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Abstract 

Very Low Earth Orbits (VLEOs), those below 450 km, present a number of benefits and challenges for the 

development and operation of Earth observation spacecraft at both the system and mission level. This paper examines 

the design of constellations of satellites for operation in VLEO for Earth observation considering both system and 

mission level trade-offs. The resulting analysis identifies general design trends and proposes suitable mission 

architectures for Earth observation from VLEO. The principal benefit for satellites operating in VLEO is that the 

reduction in the distance to the Earth’s surface allows better imaging resolution to be achieved using smaller and less 

powerful payloads. This has corresponding benefits for the system mass and cost. However, the sustained and 

controlled operation of spacecraft in VLEO is challenging due to the increased atmospheric density at these altitudes, 

which increases propulsive and attitude control requirements. Technologies to facilitate the commercially viable 

operation of spacecraft in VLEO are currently being developed, for example materials to facilitate drag-reduction and 

aerodynamic control and atmosphere-breathing electric propulsion systems (ABEP), each of which influence the 

design of other sub-systems, requiring, for example, varying levels of power or new geometric considerations. At the 

mission level, the reduction in altitude has a generally negative influence on the coverage and revisit characteristics of 

a given satellite. However, deployment of these satellites in constellations can provide improvements in the overall 

system metrics. Systems operating in VLEO may also benefit from improved launch vehicle capability and assured 

end-of-life deorbit. It is clear, therefore, that important and non-intuitive trade-offs between the satellite platform 

design, constellation configuration, and total cost arise in the design of these systems. This paper uses combined 

platform-level system modelling and mission analysis to explore the design of constellations of satellites in VLEO for 

Earth observation and demonstrates the necessity of a holistic approach to mission and system design when considering 

operations in VLEO. 

 

Keywords: Very-low Earth orbit; Earth observation; satellite constellations; system modelling.  

 

Acronyms/Abbreviations 

 

ABEP Atmosphere-Breathing Electric Propulsion 

EO Earth Observation 

FoR Field of Regard 

FoV Field of View 

Lidar LIght Detection And Ranging  

SAR Synthetic Aperture Radar 

VLEO Very Low Earth Orbit 

 

 

1. Introduction 

Very Low Earth Orbits (VLEOs) have been identified 

as a promising regime for future space missions. For 

Earth observation (EO) missions in particular, their low 

altitude (here taken to be < 450km) can be particularly 

advantageous [1] enabling high resolution imagery to be 

acquired using a payload with a lower mass, or in the case 

of an active instrument, reducing the amount of power 

required to obtain a given resolution. The low altitude 

also facilitates a rapid re-entry following mission end, 

minimising the length of time that the spacecraft remain 

mailto:nicholas.crisp@manchester.ac.uk
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on orbit as inactive debris. Conversely, however, EO 

missions in VLEO will tend to suffer from a reduced 

field-of-view for a given payload, compared with 

systems at higher altitudes. This implies that more 

spacecraft in a constellation may be required in VLEO to 

meet a given set of mission requirements. This paper 

examines the design of various EO missions for VLEO at 

the system level, considering the interlinked trade-off 

between the system mass and the number of spacecraft 

required, as well as consideration of the time to passively 

deorbit post-mission. In doing so, this work identifies key 

trends for optical, synthetic aperture radar (SAR) and 

lidar spacecraft in VLEO and identifies promising 

application areas for future VLEO missions. 

Previous work has identified potential advantages for 

spaceborne lidar systems to be operated in VLEO [2]. 

This work demonstrated that the minimum resolution 

achievable by a spaceborne lidar system will improve at 

lower altitudes. Additionally, the power needed obtain 

the desired coverage from a spaceborne lidar system 

reduces as the altitude is lowered. Trends in platform and 

constellation mass were estimated in this work, taking 

into account the impact of the reduced altitude on the 

propulsion system requirements and the corresponding 

power system needs. However, broader system impacts 

were not considered and the possibility of using 

propulsion systems tailored for VLEO, such as 

atmosphere-breathing systems [3] was not considered. 

System models for spacecraft in the VLEO regime 

have been developed to explore the benefits of the 

reduction in orbital altitude on the system design and 

associated mass and cost. Bertolucci et al. [4] focused on 

the effect of propulsion system characteristics for drag 

compensation at lower orbital altitudes, demonstrating 

that both conventional chemical and electric propulsion 

systems could provide a cost reduction for altitudes down 

to approximately 300 km. Crisp et al. [5] incorporated 

novel technologies for the sustained operation of 

spacecraft in VLEO, namely atmosphere-breathing 

electric propulsion and novel materials that can reduce 

drag. Using these models, they demonstrated the 

significant potential for mass reduction for individual 

Earth observation spacecraft with high-resolution optical 

and SAR instruments. However, the impact of using a 

constellation of spacecraft to meet a defined mission 

performance has not yet been considered. This work 

builds on the prior research in [5], by using the developed 

system models to identify trends in system mass when 

extending the mission to a constellation of spacecraft. 

  

 

2. Methodology  

2.1 System Modelling 

Trends in the spacecraft design with variation in the 

input parameters can be considered during the conceptual 

design phase using system models. These models aim to 

capture the principal relationships within the spacecraft 

system and subsystems from which high-level trends can 

be identified and trade-off studies performed. For this 

case of investigating constellations of EO spacecraft 

operating in very low Earth orbits, the key parameters of 

interest are those that are related to or that have a 

dependence on the orbital altitude. 

A system modelling framework for VLEO spacecraft 

was previously developed to investigate the variation in 

mass with operational altitude of different Earth 

observation missions [5]. Within this model, the payload 

and propulsion systems have the greatest primary 

dependence on the orbital altitude. The electrical power 

system (EPS) and structure can also be shown to vary 

with altitude due to their dependence on the mass and 

power contributions of the other subsystems. This 

framework also focused on the integration of 

technologies that are currently being developed to enable 

and support the sustained operation of spacecraft in 

VLEO, for example ABEP, drag-reducing materials, and 

geometric design. 

To extend the system modelling framework for 

application to a constellation of spacecraft it is first 

assumed that the spacecraft are homogeneous in design. 

The total output mass for the system can therefore be 

considered by simply multiplying the mass of the 

individually modelled spacecraft by the number of 

spacecraft required as calculated in the mission analysis.  

Possible iterative behaviour between the payload 

design, orbit definition, and constellation design are also 

decoupled in this initial work by careful selection of 

coverage metrics and fixed payload design parameters, 

such that neither is dependent on each other. Thus, the 

number of spacecraft and output design for any 

individual spacecraft can be calculated independently for 

each altitude. The deeper integration of these elements is 

left as a future area for development. 

 

2.2 Mission Analysis 

The mission analysis considered herein focuses on 

determining the number of spacecraft required to meet a 

defined coverage requirement and assesses the results in 

terms of the total launch mass of the constellation, under 

the assumption that a lower launch mass will result in a 

lower mission cost. This is a notable simplification as the 

launch cost will, in reality, be determined by the number 

of launches required, which will not scale linearly with 

total launch mass, and also requires analysis of the 

deployment of the spacecraft into their desired orbits 

following launch. However, missions at lower altitudes 

may also benefit from the use of launch vehicles tailored 

for VLEO insertion and capable of providing a greater 

mass to orbit for a given launch cost [1]. These factors 

are however, beyond the scope of this current study.  

To estimate the number of spacecraft needed to meet 

a specified set of mission requirements, a similar method 
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to that in [2] is used. This simplified method allows for a 

rapid estimation of the minimum number of spacecraft 

that would be needed to provide the desired coverage, 

assuming no overlap between spacecraft. To do this, the 

field-of-view (FoV), or field-of-regard (FoR), is assumed 

to be conical and the diameter of the projected circle on 

the Earth’s surface is estimated. For a mission where 

global coverage is desired, it is then assumed that full 

coverage of the equator implies at least 1-fold coverage 

of all other latitudes within the viewing range of the 

spacecraft constellation. Dividing the circumference of 

the Earth’s equator by the diameter of the FoV/FoR gives 

the minimum number of passes required to obtain full 

coverage, assuming no overlap. Using the orbit period, it 

is then possible to calculate the minimum number of 

spacecraft required to provide this coverage in a given 

time period. Assuming all spacecraft are in circular 

orbits, this results in a calculation for the minimum 

number of spacecraft 𝑁𝑠𝑎𝑡𝑠 as 

 

 𝑁𝑠𝑎𝑡𝑠 ≥ ⌈√
(ℎ + 𝑅⨁)3

𝜇

1

 𝑡  Λ𝜙

⌉ (1) 

 

where 𝑅⨁  is the mean radius of the Earth, 𝜇  is the 

standard gravitational parameter of Earth, ℎ  is the 

spacecraft altitude, 𝑡 is the desired time to achieve full 

coverage and Λ𝜙 is half the surface dihedral angle that is 

seen by the FoV/FoR in one pass. This is calculated 

following the approach in [6] as 

 

Λ𝜙 = 

cos−1 (
cos2 (

𝜋
2

− 𝛿) + sin2 (
𝜋
2

− 𝛿) cos 𝜃 − sin2 𝛿

cos2 𝛿
) 

 
(2) 

 

where  

 

 𝜃 = cos−1 (1 −
𝑠2

sin2 𝛽

2𝜋2

𝑐𝑒𝑞
2

) (3) 

 

and 𝑐𝑒𝑞 is the circumference of the Earth at the equator, 

𝑠 is the diameter of the FoV/FoR of the instrument of 

interest, and 𝛽  is the angle between the spacecraft 

direction of motion and the line of latitude calculated as 

 

 𝛽 = |tan−1 (
√sin2 𝑖 − sin2 𝛿

cos 𝑖 − 𝜔 cos2 𝛿
) | (4) 

 

The ceiling function in Eq. (1) is to ensure an integer 

number of spacecraft is returned.   

 

 

2.3 Payload 

Three different EO payload types are considered in 

this work: very-high resolution (VHR) optical, synthetic 

aperture radar (SAR), and lidar. The process by which the 

FoV and FoR are defined for each instrument is described 

in the following subsections. The method of payload 

sizing in also described for each case. 

 

2.3.1 Very High Resolution Optical 

The instantaneous FoV of the VHR optical payload is 

taken to be conical and hence fully defined by the sensor 

half angle, 𝜓 . The diameter of the circular FoV as 

projected on the Earth’s surface 𝑠𝐹𝑜𝑉  is calculated as  

 

 𝑠 = 2 𝑆 sin 𝜓  (5) 

 

where 𝑆 is the slant range calculated as [5] 

 

 𝑆 = 𝑅⨁  cos 𝛾 + (𝑅⨁ + ℎ) cos 𝜓 (6) 

and 

 

 𝛾 =  𝜋 − sin−1 (
(𝑅⨁ + ℎ) sin 𝜓

𝑅⨁

) (7) 

 

The FoR for the VHR optical payload is also assumed 

to be conical, and is hence defined by the maximum off-

nadir slew angle. The diameter of the circular FoR as 

projected on the Earth’s surface 𝑠𝐹𝑜𝑅  is calculated using 

Eqs. (5) – (7), with 𝜓 as the maximum off-nadir slew 

angle.  

An additional constraint is imposed on the minimum 

elevation angle at which an area is viewable. The 

elevation angle for an item at the edge of the FoV/FoR is  

 

 𝜖 =  𝛾 −
𝜋

2
 (8) 

 

This can be used to confirm that all items within will meet 

the elevation constraint and allow the calculated diameter 

of the FoV/FoR to be adjusted to account for this if 

necessary. 

For a given resolution requirement, the size of the 

VHR payload is determined principally from the required 

telescope aperture diameter 𝐷𝑇  (assuming diffraction 

limited) 

 

 𝐷𝑇 ≈
1.22 𝜆𝑆

GRD
 (9) 

 

and the required focal length of the telescope 𝑓 can be 

calculated from the pixel size 𝑥 

 

 𝑓 =
𝑆2𝑥

GRD ℎ
 (10) 
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For compactness, the optical system of a space telescope 

is typically folded using different mirror configurations 

[7]. A geometric factor can be used to express the 

relationship between the focal length and payload length 

𝐿𝑇 for the compactness of the adopted design. 

From these basic dimensions an effective minimum 

volume of the telescope can be determined (e.g. cube or 

cylinder). Heuristic relationships can subsequently be 

applied to calculate the instrument mass, for example 

using a payload mass density factor 𝜌pay. 

 

 𝑀pay = (𝐷𝑇
2𝐿𝑇)𝜌pay (11) 

 

A fixed value for instrument power is applied in this 

study, though heuristic relationships can also be applied 

to the calculation of this parameter where suitable 

information is available. 

 

2.3.2 Synthetic Aperture Radar 

The field-of-view of the SAR payload is assumed to 

be a side-looking swath defined by an internal angle and 

an external angle. The diameter of the FoV is hence 

estimated as  

 

 𝑠 = 𝑆𝑒 sin 𝜓𝑒  − 𝑆𝑖 sin 𝜓𝑖   (12) 

 

where 𝜓𝑖  and 𝜓𝑒 denote the internal and external angles 

respectively, and 𝑆𝑖  and 𝑆𝑒  denote the internal and 

external slant ranges calculated using Eqs. (6) and (7). 

The FoR of the SAR instrument can be calculated 

similarly, but with the internal and external angles 

reflecting the slewing capabilities of the platform and/or 

instrument. For a system capable of slewing to look both 

right and left, the FoR can be doubled to account for this. 

To investigate how the SAR spacecraft system scales 

with variations in orbit altitude, it is decided for this study 

to keep the FoV and FoR fixed at a constant size, 

regardless of altitude. Instead, the power required to 

deliver this fixed swath will vary as the altitude changes.  

The design of a SAR instrument can be complicated 

by the number of different imaging modes. However, 

traditionally, the antenna can be initially sized for 

stripmap mode and other modes made available through 

adaptive beam steering of the phased array or subdivision 

of the antenna [8]. The SAR antenna length 𝐿𝐴  can be 

determined from the required along-track (cross-range) 

resolution 𝛿𝜙 (here assuming a side-looking geometry) 

 

 𝐿𝐴 = 2𝛿𝜙  (13) 

 

The radar pulse width 𝜏  can be determined from the 

required range resolution 𝛿𝑟 and speed of light 𝑐 

 

 𝜏 =
2𝛿𝑟

𝑐
 (14) 

 

The ambiguity (range and azimuth) constraints of the 

system define the minimum and maximum pulse 

repetition factors (PRF). 

 

 
PRFmin =

2𝑉

𝐿𝐴

 (15) 

 

 

 
PRFmax =

1

2𝜏 − 2𝑊𝐹 sin 𝜓 𝑐−1
 (16) 

 

The minimum antenna area (for the desired swath 

width and resolution [9]) can subsequently be determined 

from the PRF ratio, spacecraft velocity 𝑉 , carrier 

wavelength 𝜆, slant range 𝑆, and viewing incidence angle 

𝜓 (from nadir) 

 

 𝐴min =
PRFmax 

PRFmin

4𝑉𝜆𝑆

𝑐
tan 𝜓 (17) 

 

An antenna width can subsequently be determined 

from the length and minimum area. However, a larger 

antenna area may be desired to provide design margin 

and to improve the antenna gain with corresponding 

improvement in signal-to-noise ratio (SNR) or reduction 

in transmit power [8]. 

The average transmit power of the instrument can be 

calculated from the characteristic SAR performance 

equation  

 

 𝑃av =
8𝜋𝑘𝑏𝑇𝑟NF̅̅ ̅̅ 𝑆3𝑉𝜆𝑙𝑠

𝐴2𝜂2𝛿𝑟𝜎NE
0  (18) 

 

where 𝑘𝑏  is the Boltzmann constant, 𝑇𝑟  is the receiver 

temperature, NF̅̅ ̅̅  the relative noise factor, 𝑙𝑠  system 

losses, 𝜂  the antenna efficiency, and 𝜎NE
0  the noise 

equivalent sigma zero (NESZ) that expresses the radar 

cross section per unit area for an SNR of unity. 

The instrument mass can subsequently be modelled 

from heuristic relationships, for example using area-to-

mass or power-to-mass relationships. 

 

2.3.3 LIDAR  

The FoV of the lidar instrument is determined by the 

size of the lidar spot on the ground, and the number of 

lasers (beams) that can be powered by the spacecraft. The 

FoR is driven by the same factors, as well as the spacing 

between neighbouring spot beams. To investigate how 

the spacecraft system scales with variations in orbit 

altitude, in this study it was decided that for the lidar 

system the FoV and FoR would remain fixed, regardless 
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of altitude. Instead, as a result of the lidar pulse repetition 

rate and required energy per shot, the power required to 

deliver this fixed coverage performance will vary as the 

altitude changes. 

The lidar energy per shot can be calculated from the 

required detection energy 𝐸det, the detector efficiency 𝑄, 

the receiving aperture area 𝐴𝑅, the surface reflectance 𝜌, 

the atmospheric transmittance 𝜅  and the slant range 𝑆 

[10]. 

 

 𝐸shot =
𝐸det

𝑄

2𝜋𝑆2

𝐴𝑅

1

𝜌𝜅2
 (19) 

 

The pulse repetition rate (PRR) for one strip of pixels 

Ψ0  is dependent on the orbit geometry and required 

resolution 𝑟 . The total PRR Ψ  can subsequently be 

calculated by considering the ratio of the swath width 𝑠 

to resolution. 

 

 Ψ = Ψ0

𝑠

𝑟
=

𝑅⨁√𝜇 𝑠

𝑟2(𝑅⊕ + ℎ)
3 2⁄

 (20) 

 

The total laser power per beam can be calculated from 

the energy per shot, the total PRR, and the laser 

efficiency 𝜂𝑙 

 

 𝑃beam =
𝐸𝑠ℎ𝑜𝑡Ψ

𝜂𝑙

 (21) 

 

Given the few operational space based lidar systems 

to draw trends from, the instrument aperture area and 

mass have been fixed for this study. However, instrument 

mass is likely to scale with the required laser power, 

which is not captured in the present model. Similarly, due 

to the low laser efficiency of lidar systems, significant 

thermal management is likely required, but not currently 

incorporated into the system model. 

 

2.4 Lifetime Analysis 

An estimation of the post-mission lifetime of the 

spacecraft in orbit from the proposed operational altitude 

is calculated using a simple general perturbation method 

provided by Vallado [11]. This method calculates the 

variation in semi-major axis over a single revolution due 

to only the effects of drag and has been implemented 

herein using the 1976 Standard Atmosphere. By iterating 

the calculation for each revolution until the perigee 

altitude reduces below a threshold value (e.g. 90km), a 

rapid estimation of the lifetime for a given altitude can be 

calculated. 

 

 

 

 

 

3. Application Case Studies 

The combined mission analysis and system modelling 

method has been applied to three different EO application 

areas: VHR optical, SAR, and lidar. The number of 

spacecraft required to provide global coverage in a 

desired revisit time is calculated for a range of altitudes, 

as is the corresponding platform mass. Standard 

parameters used for the calculations are given in Table 1 

and all spacecraft are assumed to occupy sun-

synchronous orbits with inclinations calculated as a 

function of the selected altitude. 

Whilst the EO application and associated instrument 

parameters are changed for each case study, other 

elements of the platform design are held constant in this 

work. In addition to the payload, the propulsion 

subsystem and power subsystem design will vary 

considerably with the orbital altitude due to the drag 

compensation requirements. Key parameters for the 

design of these subsystems are reported in Table 2. In this 

study, only conventional electric propulsion systems are 

considered. Similarly, the subsystem designs are based 

on currently available performance rather than 

speculative technology developments. 

As a result of the significant range of values that 

could have been adopted for the input parameters, this  

study is principally focused on investigating the overall 

trends in the high-level system outputs with orbital 

altitude. Less significance should therefore be placed in 

the absolute values of the parameters reported and the 

exact altitudes for which the minimum platform and 

system mass are reported. 

 

Table 1. Standard parameters used for mission analysis 

calculations 

Parameter Symb Value Unit 

Earth’s std. 

gravitational 

parameter  

𝜇  3.986 × 1014 m3s−2 

Mean Earth 

radius 

𝑅⨁  6371 km 

Earth’s 

rotation rate 

𝜔  7.29212 × 10−5 rad/s 

 

Table 2. Standard parameters used in spacecraft system 

design. 

Parameter Value Unit 

Design lifetime 7 years 

Surface accommodation 1 - 

Thruster specific impulse 2500 s 

Solar cell efficiency 0.3 - 

Solar array specific power 60 W kg−1 

Battery energy density 125 W hr kg−1 
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3.1 Very High Resolution Optical 

The VHR optical system selected for study is based 

on the WorldView-3 satellite 1  which provides 30cm 

panchromatic resolution and 1.24m multispectral 

resolution. It occupies a sun-synchronous 617km altitude 

orbit and is stated to provide a < 1 day revisit at 40deg 

latitude when accounting for the full slewing range of 

40deg off-nadir. Parameters used for the mission analysis 

and system modelling calculations based on the 

WorldView-3 baseline are given in Table 3. The desired 

revisit time for the VHR mission constellation is 1 hour. 

The results of the VHR system analysis are shown in 

Fig. 1  Here, the upper panel displays the number of 

spacecraft required to meet the desired revisit time for the 

defined payload as a function of altitude, as well as the 

total system mass in each case. The middle panel shows 

how the individual platform mass scales with altitude, 

and also provides a breakdown of the mass by subsystem. 

The bottom panel shows the breakdown of the spacecraft 

mass by subsystem as a percentage of the total platform 

mass, showing how the dominant subsystems change 

with altitude. The altitude at which total system and 

individual platform masses are minimised are indicated 

with arrows in Fig. 1.  

 

Table 3. Parameters used for VHR system design 

Parameter Value Unit 

Max slew angle   40 deg 

Sensor half angle  0.608 deg 

Min elevation 45 deg 

Required resolution (GRD) 0.3 m 

Pixel width  8 × 10−6 m 

Payload Density 61.5 kgm−3 

Payload Power 1100 W 

 

The results in Fig. 1 show that for a VHR system the 

number of spacecraft required to meet the defined 

coverage requirements increases with decreasing 

altitude. This is due to reduction in FoR at lower 

altitudes. The mass of the VHR platform is seen to 

initially decrease with altitude from 600km down to a 

minimum at 450km. This reduction is driven by the 

smaller payload mass required to deliver the same 

performance at lower altitudes. Below 450km however, 

the increased mass required for the propulsion system to 

compensate for the additional drag at lower altitude 

dominates. As a result, the platform mass increases as the 

altitude is lowered beyond 450km. The total constellation 

mass varies little between 450km and 600km, as the 

reduction in platform mass at lower altitudes is balanced 

by the necessary increase in number of spacecraft. The 

minimum constellation mass is seen to occur at 510km. 

 

 
1https://www.satimagingcorp.com/satellite-sensors/worldview-3/ 
2 https://earth.esa.int/eogateway/missions/iceye 

3.2 Synthetic Aperture Radar 

The SAR system selected for study is based on the 

ICEYE satellite 2  which provides < 3 m  resolution in 

strip mode, and < 1 m  resolution in spot mode. The 

satellites occupy sun-synchronous orbits at 560km–

580km altitude and the 16 spacecraft together provide a 

< 1 day mean revisit at the equator. Parameters used for 

the mission analysis and system modelling calculations 

for the SAR system are given in Error! Reference 

source not found.. The sensor FoV and FoR swaths were 

calculated by using Eq. (12) to estimate these values for 

the ICEYE system at an average altitude of 570km. The 

desired revisit time for the SAR mission is 1 hour.  

 

Table 4. Parameters used for SAR system 

Parameter Value Unit 

Sensor FoV swath    30 km 

Sensor FoR swath   360 km 

Along-track resolution 1.5 m 

Range resolution 0.5 m 

Carrier frequency 9.65 GHz 

NESZ -22 dB 

Sensor azimuth angle 90 deg 

Payload mass to area ratio 10 kg m−2 

 

The results of the SAR system analysis are shown in 

Fig. 2. As the size of the FoV and FoR are kept constant 

in this case, the number of spacecraft required to meet the 

coverage requirements varies only slightly across the 

altitudes considered and the overall system mass is 

dominated by changes in the platform mass. The trend 

shows a decrease in the number of spacecraft required at 

lower altitudes. This is driven by the reduction in orbit 

period at lower altitudes which results in a greater 

number of equatorial passes per spacecraft in a given 

time. 

The platform mass is dominated by the power system 

requirements at all altitudes due to the high demands of 

the active payload, as well as the electric propulsion 

system. While the power required for the payload reduces 

as the altitude is lowered, the power required for the 

propulsion system increases, resulting in a high demand 

at all altitudes. The need for such a large power system 

could be reduced by shortening the spacecraft’s 

operational duty cycle; however, this would result in 

more spacecraft being needed to provide the same 

performance in terms of coverage. The platform mass 

does decrease with altitude from 600km to a minimum at 

460km due to reductions in payload mass, structural mass 

and EPS. Below 460km the increase in propulsion system 

mass dominates causing the overall system mass to 

increase. 
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Fig. 1. Number of spacecraft and total system mass to meet desired mission goals (top); platform mass and subsystem 

breakdown (middle); percentage allocation of mass by subsystem (bottom) as a function of orbit altitude for a VHR 

optical system. 
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Fig. 2. Number of spacecraft and total system mass to meet desired mission goals (top); platform mass and subsystem 

breakdown (middle); percentage allocation of mass by subsystem (bottom) as a function of orbit altitude for a SAR 

system. 
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3.3 LIDAR  

The lidar system selected for study is based on the 

ICESAT-2 mission3, on which the ATLAS instrument4 

produces 6 approximately 60m beams separated across a 

7 km swath from an orbit of approximately 480km. The 

system provides global coverage in approximately 180 

days, with gaps between swaths of up to 15km at the 

equator. Parameters used for the mission analysis and 

system modelling calculations for the lidar system are 

given in Table 5. Due to the significantly smaller FoR of 

the lidar instrument, the desired revisit time for the lidar 

mission is 1 day.  

 

Table 5. Parameters used for lidar system 

Parameter Value Unit 

Sensor FoV swath    0.36 km 

Sensor FoR swath   7 km 

Beams 6 - 

Resolution 5 m 

Aperture diameter 0.8 m 

Laser efficiency 0.08 - 

Detector efficiency 0.45 - 

Surface reflectance 0.4 - 

Atmospheric transmissivity 0.8 - 

Min. detection energy 0.562 fJ 

Payload mass 298 kg 

 

The results of the lidar system analysis are shown in 

Fig. 4. As with the SAR system (section 3.2) the FoV and 

FoR remain constant regardless of altitude, resulting in 

only a small variation in number of spacecraft required to 

provide the desired coverage.  

The platform mass in this case decreases as the 

altitude decreases from 600km down to 400km. This is 

due to the reduction in the mass of the power system as 

the payload power required to produce the same size 

FoV/FoR reduces at lower altitudes. Below 400km 

altitude the mass of the propulsion system begins to 

increase, with a corresponding increase in power system 

mass, resulting in an overall increase in platform mass. 

Although only a small reduction in the number of 

spacecraft required is seen at lower altitudes, the 

relatively high individual platform mass means that this 

small decrease in spacecraft numbers can still have a 

significant impact on overall system mass. This results in 

a minimum system mass at 380km altitude. 

 

3.4 Lifetime Analysis  

A benefit of lowering the operational altitude of any 

spacecraft is a reduction in the time it will remain in orbit 

after the end-of-life. As the number of spacecraft in orbit 

continues to increase, a reduction in time to deorbit can 

result in a significant reduction in collision risk. This 

becomes even more critical in the design of constellations 

of many spacecraft and adds a further element for 

consideration in the design of VLEO constellations. In 

particular, even if operating at low altitudes necessitates 

the use of a greater number of larger spacecraft (i.e. a 

greater system mass), the collision risk for the 

constellation may in fact be lower as a result of the 

reduced deorbit time. 

Modelling of collision risk for spacecraft is a complex 

task beyond the scope of this work  [12]. However, to 

understand the likely trends in collision risk, a proxy 

value comprised of the total system surface area 

multiplied by orbital lifetime has been calculated for each 

system studied.  

These results are shown in Error! Reference source 

not found. (note the log scale for the y-axis). These 

results show the dramatic reduction in this collision risk 

proxy value in all cases as altitude is reduced. This is true 

even for the VHR system, which required greater 

numbers of spacecraft at lower altitudes.     

 

 
Fig. 3. Variation in total system surface area 

multiplied by the estimated orbital lifetime (as a simple 

proxy for total collision risk) from different altitudes for 

the three application case studies. 

 

 

 

 
3 https://space.oscar.wmo.int/satellites/view/icesat_2 
4 https://space.oscar.wmo.int/instruments/view/atlas 
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Fig. 4. Number of spacecraft and total system mass to meet desired mission goals (top); platform mass and 

subsystem breakdown (middle); percentage allocation of mass by subsystem (bottom) as a function of orbit altitude 

for a lidar system.  
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4. Conclusions 

Very low Earth orbit is a promising regime for a 

variety of Earth observing space systems, but analysis at 

the mission level is required to understand the trends that 

will occur when considering constellations of multiple 

spacecraft. This paper has combined platform-level 

system modelling of EO spacecraft with mission-level 

analysis to investigate the trends in constellation design 

with altitude. The system modelling approach captures 

the key system-level and subsystem trades associated 

with the variation in altitude, principally concerning the 

payload, propulsion, and power subsystems. Meanwhile, 

the mission analysis focuses on the number of the 

spacecraft required in the constellation to provide the 

desired overall coverage from the different altitudes.  

For optical systems, the reduction in the field-of-view 

and field-of-regard of the system as the altitude is 

decreased will result in a greater number of spacecraft 

needed at lower altitudes to meet a defined set of 

coverage requirements. This tends to increase the overall 

system mass at lower altitudes and implies that the lowest 

altitudes may not be most appropriate for high resolution 

optical missions desiring a high frequency of global 

coverage. For active instruments, such as synthetic 

aperture radar and lidar, the field-of-view and field-of-

regard can be held constant for different altitudes, with a 

resultant variation in the payload power needed. As the 

number of spacecraft required in this case varies only 

slightly, the total launch mass is influenced primarily by 

the mass of each individual platform. This results in a 

decreased system mass at lower altitudes (350 – 500km) 

implying that VLEO may be a suitable, and indeed 

favourable, location for these systems. 

Operating at lower altitudes also provides additional 

benefits beyond the reduction of platform or system 

mass. In particular, operating at a lower altitude assures 

a reduced time to deorbit after end-of-life. As a result, 

even if more spacecraft are required at lower altitudes the 

overall collision risk of the constellation can be reduced 

as less time is spent on orbit post-mission. 

The ultimate increase in platform mass seen at low 

altitudes for all systems considered is driven by the 

increased mass of the propulsion system needed to 

compensate for atmospheric drag, as well as the 

increased mass of the power system needed to support the 

electric propulsion system. Technical developments in 

these sub-systems could hence drastically change the 

trends identified in this work. 

Further technologies being developed to specifically 

address the challenges of operating spacecraft in VLEO, 

for example atmosphere-breathing electric propulsion 

(ABEP), active aerodynamic attitude control, and novel 

drag-reducing materials may all further improve the 

feasibility and favourability of operating EO 

constellations at low altitude.   
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