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Abstract 
Networks based on HAPs will have both access and 
transport interfaces. In this paper we deal with the 
design of an optical transport network (OTN) for HAP 
based networks, namely with the dimensioning, 
analysing and evaluating the performance of such a 
network. A simulation tool that implements several 
routing and wavelength assignment algorithms for 
wavelength-routed networks was built. Simulations 
showed that a good routing algorithm combined with a 
simple wavelength assignment policy can significantly 
reduce the blocking. For large networks, such as the 35 
node European network, double (multi) hop routing is 
necessary in order to fully interconnect the nodes of the 
network. 
 

1 Introduction  
The High Altitude Platform (HAP) is an aircraft, airship 
or balloon, flying in the stratosphere, typically 17-25 km 
above the Earth, that carries telecommunication payload 
[1]. Due to their position, HAP based systems combine 
the advantages of both terrestrial and satellite systems. 
They can provide high data rates, low propagation 
delays, small dimension and low power terminals, that 
characterise terrestrial wireless systems, and large 
coverage areas and line of sight (LOS) propagation 
conditions, making them similar to satellite systems [2]. 
HAP based systems are designed to complement the 
existing infrastructures and to seamlessly integrate with 
these. The main advantage of HAP based 
telecommunication infrastructure is that it can be 
gradually deployed and the overall cost is expected to be 
lower than for alternative solutions particularly in the 
developing and underdeveloped areas [2]. 
 HAPs can be directly connected to satellites, other 
HAPs or ground stations via mm-wave radio frequency 
(RF) or high-speed optical links. Compared to mm-wave 
links, the optical technology provides a number of 
advantages: smaller beam divergence increases the 
reception power significantly; optical frequencies do not 
cause interference with other communication devices 
from other systems or on board the HAP; the optical link 
is fairly tap-proof; the optical terminal can be much 
smaller and less power consuming than its microwave 
counterpart; in principle, there is virtually no limitation 
for the data rates that can be carried [3]. Free space 
optics is still in testing phase of development, but 
recently there were several successful trials that 
demonstrated its feasibility. One of the most significant 
was the trial of the Capanina project successfully 

establishing an optical 1.25 GBit/s downlink from the 
stratosphere to an optical receiver on the ground, in clear 
weather conditions, over a maximum link distance of 64 
km with nearly no transmission errors [4]. Such 
throughputs on the backhaul uplink and downlink are 
now putting the pressure to provide sufficient link 
capacities to the transport networks, both on the 
terrestrial links and on the interplatform links in the 
network of HAPs. 
 Optical links between nodes in a HAP network can 
be based on the Dense Wavelength Division Multiplex 
(DWDM) technology or Optical Burst Switching (OBS) 
technology. While OBS at the moment represents an 
immature switching concept, combining the advantages 
of optical circuit switching and optical packet switching 
principles, the WDM technology is mature and well 
known from the terrestrial fibre networks. It uses a 
single wavelength, a so-called light path, to connect a 
source-destination pair and behaves similar to a circuit 
switched network as it reserves the entire bandwidth 
around the wavelength. The number of available 
wavelengths on an optical link is technologically limited 
and might prove insufficient to achieve full 
interconnectivity in a wavelength-routed network. 
Optical-electrical-optical (OEO) switching is a solution 
to achieve full interconnectivity but it introduces 
processing delays, thus degrading the overall 
performance.  
 In this paper we discuss the dimensioning issues of 
the all-optical network based on HAPs using WDM 
technology. We analyse the performance of the selected 
reference irregular HAP network topology in terms of 
connection requests that cannot be established with a 
single-hop. The rest of the paper is structured as follows: 
Section 2 presents OTN design related aspects while 
Section 3 discusses routing and wavelength assignment 
issues of a wavelength-routed network. The simulation 
tool, simulation model and assumptions such as network 
topology, traffic load, and routing and wavelength 
assignment policies are described Section 4. The 
experimental results and analysis are presented in 
Section 5. Section 6 concludes the paper and outlines 
future work. 
 

2 OTN design based on wavelength routing 
In a wavelength-routed network, it is possible to route 
data to their destinations based on the carrier 
wavelength. In this paper, we will consider WDM link 
layer technology and single hop routing from source to 
destination (no OEO in intermediate nodes). In order to 
efficiently design such a wavelength-routed OTN, 



 

several issues have to be taken into consideration: the 
type of traffic that has to be carried by the network, 
wavelength conversion capabilities in the nodes, etc.  
 Network traffic can be classified into three 
categories: static, incremental and dynamic. With static 
traffic, the entire set of connections is known in 
advance. In the incremental traffic case, connection 
requests arrive sequentially, a light path is established 
for each connection and the light path remains in the 
network indefinitely. For the dynamic traffic, a light 
path is set up for each connection request as it arrives 
and is released after some finite amount of time.  
 A network with wavelength conversion capabilities 
allows a route to be formed of more sections, each using 
different wavelength. The nodes that separate the 
sections convert the wavelength on the incoming link to 
the one of the outgoing links and vice versa. On the 
other hand, if there is no support for the wavelength 
conversion, a single wavelength for the same source-
destination pair has to be assigned on every link along 
the path. This requirement is referred to as the 
wavelength continuity constraint.   
 The dimensioning of an OTN directly affects the 
wavelength routing and has a significant influence on 
the overall network performance. Once the physical 
topology of the network is defined, the major design 
criteria for the overlay OTN are the number of required 
wavelengths per optical link, link utilization, link 
capacity and the average link outage time. Two physical 
topologies were identified as lower and upper extremes 
in terms of required wavelengths of what practice will 
require: full mesh and bus topology. The number of 
required wavelengths on the most burdened link in order 
to achieve all optical routing can be expressed 
analytically for the two extreme topologies [5]. In reality 
HAP based networks will have arbitrary topologies 
depending on the service scenario and the desired 
coverage area. Establishing the resources (minimum 
number of wavelengths) that are required for full 
interconnection using analytical methods is a non-trivial 
task, which in addition to the network topology depends 
also on the routing and wavelength assignment (RWA) 
algorithms and is typically being solved with suitable 
dimensioning tools, similar to the one developed as part 
of this study.  
 

3 Routing and wavelength assignment  
Given a network, its physical topology and a set of 
connection requests, the process of routing and 
assignment of a wavelength to each request is called the 
routing and wavelength assignment problem. The light 
path establishment problem for all requests can be 
formulated as a mixed integer linear problem which is 
NP-complete. To make the problem more tractable it can 
be split into two sub-problems: the routing sub-problem 
and the wavelength assignment sub-problem. Each of 
the two sub-problems can be solved separately using 
heuristic methods [6]. 

 Routing is the act of moving information across a 
network from a source to a destination. Along the way, 
at least one intermediate node is typically encountered. 
We will focus on three representative types of existing 
routing algorithms: fixed routing (FR), fixed alternate 
routing (FAR) and adaptive routing (AR). FR is the 
simplest routing algorithm. When a connection request 
arrives, it always sends it on the same pre-established 
path. It is usually implemented using a shortest path 
(least cost) algorithm such as Dijkstra or Bellman-Ford. 
The cost used in the selection of the most suitable path is 
typically the number of intermediate nodes or the 
distance. FAR eliminates some of the disadvantages of 
FR by remembering multiple alternative routes. AR is 
”smarter” than the previous two routing types in the way 
that when attempting to route a connection, it takes into 
account the current state of the network. Different 
factors typically contribute to the state of the network: 
the set of established connections, the faulted links, the 
congested links, etc. 
 A wavelength-routed network is basically a circuit 
switched network as for each connection, during its 
lifetime, a wavelength is allocated. Given a connection 
request and a path (or a set of paths), the wavelength 
assignment algorithms search for free wavelengths to 
establish the connection. Several heuristic approaches 
have been proposed in the literature to solve this 
problem, including random wavelength assignment (R), 
first fit wavelength assignment (FF), least used/ 
SPREAD wavelength assignment, wavelength 
reservation assignment, etc. In this paper we only 
present the performance of the R and FF algorithms.  
The R algorithm checks for idle wavelengths on the 
given path and randomly chooses one among them. If 
there is no wavelength continuity constraint, a random 
wavelength is chosen on each link of the path. The FF 
algorithm numbers all the wavelengths and chooses the 
lowest numbered idle wavelength. The idea behind this 
scheme is to pack all the wavelengths in use towards the 
lower end of the wavelength space so that continuous 
longer paths towards the higher end of the wavelength 
space will have a higher probability of being available. 
Compared to the R algorithm, FF provides lower 
computation cost because there is no need to search the 
entire wavelength space for each route. 
  

4 Simulation model and assumptions 
The performance of an optical network based on HAPs, 
particularly the interconnection between the nodes of the 
network, was simulated using HAPSSim, a software 
simulation tool built to dimension, analyse and evaluate 
the performance of meshed HAP-based OTNs [7]. 
HAPSSim is composed of four functional modules: the 
I/O module, the traffic generator module, the routing 
and wavelength assignment module and the statistics 
module. These modules implement the distributions 
needed for traffic simulation, the routing algorithms and 
the wavelength assignment algorithms, they gather 
relevant network characteristic data and compute 



network statistics and they also handle the user interface 
input and output. 
 In this paper we assumed that HAPs and ground 
stations in the OTN should be able to communicate to 
each other via optical high capacity links. Optical-
electrical-optical conversions were not desired in a 
transport network due to the introduced delays.  
 The HAPSSim tool takes as input an arbitrary 
network topology modelled as a graph; first it reads the 
vertices and then the edges that connect them. We 
selected as a reference HAP network a 35 node 
topology, depicted in Figure 1, considered to be 
deployed above Europe in such a way as to cover most 
of the continent’s inland. The network nodes form an 
irregular structure and are interconnected via 68 links. 
The network diameter equals 8 hops, the average inter-
nodal distance is 3.8 and the average nodal degree is 
3.82.  
 

 
Figure 1. A reference 35 node European HAP network. 
 
 As an input to HAPSSim, the routing and 
wavelength assignment algorithms also have to be 
specified. Three routing algorithms and two wavelength 
assignment algorithms with or without wavelength 
conversions capabilities were used to route the traffic 
and establish connections on the 35 node topology, 
resulting in ten combinations investigated in this study, 
i.e. {FR, R/FF, No-Conversion/Full-Conversion}, 
{FAR, R/FF, No-Conversion/Full-Conversion} and 
{AR, R/FF, No-Conversion}.  
 HAPSSim requires some further input parameters 
such as the type of traffic, the connection requests 
arrival rate, the duration of connections and the duration 
of the simulation. The traffic load of the network, both 
dynamic and incremental, was modelled using the 
Poisson distribution for the connection requests and the 
exponential distribution for the holding times. In 
wavelength-routed optical networks, a large number of 
flows from many different sources is multiplexed and 
the Poisson distribution seems to be the closest approxi-

mation of the flow’s inter-arrival time. The holding time 
represents the amount of time during which a light path 
is active and is modelled using the exponential 
distribution for link layer traffic on an OTN. 
 In some cases, connection requests will have to be 
rejected due to insufficient physical resources, which is 
undesirable from the communications point of view, 
therefore these requests will have to be served using 
alternatives such as dual or multiple hops. In this paper 
we focus on a single-hop end-to-end connectivity, hence 
we present connection requests that cannot be served 
with a single hop as blocked requests.  
 The simulator outputs some physical topology 
dependent characterization of the network: diameter, 
mean inter-nodal distance, mean nodal degree and 
number of possible connections. Traffic characteristics 
such as the total number of connection requests received 
by the network during the simulation time are also 
displayed. The evolution of the blocking in the network 
with time and with traffic load is plotted in separate 
graphs. A special window shows a possible deployment 
of the HAP stations and gives information on every 
HAP and IPL in the topology. 
 

5 Experimental results 
In this paper we report some representative simulation 
results obtained for the 35 node European network 
considering only the stratospheric OTN (no base 
stations) with 64 wavelengths per link. Figures 2 and 3 
present the blocking (i.e. unsuccessful single-hop 
connection requests) in the network obtained by 
simulations for incremental and dynamic traffic. The 
graphs show that the blocking for the incremental traffic 
load case is higher than the blocking for the dynamic 
traffic load for the same RWA algorithm. The difference 
in favour of the dynamic traffic case comes from the fact 
that once a connection times out, the allocated resources 
are released and available for new requests. 
 

 
Figure 2. Evolution of blocking with time for the incremental 
traffic case. 
 
 As expected, the FR based RWA algorithms perform 
worse than those based on FAR and AR independent of 



 

the traffic type and wavelength assignment policy. In 
particular, the blocking for FR is approximately 8% 
higher than for FAR or AR. FAR performs slightly 
worse than AR but it is preferred in practice due to its 
simplicity. Both FAR and AR are capable of 
establishing a light path between a source-destination 
pair also in the case of link failures, the former because 
it holds alternate routes and the latter because it routes 
considering the current state of the network. 
 

 
Figure 3 Evolution of blocking with time for the dynamic 
traffic case. 
 
 Performance comparison of wavelength assignment 
algorithms indicates that FF wavelength assignment 
allows more connections to be established than R 
wavelength assignment resulting in lower blocking in 
the network. FF is designed to occupy the low index 
wavelengths for short light paths while keeping the 
others for longer light paths. Full wavelength 
capabilities in the network nodes improve the blocking 
even more. 
 Although the performance in terms of blocking 
differs for various wavelength assignment algorithms, 
the results show that the routing algorithms have 
evidently much higher influence on the blocking. 
 For the reference 35 node European network, 
HAPSSim needed 120 different wavelengths for the 
most loaded link for the RWA algorithm with the 
poorest performance (FR with R wavelength 
assignment) to fully interconnect (zero blocking) all the 
nodes of the OTN. Given this result, we conclude that 
for large networks single hop wavelength routing cannot 
achieve full node interconnection. Double hop routing or 
other solutions have to be used to design an acceptably 
performing OTN. 
 

6 Conclusions 
This paper provided an overview of HAP based OTN 
and focused on the dimensioning of such a network. The 
simulation tool was built to carry out the dimensioning 
and performance evaluation. Several routing and 
wavelength assignment algorithms were compared on 

the selected reference HAP network consisting of 35 
nodes distributed over Europe.  
 Further study of OTNs will focus on evaluating the 
performance of dual (multi) hop OTNs in integrated 
multi-platform systems including HAP to ground and 
HAP to satellite optical links. 
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