductionFactor is some constant, whereas
the logarithmic cooling has the form

Tn =
C

ln(n)
. (3)

The linear rate of cooling is often used as it is much
faster than the logarithmic. But asymptotic con-
vergence to a global optimum is not guaranteed,
where-as it is for logarithmic rate of cooling.3
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We tried to improve the performance of the
simulated annealing in various ways. The first
improvement was by using the hierarchical opti-
mization mentioned above. A second direction of
improvement was in optimizing the choice of the
convergence rate.

4 Carrier Allocation In The
Frequency Plan

We further improve the system performance by
some actions not directly related to the simulated
annealing described in the previous section.

4.1 The Frequency Allocation

As input, we had been given the number of dif-
ferent types of carriers assigned to various zones, as
well as their location in the frequency plan. This
location was chosen in our tests randomly. We
then tried to check whether the frequency location
could be chosen in a way that would give a better
performance. We did not try to include the car-
rier allocation in the frequency plan as part of our
combinatorial optimization, since already the op-
timization of the slot allocation turned to be quite
complex with a huge number of possible configu-
rations. Nevertheless, we proposed an alternative
way of allocating the carrier according to their
bandwidth: in half of spots of a given color, we
placed the carriers in an increasing order of band-
width, and in the other half, in a decreasing order.
This allows us to have less interference between
carriers of large bandwidth.

4.2 A Two-Step Simulated Annealing

A second approach for improving the perfor-
mance of the allocation is to perform a two-phase
simulated annealing instead of one; each phase is
allocated half of the time limit we initially had for
the whole simulation. At the first step, the simu-
lated annealing is restricted to assign slots to the
carriers having the largest bandwidth only. Then
the second simulated annealing step is performed
for assigning the rest of the carriers.

In each phase we restart cooling the T parame-
ter from scratch. For comparison purposes, in our
experiments below we tested this two-step anneal-
ing also in a context in which it is not related to
the size of the carriers. In other words, we tested
also the ”classical” simulated annealing in which
the approach of Section 4.1 is not applied. In that
case, the only difference between the classical sim-
ulated annealing is that after half of the dedicated
time, we do not continue to cool T , but restart
from a higher temperature using as an initial con-
figuration the output of the first phase.

5 Results

Since a new allocation should be computed once
per hour, this poses a constraint on the dura-
tion of the simulated annealing: we were limited
by a total duration of 1min to perform this task.
We therefore performed the annealing experimen-
tations during 1min, 4min and 10min. All experi-
ments were performed on a DELL INSPIRON 2500
computer with a Pentium III 1GHz processor and
a 256 MB SDRAM. (We thus beleive that on a
faster computer, the performance we obtained for
4min or 10min could be achieved). The annealing
is programmed in a 1500 lines Java program.

We first ran a much simpler simulated annealing
with no constraints on interference so as to obtain
a reference upper bound on the performance that
can be achieved. We then made many experimen-
tations with simulated annealing, each time with
another limit of allowed interference, and plot the
obtained goodput normalized by the one obtained
by the upper bound. The results are presented in
Fig. 1, 2 and 3 which consider simulated annealing
run during 1min, 4 min and 10min, respectively.
The best performance in all three tests is obtained
with our optimized simulated annealing. We com-
pare it to four other schemes three of which have
only one single simulated annealing part (consist-
ing of optimizing all carriers type at once) some
schemes use logarithmic and some use linear cool-
ing etc.

We present various simulation results with dif-
ferent approaches and compare them to an ”opti-
mized approach”: it uses the approaches of Sec-
tions 4.1 and 4.2, it uses the hierarchical optimiza-
tion approach, and has an optimized logarithmic
cooling rate.

Fig. 1-3 show that our optimized simulated an-
nealing improves the solutions by around 50 %
for small interference thresholds, e.g. −30 dB
and 600 % for large interference thresholds e.g.
+50 dB.

As for the duration of the annealing, we see that
our optimized algorithm obtains an improvement
of around 60% (for all the tested range of inter-
ference thresholds) when increasing the duration
from 1min to 10min. At least for low thresholds,
it is clear from the figures that we cannot hope to
gain much more with even longer durations than
10min since we obtain with our algorithm around
96% of the reference upper bound for 10min. We
note that for other implementations that we tested
(not the optimized one), the improvement in per-
formance when increasing the duration to 10min is
even larger.
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Fig. 1 Comparison for one minute

6 Conclusion
We have proposed in this paper a simulated an-

nealing approach for the multi-beam geostationary
uplink slot allocation problem. We proposed a
hierarchical optimization approach that tries not
only to maximize the throughput, but also prefers
allocations that generate less interference. We op-
timized the simulated annealing with respect to the
rate of convergence, and integrated some other sys-
tem improvements concerning carrier allocations.
These improvements were further implemented in
a two-step simulated annealing approach which we
compared numerically to other approaches. We
showed that a substantial gain is obtained.
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Fig. 2 Comparison for four minutes

Fig. 3 Comparison for ten minutes
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