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Abstract 

Today, satellite communication relies on well-established radio frequency technology. As data rate demands keep 

rising and spectrum congestion occurs due to the increase in number of missions, the incorporation of higher 

frequencies becomes inevitable. The Swedish Space Corporation has been researching the operational aspects of 

free-space optical communications and its impact on the ground segment for more than a decade, with particular 

emphasis on complementing the current space-to-ground data reception portfolio with the optical band as the market 

matures. This paper presents the initial efforts to design and develop an innovative optical ground network which 

will integrate geographically distributed optical ground stations as well as required network intelligence, to 

seamlessly provide a coherent service offering to its future users. The optical ground network is named NODES, for 

Network of Optical stations for Data transfer to Earth from Space and is partially funded by ESA’s ScyLight 

programme. NODES will include the deployment of a network management centre for its ground segment operation 

and orchestration, as well as two optical ground stations to execute the free-space optical links with the counterpart 

laser communication terminals onboard the satellites. The paper presents the key product requirements, preliminary 

architecture, remote site selection supported through simulation, and the installation status of the first remote site of 

NODES, which will be in Australia. 
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1. Introduction 

Free-space optical communications offer the opportunity of at least an order of magnitude higher data rates than 

current radio frequency (RF) technology. In addition, the narrow laser beam divergence capability reduces the risk of 

electromagnetic interference, jamming and eavesdropping, resulting in a more secure and resilient link without the 

RF bandwidth limitations. The optical technology also allows for a reduction in size, weight, and power on board the 

spacecraft, as well as smaller (optical) ground stations. On the other hand, technical challenges of free-space optical 

communications include degradation or disruption of the laser beam due to clouds, turbulence, and other weather 

impairments, as well as stringent pointing and tracking accuracy requirements.  

Space agencies such as ESA, NASA and JAXA have researched optical space communications for over 40 years 

and demonstrated several scenarios including inter-satellite links (ISLs) [1, 2], lunar distance links [3], GEO-to-

ground links [4-6], ISS-to-ground links [7, 8], and LEO-to-ground links [9, 10]. A particular case with a downlink of 

large data volumes to ground is typically referred as Direct-to-Earth (DTE). A recent LEO DTE payload by MIT’s 

Lincoln Laboratory named TBIRD achieved a large step towards the realisation of very high throughput optical links 

from space-to-ground reporting data transmission of 200 Gbps from a CubeSat satellite (utilizing a modified COTS 

telecom transceiver to include adaptive repeat request) to the 1-m telescope OCTL in California (with adaptive optics 

and preamplification) [11, 12]. 

The European Data Relay Service (EDRS) servicing the Copernicus programme employs optical inter-satellite 

links as secondary payload and became the first operational space optical communication service in 2016 [13]. Other 

data relay endeavours with optical ISL capabilities have been announced by public (such as NASA’s LCRD, SDA’s 

Transport Layer and JAXA’s JDRS) and private (e.g, Space-X Starlink) sectors. The interest on optical ISL for data 

relay infrastructure may not only be attributed to the technical benefits, but also to its strategic relevance. 

For the space-to-ground scenario, the optical ground segment is also achieving higher technology readiness to 

allow a transition from demonstration to routine operations at a global scale, with several actors deploying new 

ground terminals around the globe [e.g., 10, 14] and ongoing efforts for optical ground network (OGN) [15, 16]. A 

simultaneous consolidation of both ground and space segments should thus allow to overcome the outspoken 

“chicken-and-egg” problem, where stakeholders hesitate to arrive too early to be serviced.  

SSC (Swedish Space Corporation) is developing an optical ground network for a LEO-to-ground data service 

through NODES (Network of Optical stations for Data transfer to Earth from Space), which will span three and a 

half years and cover technical, standardization, regulatory, business and market aspects. As shown in Figure 1, the 

project spans 3½ years, starting from system requirements specification and subsystem development before system 

integration, service validation and finally service demonstration. The main components and stakeholders of NODES 

are shown in Figure 2. A network management centre (NMC) and two optical ground stations (OGSs) will be added 

to the network within the scope of the project. The first OGS will be commissioned at the SSC site in Western 

Australia at the end of 2023, and the second remote site is planned to be added to the network in 2024 (its location is 

still to be determined). The network will then be operationally demonstrated, and the project will close in 2025 when 

a viable starting point for a commercial service is expected to be reached.  

 

 

Fig. 1. NODES project timeline. 
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 Fig. 2. NODES concept diagram with main stakeholders 

(optional stakeholders in grey). 

 

The remaining of the paper is organized as follows: Section 2 provides an overview of the initial design of the 

OGN addressing its key product requirements, concept of operations (ConOps) and top-level architecture. In Section 

3, supporting studies for remote site selection including a simulation framework are discussed. Finally, a status 

update on the preparatory work for commissioning of the first optical ground station in Western Australia is provided 

in Section 4. 

 

2. Preliminary Design 

This section describes technical aspects of the preliminary architecture of the NODES optical ground network. 

First, the main key product requirements of the service offering are identified. Next, several concept of operation 

possibilities are discussed. Finally, the architecture of the OGN and its main subsystems is provided.  

 

2.1 Key Product Requirements 

After an initial study, four top product requirements were identified for an OGN to fulfil operational service 

viability. Those key requirements are summarized below: 

A.  Process automation – the overall network should be highly automated and require minimal human 

intervention. This not only regards operation, calibration and maintenance of the optical ground stations, 

but also the core orchestration of the network including an agile and dynamic scheduling system where 

machine-to-machine interfaces are preferred. 

B.  Predictable availability – for the customer to receive a reliable service (a statistically predictable data 

delivery Service Level Agreement, SLA), the OGN should include several coordinated and geographically 

distributed OGSs which lessens the weather impact across the free-space optical links.  

C.  Turn-key user experience – the optical service should minimise customer’s burden and ultimately provide 

and ease transition and/or compatibility with current radio frequency service offering. 

D.  Multi-mission capability – the service should support as many relevant users as possible. A disparity of 

laser communication terminal (LCT) models with different free-space optical interfaces exists nowadays, 

and standardization efforts have not been fully consolidated. Therefore, upgradability at OGS level is 

requested by design, which also allows for future technology advances. 
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2.2 Concept of Operations 

Traditional RF data reception services are based on pass booking across specific timeslots, and resources (e.g., 

antennas, basebands) were originally designed for manual exchanges. Although achieving a certain level of 

automation is possible and has been ongoing for years, backwards compatibility and a broad customer base with 

different needs may impose practical challenges.  

As the optical service will be affected by a highly dynamic environment (mostly due to cloud impact), a transition 

to a concept of operations designed for automation and focused on total data delivery at network level (not per 

individual station) is deemed favourable [17, 18]. 

A ConOps candidate which aims to simplify the initial roll-out of the optical ground network where a gradual 

customer base is expected is the “opportunistic mode”. This operational mode simplifies and minimizes the operator-

customer burden as their respective counterpart terminals may attempt to establish a link once a possibility occurs 

based on ephemeris propagation and basic constraints (such as minimum pass time above certain elevation 

threshold). This apparent simplistic approach may incur lack of efficiency, however high data rates, simulation 

models including data delivery prediction and API (Application Programming Interface) upgrades for key-

information exchange (e.g., weather forecasting, go/no go) may help overcome those inefficiencies. 

In this scenario, the pointing, acquisition and tracking sequence shall be initiated, and a link establishment 

attempted every time the satellite passes within sight of a ground station. The customer is typically responsible for 

the orbital elements provision and commanding the spacecraft for data downlinking. The ground network provider 

then facilitates data reception and delivery through a terrestrial network to a pick-up point. 

 

2.3 Architecture 

The top-level architecture of the OGN to be developed within the NODES project is outlined in Fig. 3. The free-

space optical communication interface is performed between the satellite and the optical ground stations (located at 

different remote sites in the network and geographically distributed). Each ground station is expected to receive 

O3K-modulated laser signals in the 1.5-µm band with varying data rates of up to 10 Gbps. The remote sites will be 

equipped with uplink beacons of several watts of optical power and a wide divergence angle, to help alleviate optical 

pointing demands. The payload data transmitted from the spacecraft to the ground will be redirected to a pick-up 

point for the user, which could be cloud-based. The NODES NMC performs monitor and control and orchestration. 

An interface between the NMC and the customer is also present, where the user provides updated orbital elements 

and pass configuration data (if any). The user is continuously informed about service fulfilment and data reception 

status (e.g., through a dashboard with key performance indicators). 

 

Fig. 3. NODES top-level architecture. 
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The OGN has been segmented in the following modules, or subsystems:  

• Service Monitor and Control 

• Central Data Service and Network 

• Service Management  

• Remote Sites 

 

The Service Monitor & Control will orchestrate the overall network and take care of the dynamic scheduling of the 

data transfer passes. Due to the unpredictable nature of clouds and atmospheric turbulence, the booking of the service 

will need to refrain from being pass-centric which is typically the case for an RF service, and instead a data-centric 

solution is envisioned. The scheduling system will need to be highly agile, as a scheduled pass might end up being 

only partly utilized or not utilized at all due to weather, in which case the next opportunity for data transfer must be 

found and prioritization over other contemporary passes of any mission by another customer must be determined. 

The focus therefore in the perspective of the customer must not be the individual passes, but the volume of data that 

shall be delivered within a predetermined amount of time.  

The gathering and eventual merging of data will be supported by the Central Data Service and Network module, 

including the delivery of data to the end-user on the ground. The Service Management will be a platform where the 

user and network operator interface to agree on SLA and update about status and fulfilment. All these three modules 

are controlled from the NMC.  

The fourth module, the Remote Sites, are the geographically distributed sites that include the OGSs, the interfaces 

for the OGN and any additional infrastructure to support the network, such as weather stations. The main building 

blocks of a conceptual remote site is shown in Fig. 4. The grey box constitutes the OGS with the front end consisting 

mainly of the telescope, mount and beacons, located under a slit dome. The back end of the OGS includes an OGS 

control unit, detectors, modem and data buffer, amplifiers, and beacon modulators, as well as weather monitoring 

and laser safety measures.  

The main requirements of the remote sites include remote and autonomous operation, a secure interface with the 

NMC and a compatibility with different LCT providers, a requirement referred to as multi-mission capability. 

Modularity and upgradability are also beneficial to accommodate different technical and mission requirements as the 

market and standards mature. Compliance with at least the CCSDS O3K standard [20] is also a requirement.    

        

 
Fig. 4. Conceptual diagram of a remote site. 
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3. Optimization of an Optical Ground Network 

The geographical distribution of remote sites plays an important role in the performance of the network. Since the 

optical link is severely affected by the non-deterministic variable of weather in terms of cloud coverage and 

atmospheric turbulence, multiple sites are needed in the network that are separated sufficiently for the weather 

impact of the sites to be completely uncorrelated, to maximize the probability of successful data volume transfer per 

day. SSC operates a large number of remote sites around the world as a part of their TT&C and data reception 

service “SSC Connect” based on RF communication. To keep the installation and infrastructure costs to a minimum 

in the NODES project it is natural to firstly investigate the existing SSC sites as potential places for installation of 

OGSs for the new optical service. The sites are spread over five different continents (seven continents if also 

considering collaborative sites), and each site has a unique prerequisite and weather characteristics.  

The cloud coverage of several potential remote sites has been modelled using the re-analysis meteorological model 

from Meteoblue. The model integrates open data measured at different locations into a data base and simulates 

weather parameters such as cloudiness, temperature and wind speed with an hourly resolution. Fig. 5 shows a 

comparison of modelled cirrus cloud thickness at the different sites of Santiago (Chile), Esrange outside Kiruna 

(Sweden), Tenerife (Spain), Inuvik (Canada) and Punta Arenas (Chile). From the histogram it can be deduced that 

the high latitude sites of Esrange and Inuvik have a much larger cloud coverage compared with the other sites. In 

each histogram, the corresponding modelled histogram of the SSC site WASC (Western Australia Space Centre) is 

shown in blue. WASC has been selected as the first remote site in the NODES network, as weather prerequisites are 

very good, it has good connectivity, and SSC is currently conducting other optical installations there, for SSA 

activities. It is therefore of current interest to find the optimal configuration of the network when a second remote 

site will be selected in the project.       

The Meteoblue data has been used as input into simulations to evaluate the performance of an OGN. The 

simulation tool uses the space dynamic library Orekit in the estimates of for example satellite contact time, data 

volume transfer and latency of data retrieval of a specified ground station and satellite. The tool was developed by 

SSC and previous network performance analysis using this tool has been presented in [18]. Data transfer simulations 

are used in the NODES project to understand the typical performance of a network and will be crucial in designing a 

service level agreement that is based on a guaranteed data volume delivery over a specific time interval to a certain 

level of probability. The tool is also used as a guide in the selection of location of the second remote site in NODES, 

to optimize the network performance when only a small number of optical stations are incorporated. Table 1 gives an 

example of simulated contact minutes and average downloaded data volume based on a model space terminal, and 

number of passes per day, for the same sites as the cloud data presented in Fig. 5. These results were obtained with a 

simulated satellite in Sun-synchronous orbit at 700 km altitude. The data represent simulated averages over a period 

of 60 days and the total gives an indication of the network performance with one optical station at WASC and a 

second station at one of the other sites. The number of passes over the high-latitude stations (Esrange and Inuvik) are 

nearly twice as many as the passes over the lower-latitude stations, due to the high inclination that is typical of a 

LEO satellite in Sun-synchronous orbit. When taking cloud cover into account, the high-latitude stations, which from 

Fig. 5 showed much higher abundance of clouds, are still performing better in combination with WASC than the 

stations at lower latitudes. However, in terms of latency of data delivery (which is not shown here) the southern 

stations will outperform the high-latitude stations, as they are less likely to be blocked by clouds for longer periods 

of time. Other factors, such as terrestrial network connectivity, staffed sites and extreme weather and temperatures, 

are also considered in the selection of the second station in the NODES network. 

            

Table 1. Example of simulation of performance of potential remote sites, as compared with the WASC site, based on 

a model space terminal and initial assumptions on OGS performances.  

 



17th International Conference on Space Operations, Dubai, United Arab Emirates, 6 - 10 March 2023.  

Copyright ©2023 by the Mohammed Bin Rashid Space Centre (MBRSC) on behalf of SpaceOps. All rights reserved. 
 

SpaceOps-2023, ID # 389          Page 7 of 9 

 

Fig. 5. Histograms showing the cirrus cloud thickness as modelled with Meteoblue, for sites in Santiago (Chile), 

Esrange (Sweden), Tenerife (Spain), Inuvik (Canada) and Punta Arenas (Chile). Each histogram shows the modelled 

result for the WASC site (Australia) in blue, as comparison. 

 

4. Commissioning of the first NODES Station 

The first OGS in the NODES network is a pilot station developed and manufactured by the French deep-tech 

photonics company Cailabs. At the core of the OGS is a 60-cm Cassegrain telescope to receive the downlink signal, 

on an automated alt-az mount. The free-space optical signal is routed through the receiving chain onto 

photodetectors, with data rate capability from 100 Mbps to 10 Gbps (current design of the pilot station, upgrades are 

possible). The OGS is currently under construction with factory acceptance test expected in the middle of 2023, after 

which it will be shipped, installed, and commissioned in Australia, at the WASC site. 

WASC (shown in Fig. 6) is operated and maintained by SSC Space Australia Pty Ltd. The RF antennas at the site 

are remotely controlled from the SSC Network Management Centres in Kiruna (Sweden) and Horsham (USA). In 

2022 the installation of another optical station, to be used for SSA (Space Situational Awareness) services, was 

conducted at the site. This station “AWARE” is remotely operated from SSC’s facilities in Stockholm, Sweden. The 

concrete building hosting the AWARE electronics at the WASC site can be seen in the left part of Fig. 6. The facility 

has since been completed with a dome for the telescopes and other additional infrastructure, and the station is 

operational. The NODES station for optical communication will be situated to the West of the AWARE station. The 
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design of the supporting infrastructure in terms of dome and electronics shelter with local control room for 

maintenance is nearing completion after which installation will commence. The dome will be a 4.2 m diameter slit 

dome.     

The OGS will further be equipped with a weather monitoring station, for meteorological characterization, with 

sensors for measurements of e.g., precipitation, wind speed, and atmospheric pressure as well as a white-light all-sky 

imager and a seeing monitor. The station is capable of measuring the strength of atmospheric turbulence through the 

C-DIMM (compact differential image motion monitor) [20], which will be mounted on a tracking mount especially 

developed for the Southern hemisphere, where a fixed star such as Polaris is not available. The weather station will 

be installed on-site before the OGS, already during spring 2023, to provide characteristics of the atmospheric 

conditions to inform the simulation work. Similarly, a second station will be installed at the SSC site in Santiago, to 

evaluate further the suitability of this site for the second OGS in NODES.        

 

 

Fig. 6. Left: The WASC site, with the AWARE station in the image center. The site will be further extended to host 

the NODES station (purple overlap). Right: The location of WASC in Western Australia. 

 

5. Results and Discussion  

The NODES project focuses on the development of a satellite data repatriation service from space-to-ground 

using optical communication, initially targeting LEO Earth Observation customers. NODES started in April 2022 

and the project work has up until this point been mainly focussed on requirement definition, system architecture, 

market prospection and analysis, risk management, and the procurement of the first OGS and two weather stations. 

Upon successful preliminary design review in 2023, the project will transition to development stage with critical 

design review planned in the autumn of 2023.  

The first NODES optical ground station is a pilot station which will be installed in Australia in November 2023. 

The installation of a second station, which is targeted to be a commercial station that is fully automated and with a 

multi-mission capability, is expected to take place towards the end of 2024, at which time the project work will 

transition to operational demonstration. 

The NODES project is advancing the readiness level of the ground segment towards enabling a future high-

volume data delivery service directly from space-to-ground using optical communication. However, the development 

needs to be paralleled by an interest and investments in and standardization for the future capability from the space 

segment. The technical advancements of the space segment are catalysed by the development of intersatellite optical 

links, which have reached a mature technology level, where the deployment of optical terminals for space-to-ground 

communication is just starting to take off. To verify and test the NODES OGN in-orbit test partners with optical 

terminals are needed, with first opportunity to test already within the current year. Optical downlinks are a promising 

solution to the current data bottleneck experienced by satellite operators and will help Earth benefit from data 

gathered in space. It is also an auspicious means of communication for further distances such as lunar missions and 

beyond, and the fastest way to realisation is for the actors within both the space and ground segments to cooperate in 

advancing the technology.        
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