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Abstract: A two-stage small-spacecraft mission is described in this paper, which deals with the space debris 

identification, classification and aggregation. The first long-term submission is responsible for in-situ debris observation 

close to the most populated orbits ~800 and ~1400 km by an optimized combination of on-board laser illuminator 

(lidar) and laser-gated high-resolution scan camera. The second short-term mission has been dedicated to debris 

aggregation by an optimized 5-unit satellite swarm. The key element of this swarm is a big lightweight net stretched 

between the rotated swarm satellites acting like a trap for well-positioned debris, which help to catch and to “lull” the 

debris in a safe package on lower-altitude orbit and finally to deorbit it. 
 

1. INTRODUCTION 
 

Space debris poses growing threat to LEO and MEO space infrastructure and operations due to the 

large uncertainty of their population, trajectories, mass, size, etc. Any collision event with a several-

millimeter-sized object traveling at orbital speed may cause irreversible damage and further 

avalanche multiplication of debris. The known number of space debris has increased substantially 

over the last decades and it is expected to grow further at a nearly exponential rate due to the 

increased human activities in space in the 21
st
 century. At the same time, efficient methods have not 

yet been developed for real-time detection and complete characterization of space debris with good 

accuracy as well as for their removal from orbit. The large spread in space debris sizes and 

trajectories makes their collection and removal a very challenging task, which requires 

complimentary activities such as accurate detection and classification, collision threat analysis for 

LEO objects, prediction of the evolution of the debris orbits and, finally, debris removal at low cost, 

within a large space volume and in short response times.  
 

2. MISSION OBJECTIVES  
 

Our mission aims at implementing a complete approach for reducing the risks from space debris in 

LEO by addressing all the required steps – starting from debris detection, through their 

classification and analysis and, finally, their aggregation in appropriate orbits. We have identified 

the following objectives 1-5 below, listed in their desired order of achievement. Each of them is 

equally important for the mission success: 

1. Detection and surveillance of dangerous for a direct spacecraft’s loss LEO debris larger than 5 

cm in diameter in the most contaminated Earth orbits in the range of 500-1500 km using small 

satellites with appropriate payloads for space debris detection. Such payloads can be optimized lidar 

system(s), radars, telescopes and/or laser-gated and multispectral cameras. 

2. Establishment, population and maintenance of an accurate database on the Earth allowing for 

real time space debris classification, analysis and modeling of their long-term behavior. Such a 

database should be able to handle a few million records (Big Data) and rely on data both from our 

small-satellite sensors, for processed from existing in-orbit satellites or ground-based space 

surveillance systems. Space debris are to be classified based on their orbital parameters, size, mass, 

spin, albedo and spectral characteristics allowing to determine the debris material type. Such a 

database should become the backbone of an information system allowing for both estimation of 

space debris threat and planning of dedicated satellite missions for their removal. 
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3. Quick implementation of dedicated space debris removal missions by using novel, efficient 

and short response time (a few days) small satellite launch systems, such as air launch. Such 

systems would provide the capability to execute small satellite launches from nearly any location on 

Earth, to any necessary orbit. 

4. Aggregation of space debris from a preliminary chosen sector of LEO space to a lower Earth 

orbit using an intelligent swarm of 5 small satellites launched together as a single unit, which 

deploys an optimized net for space debris capture by performing optimistic orbital maneuver. 

5. Provision of possibilities for subsequent removal of the aggregated space debris by slowing 

down their orbital speed, or by collection of the packaged debris by a dedicated LEO space mission. 
 

3. CONCEPT OF OPERATIONS AND MISSION ELEMENTS DESCRIPTIONS 
 

3.1 Mission Concept. To achieve the above objectives, two complimentary types of sub-missions 

are to be implemented using two different small satellite designs. We define terms correspondingly 

as 'Observer' – a long-term mission, and 'Aggregator' – a short-term mission. We can consider these 

sub-missions as relatively independent for design and implementation, although the data provided 

by the 'Observer' mission could be used for the space flight planning of the 'Aggregator' mission. 
 

3.2 Space segments. 

3.2.1 'Observer'. The Observer sub-mission, which could be defined as a long-term mission (3-5 

years of operation), is meant to achieve the above Objective 1. In it, a dedicated small satellite 

caring a space debris sensor payload – e. g. a 3D-maping lidar system as in [1], a cascade detecting 

system of millimeter-wave radar combined with optical lidar detecting system as in [2], an optical 

telescope described in [3], or a newly-developing multispectral sensor allowing for determination of 

debris material, is deployed in a dedicated LEO suitable for space debris detection. According to 

ESA and NASA accessible data shown in Fig. 1 a, b, the space debris population in LEO is not uni-

form. This requires careful orbit planning for the Observer in order to ensure reliable space debris 

detection. For the example of a lidar sensor [1] with planed detection range of ~400 km, Fig. 2 

illustrates a possible Observer circular orbit, which altitude is chosen in the range ~1200 km with 

inclination ~82-85 deg (see the circled area in Fig. 1a). This allows for the Observer to operate in a 

less contaminated orbital space and still detect debris in the most polluted orbits around ~800 km 

and eventually around ~1500 km, located up and below its own orbital altitude. The high inclination 

orbit of the Observer is also optimal for detecting space debris with orbits congested in the polar 

regions of Earth. In similar approach the Observer sensor(s) may have a line of observation up and 

down alongside the perpendicular to the Earth. The Observer will transmits high volume data from 

its sensors (e. g. video recording from the optical sensor) to the ground station using a high-speed 

data link as described in [4], for post-processing and extracting of space-debris related information. 

The sensor data communication module in the Observer is designed as a stand-alone payload modu-

le; thus the high-volume of data from the sensor is not overloading the satellite platform's on-board 

data handling sub-system. To ensure a more efficient achievement of the above Objective 1, it could  

      
 

Fig. 1. Space debris distribution according to: a) ESA; b) NASA Orbital Debris Program Office 
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Fig. 2 a) Illustration of the Observer's mission orbit position located between the 'belts' of most dense space 

debris (ref. Fig. 1b); b) Illustration of the sensor 3D track coverage in space during one orbit cycle 

be planned that several such Observer missions are implemented in parallel, varying for each of 

them the types of their individual sensor payloads (lidar, radar, telescope or multispectral camera), 

and/or varying the different Observer satellites orbital parameters – e. g. inclination and altitude 

(see the other 'free-space' sectors in Fig. 1a). All this would make it possible to achieve a more 

comprehensive determination of the LEO debris properties in a shorter time period. 

3.2.2 'Aggregator'. The Aggregator sub-mission is a short-term mission (between a few days to a 

few months duration) meant to achieve the above Objective 4. For this mission, a specialized 

modular satellite is developed, which consists of 5 autonomous units launched together as a single 

unit of total mass ~25 kg (without the payload).The payload of the mission is a specially designed 

net, made of lightweight high-strength fibers such as the well-known Kevlar or novel materials such 

as graphene stripes, nanofibers and nanocomposites based on proteins, organized in a fractal struc-

ture. A specially optimized structural design of the net is implemented to achieve best possible 

strength/mass ratio. An exemplary design would aim at producing a square shaped net of up to 25 

kg mass, area of ~100 by 100 m, and unit cell size ~10 cm. The fractal structure of the net would 

allow for production of any other nets of different total area and dedicated unit cell sizes without 

major re-design. The single unit modular satellite is launched into a target orbit dedicated to aggre-

gate debris from a pre-defined sector of the near Earth LEO space. The Aggregator flight profile 

could be explained as follows. 1) Based on data about the trajectories of the target for removal 

space debris flux, the 5-unit Aggregator is launched into an orbit of higher altitude than the target 

space debris flux to be captured. (The latter could also be e.g. a single piece of larger derbies or a 

“cloud of debris” traveling with approximate the same orbital parameters, etc.). The Aggregator's 

orbit inclination and velocity vector is approximately the same as the average values of the ones of 

the target debris, thus a low relative speed between the Aggregator and the derbies is achieved – see 

Fig. 3a. 2) The 5-unit satellite is separated into one autonomous unit (Master satellite) in front and 

four autonomous units in the back (Slave satellites), forming a “swarm” [5] and deploying the net 

payload in its operational configuration, as illustrated in Fig. 3b. For example, a target operational 

configuration is to achieve ~0.01 km
2
 capture cross-section of the net, requiring ~100 m separation 

of the units. Each of the 5 units is to have its own propulsion and ADCS systems, enabling the 

“swarm” to dynamically keep its operational configuration. For example, the units at higher altitude 

will tend to lag behind the units at lower altitude, thus specific dynamic orbit correction shall be 

implemented to keep the formation as a whole. A suitable rotation of the whole formation is 

proposed as the most efficient solution to ensure configuration stability (see 6.2 below). Self-control 

and coordination of the units (“an intelligent swarm”) shall be implemented as described in [5] (see 
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Fig. 3. Qualitative illustration of the different phases of aggregating space debris using intelligent 

satellite swarms. The scale, position and shapes of the objects shown are for illustrative purposes only. 

also 4.4). This 5-unit configuration will allow for achievement of good control of the net and the 

center of mass for the entire formation. 3) The 5-unit formation with the deployed net is to start 

gradual reduction of its orbit altitude, thus intersecting the orbit of the debris, aimed for 

interception, and maintaining at the same time low relative speed between the Aggregator and the 

debris. 4) At some moment, space debris fragments are to be captured by the net during the 

formation maneuver. It is interesting to note that derbies are expected to “fill” the net from behind 

due to their higher speeds. The mass of the captured debris (in the case of a debris “cloud” or 

stream) would depend on the time of having the net exposed to the debris flux and the density of 

debris in the area of operation. The captured mass is to be substantially increased when the 

Aggregator swarm is brought to an orbit in the vicinity of large concentration of debris. When a 

target volume of debris is collected by the net, the 4 units of the swarm fleet are to close the net by 

an orbital maneuver to avoid debris spread, as illustrated in Fig. 3c. Thus, the Aggregator's mission 

is to be generally completed. 6) The “packaged” debris shown in Fig. 3c could either stay in orbit 

for a subsequent collection, or be brought to a lower orbit allowing for their burning in Earth's 

atmosphere. In case of using a conductive net (e. g. one based on graphene), another possibility is to 

rely on the torsion effect of the Lorentz force caused by the conductive net interaction with Earth's 

magnetic field. This would further slowdown the debris package and possibly cause its dive into 

Earth's atmosphere. All these considerations would allow to achieve our above Objective 5. 

А similar approach could be used for deorbiting of single items of larger debris. Compared to 

satellite snagging proposed by ESA [6], the above Aggregator operation could make the process 

more predictable; allow for reliable use of thinner spun net versions (which have been shown in [6] 

to be more effective than the thicker, woven designs), which could possibly be both lighter and 

more resistant to sharp-edge damaging during slower Aggregator capturing maneuvers; and enable 

the swarm to cope with uncontrolled, tumbling debris. Moreover, in such a case, an operation mode 

is possible where the net, being covered with photopolymer, is deployed during orbit darkness and 

afterwards, being exposed to strong solar UV radiation, it hardens and sticks firmly to debris 

surface. Thus, the Aggregator could have firm grip on intercepted tumbling debris and proceed with 

stabilizing and deorbiting maneuvers. Thus, deorbiting could efficiently be achieved also with using 

commercially available electrodynamic tethers [7]. 
 

3.3 Ground segment. The ground segment consists of satellite command and control units (for both 

the Observer and the Aggregator), for high-volume data reception from the Observer(s) sensors, 

and of other systems, part of an ICT infrastructure for space debris database management, trajectory 

analysis, modeling and simulation (the so-called “user segment”). The radio-communication part of 

Packaged 

'Aggregator' 

Debris "cloud" Four slave 

satellites S1, S2, 

S3 and S4 for 

net stretching 

'Aggregator' 

net 

Master 

satellite M0  

in the swarm 

"Packaged" debris  

S1  

S3  

S2  

S4 

a b 
c 

Debris  



 

 

the ground segment is to be built on the basis of using novel compact low-profile VSAT antenna 

terminals operating in X- and/or Ka-bands [8]. It is important to mention that the user-segment part 

of the ground segment is to be responsible for providing mission planning information for the 

Aggregator's satellites. This information is to be provided both from the analysis and modeling of 

space debris data from the Observer's missions, but also from dedicated analysts of data from other 

existing space debris sensors on the Earth surface. A novel approach would also involve processing 

of existing imagery or radar data from the Earth observation and meteorological satellites in 

LEO/MEO, which may contain information about space debris located in lower orbits. The 

Aggregator's missions are planned based on the following example considerations: density of space 

debris, whether the target debris is a “cloud of debris” or a single, bigger object; whether the target 

debris are traveling at similar speeds and directions; speed of self-rotation of debris (e. g. debris 

larger than 15 cm should not rotate at a speed higher that 2 rotations per second; the possibility to 

achieve low relative speed between the Aggregator and the cloud of debris in order to minimize the 

risk from collision for the Aggregator's units. The ground segment will continuously process the 

received data, thus ensure a continuous improvement of the accuracy of information about the space 

debris trajectories, population, etc. Semantics-based algorithms for database search and data 

extraction and manipulation, also from distributed database sources, are to be used allowing to 

efficiently handle a few million records. 
 

3.4 Launch: We propose an air-launch system for implementing Aggregators’ sub-missions. The 

air launch [9-11] can provide fast, flexible, dedicated launch options for micro- and nanosatellites. 

Compared to more traditional approaches, it utilizes an aircraft as both a reusable first stage and a 

launch pad – see Fig. 4a,b; thus reducing the amount of expendable hardware in each mission, 

increasing launch availability, and allowing for more flexible launch operations. Key features of air 

launch that make it feasible for micro and nanosatellites include [11] (Fig. 4c): 

– Improved booster performance launching from altitude. Nozzle expansion ratio can be increased 

without incurring additional pressure losses, while drag losses are reduced due to decreased 

atmospheric density at altitude. Air launch opens the trade space to low-thrust and lower-cost liquid 

propulsion systems that can successfully replace too large or too expensive ground launch systems. 

Cost can also be reduced, if aircraft operating costs are lower than additional booster costs required 

to match system performance from the ground. 

– Common mechanical and electrical interfaces are available for application of launch vehicles to 

multiple carrier aircraft. Standard military ejector racks can be installed on a wide range of aircraft 

(F-15, Rafale, Typhoon, MiG-29; MiG-31, etc.) capable of launching large external vehicles.   

– Opportunities exist for lean and flexible launch operations by using small airfields with 

standardized ground support equipment for both aircraft and launch vehicle systems. 

The combination of existing, widely available aircraft with small expendable rockets equipped with 

available propulsion elements yields a launch system, which can affordably provide dedicated 

launches from almost any geographic location and achieve the most optimal orbit altitude and 

inclination for our proposed space debris management missions. The most of the existing air-lunch 

projects report for available payloads ~40-45 kg and reached orbits from 200 to 1000 km with 

inclination 0-98.7°. This could be considered as relatively satisfactory for implementation of the air-

launch system for the Aggregator sub-missions, but some improvement in the near future will be 

welcome, moreover that the maximal payload weight depends on the reached LEO altitude and 

inclination. For example, the payload weight varies 45-15 kg for inclinations 0-98.7° at altitude 200 

km; at inclination 60° the payload weight varies 30-15 kg for altitude 200-800 km [11]. Some 

optimization could be achieved according [12], if a high-altitude aircraft as MiG-31S (ABSL) have 

been used with initial altitude 21-25 km and initial velocity 680-750 m/s. At these heights the 

nozzle of the rocket stages could be optimized for a vacuum operation with relatively small 

aerodynamic and gravitational losses – see data in Table 1. At these bigger altitudes the attached 

micro-rocket can be released with less congestion, which leads to lower fuel consumption and the 

payload could be increase up to 150-250 kg. This is a serious advantage of the air launch. 



 

 

 

Fig. 4. a) GO Launcher 2 Project [11]; b) Schematic trajectories; c) 45-kg payload in the rocket head 

Table 1. Velocity losses in three different launchers according [12] 

Velocity losses in 

m/s due to: 
Ground launch 

Existing air launch (v0 

= 300 m/s; H = 11 km)   

ABSL launch (v0 = 750 

m/s; H = 21 km)   
Gravitational 1224 700 680 

Aerodynamic 93 312 141 

Control 286 114 99 

Atmospheric thrust 62 42 30 

Total losses 1665 1168 (70 %) 950 (57 %) 

 

4. KEY PERFORMANCE PARAMETERS 
 

4.1 On-orbit debris observation. The man-made space debris observation is a special activity of 

all the leading space organizations. There exist two options for debris detections of different sizes at 

different orbits: from the Earth and on-orbit (in-situ) detection. The main methods for debris 

observation from the Earth are based on efficient radar remote sensing (discovery and tracking 

radars) (for objects below 5000 km) and on optical telescope imaging (for objects above 5000 km, 

incl. GEO) [13-14]. These methods usually give useful information for the so-called big (with 

diameter > 10 cm) and dangerous space debris (0.1-10 cm). The main disadvantages of the Earth-

based debris detection methods are the big distance to the detected objects, atmosphere influence 

and the requirements the detected debris pieces to fly overhead. The spread opinion is that the in-

situ detectors can be flown everywhere, but cover only the orbit of the host satellite and are 

normally limited in a sensitive area [13]. Fortunately, recently we observe a serious progress of on-

orbit space debris detection sensitivity up to millimeter and sub-millimeter debris sizes. Two types 

of sensors have been applicable for this approach – active radar and/or lidar sensors and passive 

optical telescopes. In the case of passive on-orbit optical telescopes [15, 16] the application of 

sensitive CCD cameras can ensure convenient sensitivity (0.1-1 cm in LEO; and 1-100 cm in GEO) 

and allows the reduction of the photometric signals in term of object size and velocity. The propo-

sed in [17] LODE (Local Orbital Debris Environment) sensor, based on a passive optical photon-

counting time-tagging imaging system deployed on spacecraft, ensures even sub-millimeter-size 

sensitivity (0.2-10 mm), when the sensor is “swimming” among the small space debris objects. It 

detects solar photons (in the visible range) reflected by debris crossing its FOV at distance <40 km. 

Our approach to space debris observation is based on the recent progress in the sensitivity increase 

of the optical on-board laser radars (lidars), the combination in the simultaneous actions of the laser 

radars, optical and/or hyperspectral cameras, quantitative trajectory analysis of the Observer and 

reliable data analysis. Sensor technical capabilities are crucially important. The combination lidar-

camera should allow for detection of objects larger than 1-5 cm from a distance of at least 200-400 

km, provide a field of view (FOV) (with or without scan) of at least 20 deg and operate at frequen-

cies suitable for space debris detection. The optical sensor should have largest possible FOV at 

acceptable signal-to-noise ratio to make possible efficient observation of debris trajectory evolution.  
 

4.2 Debris aggregation. For debris Aggregator, a key element in our approach is the proper design 

of the flight maneuver allowing for deployment of the net and its exposure to the debris flux, while 
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keeping the formation of the 5 autonomous units at a distance of the size of the net. A key motion of 

the considered Aggregator swarm is the uniform rotation of the forth satellites in the swarm “halo” 

around the axis along the line between the “swarm-leader” satellite and the center of mass of the 

other forth satellites (see 6.2). The propulsion system of the units is based on cold/hot-gas thrusters 

providing ΔV of 300 m/s, thrust of at least 0.3 N and a specific impulse of 800 m/s. The lightweight 

net used to gather the debris should be able to sustain impacts with debris of predefined energy to 

mass ratios (debris impact with ratios of ~40 J/g is typically considered catastrophic). 
 

4.3 Small satellite thrusters that support mission. The other key issue in our mission, especially 

for the short-term mission Aggregator, is the satellite thrusters. The successful implementation of 

this sub-mission requires a standardized propulsion unit that can perform the following tasks: 

Targeting – to provide the necessary control actions ensuring the delivery of each spacecraft into a 

given planned position in the swarm; Orientation – to join the related coordinate system of the 

spacecraft with the ground coordinate system necessary for the required three-axes orientation; 

Rotation – to ensure the synchronized rotation motion of the whole swarm. This requires a well 

selected satellite thruster unit, which is relatively simple in structure, reliable and inexpensive for 

development and production. We have own developments of microwave plasma sources [4] and 

alcohol resistojets [5], but for realization of the Aggregator mission we need implementation of 

ready-stage and flight-proven satellite thrusters.  

In the last 2-3 years we can see a serious progress in development of small-satellite propulsion. 

Table 2 presents summarized state-of-the-art data from [18] for the important for us parameters of 

several known satellite thrusters: thrust range, consumed power and specific impulse. We can 

distinguish two types of thrusters depending on the reached trust, suitable for realization of the 

satellite motions in the Aggregator swarm – with cold gas to obtain large thrust (typically 50 N) and 

thermo-electrical and similar – for low thrust (typically 0.5-5 N). We can consider also thrusters 

with very high specific impulse (micro electrospray; pulsed plasma, mini-ion, etc.), but they have 

high consuming power and could not be acceptable for the power-limited Aggregator satellites. The 

both acceptable types can operate with one propellant – gaseous N2, which are drawn from a 

common tank. A cold N2 gas thruster can be used for initial maneuvers the entire unit to orbit. 

Thermoelectric engines could be used for maintenance and stretching of the Aggregator net, as well 

as for maintaining the mutual configuration and rotation of the five satellites relative to one another. 

Each thermoelectric thruster requires electric power around 60 watts, which is provided by solar 

panels. The engine system of the Aggregator satellites needs to provide V ~ 300 m/s; therefore the 

fuel mass will be in order of 40% of the total mass of the spacecraft. The high maneuverability of 

the satellites in the swarm could be reached, when the ruling nozzles must be located on three axes. 

The fuel is stored in a spherical tank, which is located in the mass center of the spacecraft. 

Table 2. State-of-the-art thrusters and some their characteristics according [18] 

Thruster type Propellant 
Thrust 

range, N 

System 

power, W 

Specific 

impulse 

Isp, s 

Relative 

Isp density 

(rel. to N2) 

Storage 

Pressure, 

MPa 
Cold gas Nitrogen N2 0.01-100 reduced ~70 1.0 2.1 

Cold gas Multiple 0.01-1 - ~70 1.77 <6.3 

Pulsed plasma PTFE, metals <0.0013 1.5-100 500-3000 - N/A (solid) 

Water Electrolysed Water (bipropellant) 0.1-5 increased 300-350 ~14 liquid 

Thermoelectric  Hydrazine N2H4 (mono) 0.5-40 ~60 150-250 ~8 0.7-2.8 

Micro Electrospray Ionic liquids, In 0.00001-0.0001 efficient 500-5000 1000-6500 unpressurized 

Iodine Hall Iodine 0.01-0.15 200-600 1000-1750 5000 unpressurized 

Ambipolar Xe, Kr, I 0.002-0.025 3-300 1200 unknown unknown 

Long-Life Hall and 

Mini-Ion 

Xenon Xe and  

Iodine I 

0.00001-

0.0001 
25-200 500-5000 50-300 

Xe: 7; I: 

solid 

 

4.4 Communications between the satellites in “Aggregator swarm” as an intelligent network. 

The limited resources in space form few heavy demands for the communication system between the 



 

 

satellites in the swarm or Inter Swarm Communication (ISC). The main requirement is low power 

consumption for highest RF power emitted. Another key requirement is the high sensitivity and the 

ability to detect low power signals. On the other hand the specific conditions in the Aggregator 

“swarm” are less demanding for other parameters of the ISC. One of them is the communication 

distance, since the satellites in the swarm are planned to be close together, just a few kilometers 

away in open space. The main purpose of the ISC is for communication and telemetry in the swarm, 

which could be achieved with lower data-rates (an example is given in [19]). 

All these parameters for the required ISC are very similar with the parameters of few very rapidly 

developing communication systems on Earth; these are the systems for Internet on Things (IoT) and 

the smart-city management in the sub-GHz ISM bands. One of them is the new LoRa (Long Range) 

technology. The LoRaWAN™ is a Low Power Wide Area Network (LPWAN) specification 

intended for wireless battery-operated Things in regional, national or global network [20]. It is a 

proprietary spread spectrum modulation scheme that is derivative of Chirp Spread Spectrum 

modulation (CSS) and which trades data rate for sensitivity within a fixed channel bandwidth. It 

implements a variable data rate, utilizing orthogonal spreading factors SF, which allows the system 

designer to trade data rate for range or power, so as to optimize network performance in a constant 

bandwidth [21]. There are several IC manufacturers that have implemented LoRa technology in a 

single chip transceiver or RF modules like Semtech and Microchip. For our ISC a RN2483 LoRa 

modem is selected, because of its low power consumption of just 40 mA at +14dBm TX power at 

868 MHz, 14.2 mA Rx and, 9.9 µA in deep sleep mode. It is a dual band module for 433 MHz and 

868 MHz, it has sensitivity of -148 dBm and configurable data rate of up to 10937 bps with LoRa 

modulation or 300 kbps with FSK modulation – Fig. 5. The antennas are standard monopoles. With 

these parameters it has declared coverage of 15 km [21, 22], which is fully enough for our 

application in the satellite swarm Aggregator. This module is selected because of its parameters 

matching with ISC requirements, but also because of the ability to easily change all parameters and 

thus be able to configure the ICS in accordance with different requirements. In the module there is a 

built in LoRa stack for on-earth applications, but it could be skipped and use the module’s RF part 

with a proprietary communication protocol for better use of the limited data-rate.  
 

4.5 Concept of small satellites “swarm intelligence”. Swarm intelligence has been attracting 

considerable interest for space applications [24]. The space environment is highly challenging to the 

capabilities of single satellites, robots or apparatus that needs to survive in open space (space 

agents). Space agents are generally limited in terms of mobility (propellant and power constraints), 

communication (power constraint) and size (mass constraint). Nevertheless, a high level of 

adaptability, robustness and autonomy is required to increase the chances of successful operation in 

a highly unknown and unpredictable environment. Similar characteristics are observed in the 

individual components of biological swarms. 

A large number of satellite constellations have been deployed so far for various practical purposes 

without making use of an emerging property that can be seen as swarm intelligence. Just recently, a 

coordinated maneuvering formation has been successfully demonstrated where a satellite quartet 

flew at 7.2 km apart [25]. Along these lines, if available, swarm intelligence capabilities provide 

attractive design options, for example, achievement of autonomously operating formations at 

smaller spatial separation. At the same time it is possible to engineer systems that are robust, 

autonomous, adaptable, distributed and inherently redundant. In addition, swarms allow for mass 

production of single components and represent highly storable systems, thus contributing for 

substantial mission cost reduction. We have already developed some conceptual applications of 

adaptive small satellite swarms for meteoroid deference and debris removal [5]. In our present case, 

swarm intelligence can be of crucial significance while operating on orbits with high debris 

concentration by enabling satellite formations to quickly monitor their overall status and possibly 

compensate with all available resources for damaged or nonfunctioning agents. 

According to the practical definition in [26], a satellite swarm is an ensemble of mutually 

interacting spacecraft performing a number of tasks in a coordinated manner. When a swarm of 



 

 

specialized agents is assigned to acquire a certain final geometry, the final position of each agent in 

the target configurations should be chosen autonomously within the global behaviour emerging 

from the environmental factors and individual capabilities. Such a behavior is more resilient in a 

hazardous debris environment than that of a master ship with centralized intelligence. 

Along these lines, our proposed Aggregator swarm system can be designed to utilize all available 

resources for mission execution even in cases when some of its agents fail to deliver normal 

operation. Moreover, swarm behavior could be adapted for capturing debris with stable or tumbling 

orbital motion. It should be pointed out that if an agent is unable to establish network connection 

with anyone else from the swarm, it should switch itself off from all other swarm operations and 

continue with attempts to communicate. 
 

5. SPACE SEGMENT DESCRIPTION 
 

5.1 Laser-gated imaging system for the Observer satellite. The most important system of the 

payload space segment of the Observer satellite is the system for debris observation/detection. The 

selection of this system in order to work properly at big distances for small-sized debris object isn’t 

an easy task. Nevertheless, that the application of passive on-orbit optical telescopes with sensitive 

cameras is a very promising classical and not so expensive solution, the relative positions between 

the Sun/Moon, Observer satellite, space debris object and the Earth are relevant to the optimal 

detection sensitivity due to the proper object illumination and achieved signal-to-noise ratio. An 

efficient solution for passive optical on-orbit observation of small-sized object is the application of 

small-aperture telescopes [15]. The active detection instruments like lidars and radars are indepen-

dent on the observation conditions, they could measure as the distance to the objects, as well as 

their speed, but the minimum detectable debris diameter is a function of 1/r
4
 (r – range distance), 

which leads to high-power supply demands. For the onboard lidars on LEO the big relative speeds 

between the Observer satellite and the potential debris objects, which occasionally passes the FOV, 

are also quite critical. If we consider a single lidar operation with side view detection (perpendicular 

to the satellite flight direction), as described in [1], the relative displacement between the lidar and 

debris object could be between several hundred meters (due to the relative translation movement) 

up to several kilometers (due to the satellite spin) in the frame of one lidar pulse. This fast uncont-

rolled displacement decreases the detectability and the debris target could be easily omitted. In fact, 

we don’t have enough information that the described in [1] lidar action is flight proven and will 

ensure enough efficiency for debris detection up to 400 km range. Another, more reliable detection 

mode has been described in [2]. It is based on a cascade detection of long-range debris (up to 150 

km) – first step, a coarse metal debris detection by millimeter-wave radar and second step, more 

precise determination of the debris location and speed by optical high-resolution detecting system 

with strong anti-interference ability. The problem is that the described two-stage system has very 

difficult control and probably it cannot work fluently in a space debris environment.  

In order to minimize the described uncertainty and to increase the space debris detection efficiency, 

we propose in this project another technique – a laser-gated scan imaging [27]. This technique is 

known from its land-based military applications for difficult for observation battle-field components 

[28], but we started its development for space applications in our new project OK Sat Express [29]. 

The working principle of this observation method is schematically illustrated in Fig. 5a. This is also 

 

 

 

 

 

 

 

 

 
Fig. 5. a) Principle of laser-gated scan camera object detection; b) SWIR gated camera; c) pulse lidars  
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a two-stage observation technique, but now a pulsed laser (lidar; Fig. 5c) has been used in the first 

stage. It serves as a light source to illuminate the whole scene (usually in the short-wave infrared 

range SWIR with wavelengths between 0.7-2.5μm). The laser pulses are emitted from the source 

with pulse duration tp in the interval from a few nanoseconds up to microseconds with selected 

pulse energy. The light pulse can then reflect by the surrounding surfaces of the possible space 

debris objects. Photons, travelling toward the imaging sensor at the light speed c, that are reflected 

at different ranges, arrive at different points in time. The imaging sensor or “global-shutter” scan-

gated camera (Fig. 5b) “opens the gate” (i.e., starts the exposure) after a certain time (gate) delay d 

for a very short period of time (gate width w). Therefore, the sensor is not influenced by scattered 

photons or parasitic light sources. Only the photons that arrive within the gate width contribute to 

the resulting image. The gate delay d determines 

the position (range) of the detected debris object, 

and the camera gating time w (exposure time) will 

define the depth of view (range depth) – Fig. 5a. 

Therefore, the resulting image consists of 

information only from reflected light at the 

distance of interest. Changing the gate delay d by 

a selected step, the camera can perform quite 

informative 3-D imaging of the possible space 

debris objects at different distances along a given 

direction. 

The main characteristics of the described lidar-

gated scan imager in the Observer satellite have 

been described in Table 3 (more information will 

be presented elsewhere).  
 

5.2 Aggregator net design. The main payload of the Aggregator mission is a specially designed net, 

made of lightweight high-strength fibers, with a function as described in section 3.2.2.  

Let’s first evaluate the possible dimensions of the net. In the beginning, we will consider the net as 

a regular square pyramid with base length aP and height h and total side area SN = aP [aP
2
 + (2h)

2
]
1/2 

(this is the area of the pyramid side walls) – see Fig. 7d (pyramidal model). When h = 0, SN = aP
2
. 

This is the simplest geometrical model of the net as a flat square, where aP is the distance between 

the slave satellites. In the pyramidal model the height h is the distance between the master satellite 

and the square of the slave satellites in the swarm. This model (e.g. for h = aP or 2aP) forms a 

better-shaped “trap” for debris catching; if the distance h increases and the total area SN is fixed, the 

slope of the side walls of the net pyramid will decrease and the risk for net rupture by the fast flying 

debris will also decrease. But in this case the edge length aP of the pyramid base (the “entry of the 

trap”) will decrease (compared with the flat square with 33, 42 % for h = aP, 2aP), which leads to a 

less effectiveness for the space debris accumulation in the constructed net trap. 

Let’s now evaluate the net mass MN. If we apply the simplest net model 1 (see Fig. 7d) as a square 

with effective length aP and with uniform unit cell size b, the total length of the net thread will be 

LN = 2aP (aP/b + 1) or LN, km
 
~ 2.10

4
aP

2
 + 2aP, when aP is in km and b is 10 cm. The Kevlar® [30] 

is now one of the strongest and most heat resistant commercially available threads with tiniest 

diameter 100 µm with 56.445 km/kg in this case. But the net area SN and the net mass MN are close 

dependent. If we choose wide net with SN = 1 km
2
, the total Kevlar thread length will be LN ~ 20000 

km, while the total mass becomes quite big, MN ~350 kg (!). Now, if we select a restricted net mass, 

e.g. MN ~ 15 kg, we recalculate LN ~ 850 km, SN = 0.0424 km
2
, and an effective edge length aP ~ 

138, 119 m (for h = aP, 2aP), i.e. the area of the entry aperture of the “trap funnel” decreases. If we 

replace now the Kevlar fibers in the net with carbon nanotube wires (1.35 g/cm
–3

) with equivalent 

to the Kevlar tensile strength, the CNT thread will have diameter ~32 µm and 230.3 km/kg (or 4.1 

times longer length for equal mass). At these conditions, for SN = 1 km
2
 the total CNT thread mass 

will be only MN ~ 87 kg; contrariwise, if we choose now MN ~ 15 kg, the CNT thread length should 

Table 3. Lidar-gated imager system parameters 

Component Characteristics 

Lidar 

2U lidar + camera; range 50-400 km, 

range time <3 ms, 30 kW/pulse, pulse 

width tp <1 ms, variable pulse rate, 

variable beam width (5-15) deg, 

power consumption 30 W  

Camera 

Global shutter camera, CCD matrix 1 

Mpixels, 150 MB/scan (15 MB/scan 

with compression), variable d ~1-2.7 

ms; tuned W ~0.05-0.3 µs depending 

on the range resolution, full frame rate 

<400 Hz, tunable FoV 10-30 deg, 7 W 

Computer Processor ARM7, 800 MHz, 2 W 

Communica

tions 

15 Mb/s data transfer speed, X band, 

scanned antenna array 24 dBi, 30 W  
 



 

 

be LN ~ 3445 km, SN = 0.173 km
2
, and an effective edge length of the pyramidal will increase to aP 

~ 280, 240 m (for h = aP, 2aP). Thus, we can conclude that there are some constraints to be 

accounted in for the future, aiming to increase the effective area of the Aggregator's net, using net 

from thinner CNT threads. At the present conditions one could consider the Aggregator's mission 

design as a proof of concept for space debris collection using a formation of small satellite swarm. 

The question how many debris mass could be grasped in the net during one Aggregator mission is 

also very interesting. To evaluate this parameter we will consider again the simplest net model 1 

from Fig. 7d. We selected square Kevlar net area to be SN = aP
2
 = 100x100 m

2
 with unit cell size 10 

cm and with total thread length LN = 200.2 km. Under these conditions, we presented in Table 4 

(column 5) the maximum debris mass closed in one net, taking in mind the concrete values of the 

tensile strength of three commercial Kevlar fibers with different diameter. The calculated values are 

based on a set of several single fibers, which are tensioned simultaneously. Better results could be 

obtained for the cobweb model 2 (Fig. 7d) for the net with more longitudinal threads along the net, 

which can absorb more stable the strong tension from the caught space debris. The problem of the 

cobweb net model is the bigger mass (>2 times bigger compared with the square model). The pre-

sented values are more or less coarse, because no any dynamical effects have been considered (6.2). 

Table 4. Important characteristics of the Kevlar net, aggregator swarm and the caught debris 

Kevlar fiber 

diameter, 

mm 

Tensile 

strength, 

kg [30]  

Length/ 

mass 

km/kg 

Net mass 

(model 1), 

kg 

Max debris mass 

grasped in one net 

(model 1or 2), kg 

Fiber elasticity 

coefficient ke, 

N/m 

Max relative 

linear speed 

vd, km/h 

Max angular speed 

of swarm rotation 

S, cycle/min 
(1) (2) (3) (4) (5) (6) (7) (8) 

0.1 1.8 56.445 3.6 360/1800  70.6 32 1.1 

0.25 10.4 13.507 14.8 2080/10400 441.4 80 2.7 

0.46 29.0 4.233 47.3 5800/29000 1494.3 148 5.0 
 

6. ORBIT/CONSTELLATION DESCRIPTION 
 

The orbit design and optimization is critically important for the successful and most efficient 

implementation of the missions of the 'Observer' satellite(s) and 'Aggregator' swarms. Several 

realistic numerical simulations using the Free Flyer
TM 

tool [31] have been performed, showing the 

feasibility of the space segment operations approach, outlined in sections 3.2.1 and 3.2.2 above.  
 

6.1 'Observer' orbits. The main goal of the Observer mission is to allow detection of a maximum 

number of debris pieces of pre-defined minimal size for a shortest time. The orbit(s) parameters 

depend on the debris sensor characteristics and expected debris distribution. For the purpose of this 

simulation study, we used the example lidar parameters described in [1] and the Two-Line Element 

debris distribution model from NORAD [32] representing the actual debris orbital parameters after 

the collisions of the Fengyun 1C, Iridium 33 and Cosmos 2251 satellites since February 2013. We 

simulated the debris detection rate in % as a function of the lidar FOV, FOV direction (up, down, 
 

  

  

Fig. 6. a) Simulated debris observation efficiency in different scenarios; b) 6 Observers’ orbit traces 

after 2 days (~60-% coverage); c) detected versus undetected debris pieces after 2 days  
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both up and down, and forward scan), number of lidars per satellite, and number of Observer 

satellites located in constellation – see data in Fig. 6. The results show that 1, 3 or 6 Observer 

satellites with pair of lidar sensors can detect 37.8, 69.2 or 89.9 % after 1 week and 76.3, 93.3 or 

96.4 % after 4 weeks after launching, i.e. the efficiency decreases with the time. Moreover, the 

downward direction of the lidar is considerable more efficient in the considered case. Finally, 

applying a slow sensor spinning (1 cycle/s) the detection efficiency sharply increases: 90-% debris 

detection has been achieved within only 3 days for a constellation of three Observers (Fig. 6a). 
 

6.2 'Aggregator' formation orbit and relative satellite maneuver design. The Aggregator 

formation flight dynamics and orbital maneuver design are critical to implement the intended 

functionality described 3.2.2. The main difficulty is to ensure the establishment, control and 

preservation of the Aggregator formation in all the stages shown in Fig. 3. In this work our efforts 

are focused on demonstration of the implementing feasibility for the planned swarm flight 

maneuvers. The first simulations show that the simple linear deployment of the fourth “slave” 

satellites from the packaged Aggregator (see Fig. 3a) leads to an unstable swarm formation. Due to 

the different orbit dynamics of the individual satellites, especially the top and bottom satellites, they 

easily spread in the space in a short time after the deployment, as it is illustrated in Fig. 7a. To 

stabilize the flight formation, we propose to implement a synchronized rotation of each of the 

“slave” satellites around a common axis parallel to the flight direction and passing through the 

“master” satellite. Fig. 7b illustrates the trajectory of each of the fourth “slave” satellites relative to 

the “master” (in position M0) during the proposed new deployment and operation scenario. At the 

end of the spiral (in position 3) each of the “slave” satellites rotates with a constant speed and at a 

constant pre-defined distance from the common axis. This allows to preserve the relative distance 

between the “slave” satellites in the “halo” and also the distance to the “master” one, as shown in 

Fig. 7c. The net is not shown here for simplicity. The interaction between each of the satellites and 

the net is of a secondary importance here; it is a subject of a separate investigation elsewhere. Our 

study reveals that by optimizing the deployment dynamics accounting for the net interaction as 

well, it is possible to achieve a stable rotating configuration shown in Fig. 3b and Fig. 7c of the 

whole 5-unit swarm, which is moving forward in orbit without any “spreading”, for practically 

indefinite orbit cycles. The described simulations allow us to conclude that the proposed operations 

scenarios shown in Fig. 2 for the Observer and in Fig. 3 for the Aggregator missions are fully 

feasible and possible to implement. More detailed engineering studies are further needed to reveal 

all the requirements and details for practical operations design and implementation. 

Nevertheless, in this paper we can consider two typical scenarios in order to evaluate the maximum 

possible relative linear speed between the swarm and the debris fragments and the suitable angular 

velocity for swarm stabilization. These scenarios are relevant in case of consecutive collection of 

small debris with a large net because collection of single large debris is most feasible when relative 

linear speed is approximately zero. In the first scenario we will consider a stable Aggregator swarm 

and a typical single 3U debris fragment with mass md = 3 kg and dimensions 30x10x10 cm (Fig. 

7d), which is flying to the net trap with a relative linear velocity vd. The model of interaction is 

based on a non-elastic collision between the debris piece and the whole net. In this model we 

suppose that the relative kinetic energy of the translating debris in the coordinate system of the 

swarm master satellite is fully convert into a potential energy of the system “debris-net” on the base 

of Hooke's law – a force F = -kex appears, which stretches the net fibers up to the moment of 

breaking. The expression for evaluation of the maximal velocity vd is vd
2
 = kexNf /md, where x 

is the maximum stretch before breaking (typically 3 % for Kevlar threads), Nf is the number of the 

fibers, which are loaded with the force. The single-fiber elasticity coefficient ke in N/m could be 

determined by the expression ke = E0A0/L0, where E0 is the Young's modulus (modulus of elasticity; 

typically 110 GPa for Kevlar [33]); A0 is actual cross-sectional area through which the force is 

applied and L0 is the length of the single thread. The obtained values for vd have been presented in 

Table 4 (column 7) for the net model 1 with 50 % reserve – between 10-40 m/s. In the case of 

pyramidal net these values decrease with sin(/2)-factor; where  is the angle on the pyramid peak.  

Real debris detection: 

gray points – undetected 

black points – detected 
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The second scenario considers the stabilization effect of the swarm rotation during the non-elastic 

collision with the debris fragment from the previous case. In order to keep the formation stable, the 

kinetic energy of the rushing debris should be smaller than the kinetic energy of the rotating 

formation according to the axis of the translating swarm, i.e. ½mdvd
2
 ≤ ½ISS

2
, where IS is the 

momentum of inertia of the rotating net with the forth slave satellites, IS = MSaP
2
/6 (MS = MN + slave 

satellites mass), s is the maximum angular velocity, which supports the swarm formation stable 

during the collision; the obtained values have been presented in Table 4 (column 8; 1-5 cycles/min). 

    

Fig. 7 Aggregator: a) linear net deploying – an unstable configuration; b) deploying with rotation of the 

“slave” satellites; c) stabilized rotating 5-unit configuration after the full deploying; d) net models   
 

 

7. IMPLEMENTATION PLAN 
 

7.1 Organization of the mission and implementation plan. The approach proposed here for 

addressing the space debris problem in LEO requires development of several complex components 

which, as such, could only be implemented by a strong and motivated team of international experts 

and organizations. Strong inter-government support is needed also due to possibly existing legal 

issues for implementing air-launch and a space debris removal mission. Provided there are no 

financial or legal constraints, we foresee a 4-year period for implementing the first Observer's and 

Aggregator's missions. We plan to divide the activities in four major work packages as illustrated on 

the top level view in Fig. 8. WP1 will deal with the design of the Observer and Aggregator 

platforms. In the first year, detailed feasibility studies will be executed to identify all needed 

technological and engineering require-

ments. In the end of the fourth year, 

first air launches are to be done. WP2 

is to address the implementation of the 

ground segment hardware infrastruc-

ture. In WP3 the required software 

tools for analysis of the space debris 

data and large database manipulation 

are to be developed. WP4 will deal 

with detailed education and training of 

the involved experts and executing 

background R&D needed for imple-

mentting the entire mission. 

7.2 Main mission risks. The fol-

lowing mission risks could be outlined (not in order of priority): low efficiency of debris detection 

by in-orbit sensors and difficulties in determining space-debris trajectory parameters with sufficient 

accuracy; complex mission design for the Aggregators flight including execution of necessary 

orbital maneuvers by individual units; complex implementation of the 5-unit satellite swarm 

structure; debris impact with the Aggregator's elements; complex and risky deployment and even 

un-deployment of the net; risk of net destruction and of unpredictable behavior of the system of 

space debris captured by the net and the Aggregator, etc. 

 
Fig 8 Top Overview of the mission implementation schedule 
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