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Abstract

The regular acquisition and delivery of high-resolution, accurate elevation
data has historically been provided by airborne lidar (light detection and
ranging) solutions, which are costly and highly localised. Providing similar
data sets globally has notable scientific and commercial applications, but

comes with challenges around scale. In this work, an investigation into such
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a service, from low Earth orbit satellites, is presented. The suitability of
different space mission architectures is analysed based on platform size and
optics mirror design, with the aim of providing true global, high-resolution
(5-30m sample resolution) lidar data, annually. The technical challenges, cost
implications and feasible solution sets are presented, suggesting that a small
number of large platforms offers a cost-effective solution, with the optimal
design (of those evaluated) being that of a micro-satellite (~150kg class)
constellation with deployed optics capability. Solutions offering relatively
low spatial resolution (30m) are lower cost, with the cost rising as a square
law with increasing resolution. As platform size continues to decrease, the
number of satellites required to maintain global coverage scales exponentially,
demanding prohibitively large constellations to ensure global coverage with
smaller satellites.

Keywords: Lidar, Satellite constellation, Deployable optics, Mission design,

Global coverage
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1. Introduction

Lidar (light detection and ranging) is a remote sensing method that uses
laser ranging measurements of the Earth to generate precise elevation data.
It is a unique remote sensing data source due to its ability to penetrate
vegetation cover to provide measurements of bare Earth elevation, and tree
canopy height and cover [1, 2]. As a result, lidar data is frequently used in

applications such as flood modelling, carbon content mapping, and investi-



gation of archaeological sites [3, 4, 5]. Primarily, lidar surveys are carried
out using airborne laser scanning (ALS), however this comes at a relatively
high cost per unit ground area, which makes frequent surveying of large areas
challenging.

Spaceborne lidar has the potential to enable global mapping at a fraction
of the cost of ALS per unit area. However, as an active remote sensing
technique, spaceborne lidar must provide its own power for illumination. This
requirement results in spaceborne lidars sampling relatively small areas, per
unit time, compared to ALS. The Global Ecosystem Dynamics Investigation
(GEDI) instrument [2] has the widest swath of any existing spaceborne lidar,
but even so, during its four year mission, GEDI’s sparse sampling (Figure 1)
has resulted in only around 2-4% of the Earth’s land surface being directly
measured. This results in a standard error of up to 20% per 1 km pixel
when estimating above-ground biomass density (AGBD) [2], largely due to
the sparse sampling. There is a need for a dataset with lower sampling
error and frequent repeats in order to allow precise change detection and to
enable applications that require high temporal resolution coverage [6]. These
include flood modelling, measuring heterogeneous landscapes such as cities
and commercial forests, and precise change detection.

It has been shown that suitable global lidar coverage could be achieved by
a constellation of satellites, based on a study of the instrument demands and
technology capabilities [7]. It is necessary, therefore, to investigate the tech-
nical and financial feasibility of delivering such a service, and understanding
the relationship between spacecraft design, lidar coverage and overall cost.

This metric of coverage per unit cost will be dependent on spacecraft plat-
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Figure 1: Illustration of the sparse sampling technique employed by the GEDI instrument

mounted on the International Space Station

form, payload performance, telescope area and mission design. This work
presents an investigation into the provision of a global lidar dataset, with
the aim of reducing cost while maximising coverage, at different levels of
spatial resolution. This is achieved using a combined approach, where space-
craft bus characteristics are obtained through a top-down study of existing
platforms, while the required orbital attributes and optics design are met via
a bottom-up approach. The results provide insights into the design space,
highlighting system- and mission-level trends that can guide future space-
borne lidar development.

Little investigation into mission design for global spaceborne lidar has
been done previously. In [8], a tool that can optimize the lidar coverage
provided by a satellite constellation to address specific applications was dis-

cussed, although the tool has not been made publicly available. Considering



the specific application of wind retrieval, [9] considers the potential for a
constellation of CubeSat spacecraft equipped with lidar. Their investigation
focuses on using three spacecraft to obtain multistatic measurements, rather
than considering the possibility of scaling up the constellation to provide
global coverage. They also define the spacecraft bus from the outset, and do
not investigate the potential of alternative buses.

Previous work by the authors in [7] has derived the equations for calcu-
lating the coverage a lidar satellite constellation can achieve for a given set
of payload properties against mission requirements. These requirements in-
clude payload power, laser efficiency, telescope (primary mirror) area, ground
resolution and energy needed for an accurate measurement. Further work in
[10] explored different lidar laser sources and modalities, while [11] examines
the effect of altitude selection on spaceborne lidar performance, and consid-
ers the suitability of very low Earth orbit (VLEO) as an operational regime.
In this article, the authors build on results presented in these prior works,
by investigating potential solutions that maximise lidar coverage per unit
cost, at different levels of resolution performance. Specifically, the primary
research question is what platform-optics-constellation design combination
offers the most promise of a cost-effective mission to deliver a true global

lidar dataset with an annual repeat rate.

2. System Design Assumptions

The requirements for a global-coverage lidar mission selected for this de-
sign study are taken from [7]. These are to provide; global land coverage

with a temporal resolution (i.e. revisit time) of <1 year; a spatial resolution



(i.e. ground sampling distance, GSD) of <3om, and; an 80% confidence of
obtaining a cloud-free image over 95% of the land on Earth. The remainder
of this article compares the impact of system-level design decisions on the
mission architecture in terms of number of spacecraft required and rough
order of magnitude (ROM) mission costs. This provides insights into the
impact of platform and instrument design choices on the level of global lidar

data provision possible.

2.1. Platform Design

To obtain a good understanding of the resources available to a lidar pay-
load (including the optics module), an investigation into available spacecraft
platforms has been carried out (29 platforms in total). This information
can then be used to inform development of a lidar payload in conjunction
with the satellite bus on which it would be hosted. Through this study, the
capabilities of busses ranging from nano-satellite (12U CubeSats) to mini-
satellite (500kg class) platforms have been analysed. Information has been
gathered directly from satellite platform providers, to which “best-fit” rela-
tionships are identified for the key performance attributes that impact lidar
operation. It should be noted that while every effort has been made to en-
sure consistency across the data collected, different information formats from
the various manufacturers has meant some assumptions were needed. Error
margins have been applied in the analysis in an attempt to account for in-
consistencies with the data. Furthermore, due to the confidential nature of
some of the data obtained from platform providers, the information provided
herein is anonymised. Amongst the 29 platforms that have been reviewed,

the following data (or a subset of, depending on the platform) was obtained;
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mass (dry, wet, bus-only and payload-only), volume (total, payload), sur-
face area (each face and available payload aperture area where specified),
power (total generated, peak and average available for platform, peak and
average available for payload operations), battery capacity, pointing capabil-
ity (knowledge, pointing accuracy and stability), data storage capacity and
download data rate.

The data of most significance for the design and analysis of the lidar pay-
load and optics module in this work are the available volume, mass, aperture
surface area and orbit-averaged power for the payload. These are presented
in Figures 2 and 3, where each is plotted against overall platform mass. Lin-
ear best-fit lines for each dataset provide a guide for the values that could
be expected for each payload attribute (mass, volume, aperture surface area
and orbit average power). Indeed, outliers in the data do highlight differences
between some spacecraft platform designs, however a general trend for each
attribute is clear.

Attributes corresponding to a 12U (nano), 150kg-class (micro) and 500kg-
class (mini) satellite bus have been extracted from the collected data, for de-
tailed investigation in this work. Metrics for these buses have been identified
from a combination of the data in Figures 2 and 3. The bus-specific at-
tributes are summarised in Table 1, which are used for the remaining design

and analysis presented in the sections that follow.
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Figure 2: Data for off-the-shelf platforms, illustrating the relationship between payload

volume (top) and payload area (bottom), against platform mass. Best fit lines provided
for clarity.
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Figure 3: Data for off-the-shelf platforms, illustrating the relationship between payload
mass (top) and available payload power (bottom right) against platform mass. Best fit

lines provided for clarity.



Table 1: Platform attributes that have been obtained from the top-down analysis

Attribute 12U 150kg 500kg
Payload volume! (%) 0.008 (8U) 0.2 0.8
Payload area2 (m?) 0.031 0.28 0.64
Payload mass (kg) 14 75 250
Peak power? (W) 115 250 500
Average powert (W) 40 160 300
Downlink rate (Mbps) 100 250 400

1 “Payload volume” is assumed to be cube-like, although different
options exist on specific platforms for alternative payload geome-
tries.

2 “Payload area” is considered to be the maximum size of circular
optical aperture that could be accommodated on the surface ex-
pected to be Earth-facing.

3 “Peak power” is assumed to be the maximum available power for
use by the payload for a short duration.

4 “Orbit average power” is the long-term average power available

to the payload
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2.2. Lidar payload

For this study, two different types of lidar instrument were considered.
Existing spaceborne lidars use solid-state lasers which have a long space
heritage and are traditionally capable of 5-8% efficiency and more recently
shown to reach up to 11%, in [12]. Recent work suggests that semiconductor
lasers, with potential efficiencies of up to 25% but lower peak powers than
solid-state lasers, could be used in satellite lidar in a pulse-train mode [10].
Semiconductor lasers are also known as laser diodes and differ from solid-
state lasers. In solid-state lasers, such as Nd:YaG, light energy (often itself
from a diode) is used as the pump source for a lasing medium whereas, in
semiconductor (diode) lasers, electrical energy is used as the pump source.
The relevant parameters of these laser options are given in Table 2 and defined
in full in [10], which are used as part of the trade-study presented in section

3.

Table 2: Laser parameters. All values taken from [10]

Attribute Solid-state Diode
Wavelength. 1064 nm 850 nm
Surface reflectance (o) 0.42 0.32
Atmospheric transmittance () 85 % 80 %
Energy detected at receiver (Eger) 0.014 fJ 0.0271J
Detector quantum efficiency (Q) 31% 58 %
Laser Power conversion efficiency (L) 11 % 25%

11



2.3. Optics

The telescope area controls how much light is collected by the satellite
and so is directly proportional to the swath width achievable by a lidar
satellite [7]. Fixed and deployable optics were considered and conceptual
optical designs were developed for each of the three satellite platform classes
described above. In each case the aim is to maximise the collecting area of
the telescope. Within this study, we consider only a simple volume for each
platform class — more detailed space envelopes will depend on the complete
system design (spacecraft and payload).

Given the peak instantaneous and average power limits of diode lasers
[10], it is assumed that each laser will illuminate a single footprint and be
imaged by a single detector; as such, a scanning or beam-splitting system is
not considered suitable for diode lasers. It can be used with solid-state lasers.
The laser spots can be staggered along the direction of travel to increase the
separation on the ground, but the collecting optics must still operate as a
low resolution imaging system, with sufficient optical quality to minimise
cross-talk between spots (figure 4, right hand image).

The use of deployable optics may allow a substantial increase in collecting
area and hence system efficiency for a given satellite platform size [13, 14].
In this case the goal is to collect as much return energy as possible, rather
than the more usual aim to increase the diffraction limited resolution. For a
deployed system, a number of mirror segments would be folded into a stowed
position within the platform volume for launch and then deployed in orbit to
form a total collecting area larger than the available platform cross-section

(Figure 5).
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Figure 4: A schematic view of three operating modes suitable for spaceborne lidar. Note

than only the method on the right is considered for diodes lasers in this study.

The deployable optics designs considered in this study, are such as that
illustrated in 5. Both “2-segment” and “4-segment” configurations are eval-
uated, each resulting in an increase in telescope collection area proportional
to the increase in area from which the reflected signal is acquired. This ad-
ditional area is realised through the use of either two, or four sides of the
platform opening up to act as reflective surfaces, respectively. The effective
aperture area results of this design exercise are shown in Table 3. Note that
while the authors’ knowledge of deployed optics for nano- and micro-satellites
is sufficient to estimate rough order magnitude (ROM) cost of development,
it was decided to omit this option for 500 kg mini-satellites, to minimise risk

of presenting inaccurate information.
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Figure 5: Example of deployed optic configuration, showing the 4-deployed Cassegrain

option for a 12U nano-satellite bus

Table 3: Maximum calculated payload aperture area for each platform class and deployed

optics configuration

Aperture area (m?)
Optics type 12U (nano) 150kg (micro) 500kg (mini)

Body-mounted 0.03 0.25 0.6
2-segment 0.058 0.5 -
4-segment 0.115 1.0 -

3. Methodology

This section outlines the methodology to calculate the number of space-
craft required to meet specific levels of performance (spatial and temporal
resolution) for varying platform, laser and optics combinations. The cost
modelling approach is also outlined, offering the necessary inputs for com-
paring designs from an overall mission value perspective. Outputs from the

performance and cost models are used to identify optimal mission configura-
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tions from the discrete set of combinations considered and provide insights

into the design space for a spaceborne lidar system providing global coverage.

3.1. Constellation Sizing

The constellation sizing method used builds on the approach introduced
by the authors in [77], which takes into consideration the coverage provided by
individual platforms based on their hosted payload attributes, and historical
cloud cover information across a discrete, globally distributed set of land-
based locations.

Following the method in [7], the number of spacecraft (IV,) required to
provide coverage (i.e. cloud-free data acquisition) at a specific latitude (6)
and longitude (1), in a given time () and with a desired level of observation
confidence (pobs), can be found using equation (1). The equation can be
evaluated for a number of discrete latitude and longitude points of interest,
generating an understanding of how constellation sizing differs in different
global regions. For this work, only latitude/longitude points corresponding

to land are considered.

N, (5.0) = 1 c@m/(R+1) (1 = pyy)
Np(0,4) = W (8) — 2ha t/1 In (¢prae (9, A))

€Y
In equation (1), Ris the radius of the Earth, tis the time to achieve global

coverage in seconds, h is the platform altitude, cfac(8, 4) is the mean proba-

bility of cloud cover for a given point of the Earth?, c¢(6) is the circumference

Cloud cover data was obtained from the 2007 data from Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observation (CALIPSO) Cloud-Aerosol Lldar with Orthogonal
Polarization (CALIOP) instrument [15]

15



of the latitude band for the point being considered and W () is the pro-

jected width of the spacecraft swath along a latitude band 6. This width is
calculated as W = _s_where s is the swath width of the lidar as calculated

sin 8

using equation 2.5 in [7], and 3 = tan™! (

sin? i—sin® &
cosi—wcosZd

), where iis the orbit
inclination and w is the rotation rate of Earth. An addition to equation (1)
from the method presented in [7] is the inclusion of the platform pointing
accuracy (), which defines the required overlap between adjacent passes to
compensate for pointing inaccuracies.

To calculate the number of satellites required to provide 80% confidence
in coverage over 95% of land globally, equation (1) is executed for a large
number of (evenly distributed) points on the Earth (Iand only). From this
set of results, the most demanding 5% (i.e. the set of results with largest
constellation size requirements) are ignored and the worst-case result (highest
number of satellites) is selected from the data that remains. This number
of satellites is thus what is necessary to ensure coverage is achieved at the
defined level of confidence. Note that evenly distributed ground locations
have been used, to maintain consistency with the area represented by each
point.

There is a chance, particularly for smaller platforms with less payload
power and telescope aperture, for the swath width of the image (W) to be
less than the required overlap (2hy). This would result in a negative number
of satellites being outputted from equation (1). These options are ignored,
since they do not offer a feasible solution to lidar data acquisition given the

properties used in this work.
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3.2. Cost Modelling

To understand true mission value, and thus compare platforms and con-
stellations of different configurations, it is important to consider cost, as well
as performance. Often, cost is not only financial, and could include devel-
opmental, technical, business and political considerations. However, for the
purposes of this study, a rough order of magnitude (ROM) financial cost of
building, launching and operating each mission architecture is used. This
is considered a reasonable first step towards understanding general trends
across design architectures. The aim here is to understand general trends
related to lidar coverage and cost, amongst different platform and constella-
tion configurations, which can be used to inform lower-level research going
forward.

Overall mission cost for each design configuration is approximated as the
sum of the costs associated with the satellite optics (Section 3.2.1), platform
(Section 3.2.2), launch (Section 3.2.3) and operation (Section 3.2.4) (i.e. data
download). The authors acknowledge that there are numerous elements not
considered here, which could have significant impact on the overall cost val-

ues.

3.2.1. Optics Cost

Cost estimates for the optics are presented in Table 4, for each satellite
class, broken down into fixed, two-segment and four-segment deployed de-
signs. While the values presented here are early phase estimates, based on
a combination of both parametric and bottom-up cost analyses from years
of space optics design and development experience (at the UK Astronomy

Technology Centre), they serve as a useful input to the overall mission cost.
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These costs are recurring, such that they are considered on a per-platform

basis in the analysis that follows.

Table 4:_Optics cost for different platform types and optics designs
Cost (k$, US)

Platform
Fixed 2-segment 4-segment

12U 481 624 806
150kg 844 1,064 1,897
500kg 1,340 - -

3.2.2. Platform Cost

In order to estimate the unit cost of each spacecraft platform in the
constellation (not including the payload or optics module), a bulk order dis-
counted cost model is proposed. This approach accounts for a reasonable
level of cost reduction with the purchase of multiple units, and is based on
discussions with platform providers. The cost of each bus is therefore a func-
tion of the total number of spacecraft manufactured N, with a baseline cost
cp of $1M for a 12U platform, $10M for 150kg class and $25M for 500Kkg class
(all costs in US dollars). This relationship is defined as

Chus = Max (cp (1 A ) ) ®

2 n50% 2

where nso is the number of additional platforms at which a 50% discount is
reached. For the purposes of this work, nso% = 99, such that 100 platforms

would result in a 50% discount per platform, and it is assumed that a 50%

discount on the baseline cost is the minimum unit cost achievable. This

18



effectively results in a linear decrease in cost per platform, with increasing

platform numbers, to a minimum of half that of the nominal platform cost.

3.2.3. Launch Cost

Launch costs are estimated for each platform class based on costs pub-
lished by a rideshare launch provider [16], and extrapolated where necessary
to provide an estimate. Figure 6 illustrates indicative pricing as of the time
of writing. Based on this information, launch of a single spacecraft (on a
ride-share opportunity) would cost $595kUS, $1,350kUS and $2,200kUS
for a 12U (-20kg), 150kg and 500kg spacecraft, respectively.

2500
-
2000

1500

1000

Launch cost (kS)

500

I
1500kg

0 100 200 300 400 500 600
Platform mass (kg)

Figure 6: Estimated rideshare launch cost for different spacecraft masses (data provided

up to 450kg spacecraft, so extrapolation up to 500kg shown in red-dash)

Iflaunching a constellation of satellites, it is anticipated that some saving

would be possible if using a large proportion of the launch vehicle, however

19



there may also be some additional cost associated with reaching a specific
orbit that suits the needs of a global lidar mission. As such, it is proposed
that the above figures provide a good ROM launch cost, without discounts

applied.

3.2.4. Operations Cost
Operations cost (Cops) is defined here as the annual cost incurred to re-
trieve data acquired during operations. In this study, this is calculated as
_ ViCos

y 3
LRa

Cops

where V. is the volume of data acquired over the repeat period (L, in sec-
onds), Cgs is the cost of Ground Station access per second, which could be
a function of the download data rate depending on provider and Ra is the
rate of data download. For ground station services such as those provided by
Amazon Web Services (AWS), where contact time can be reserved in advance
at a fixed rate, the upfront cost of building ground segment infrastructure

can be avoided, with a trade-off of higher recurring costs. AWS offers a

reserved slot download service at a cost (Cgs) of $10US per minute (at the

time of writing), which shall be used in this study. Other providers, e.g. Leaf
Space and Microsoft Azure, also offer Ground Station as a Service (GSaaS)
products, such that discounted rates for large data volumes are considered
likely, but not explored here.

The download data rate (Rar) will vary depending on the platform size,
where rates of 100Mbps, 250Mbps and 400Mbps are assumed as baselines for
12U, 150kg and 500kg platform classes, respectively (based on information
from the platforms evaluated).

20



The volume of data acquired over the course of a mission repeat cycle
(1 year, in the case of this investigation) is dependent on the resolution
of the instrument. To minimise the volume of data being downloaded and
therefore the operations cost, data associated with a specific ground location
is considered to be downloaded only once. This would require on-board
autonomous data processing in order to identify cloud-free pixels, which is
areasonable assumption for a future mission as such technologies are being
developed [17]. An approximation of the total data volume (V) generated

during a repeat cycle can be defined as

. 124V,

T @)
where Vpi. is the data volume of a single pixel (16kb in this work), Agartn
is the total surface area of the Earth covered by land (~150Mkm?) and
rgsa is the resolution of a single pixel. Tt should be noted that this is a
simplified model whereby each pixel is assumed to represent a square area on
the ground of side length equal to the resolution value, e.g. 10m resolution
(ground sample distance, GSD) would represent pixels of 10m x 10m in area.
A factor of 1.2 is applied to capture image overlap and data overhead.

The annual cost of operations for a 1-year global revisit period are shown
in Figure 7 as a function of download data rate, assuming use of the AWS
ground station services. As defined in Equation (4), the volume of data,
and therefore the cost to download, increases with the inverse of the square
of GSD, which is reflected in the significant increase as GSD decreases from
3om to 5m. A shorter revisit period would simply result in a linear respective
growth in operations cost. For example 1 year to global coverage would be

5 times the cost, per year, of a mission providing 5-years to global coverage.
21



Also clear is the trend of cost reduction for larger platforms, due to their
higher rate of data download and, subsequently, lower demand on ground

station utilisation.
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Figure 7: Annual operations cost for different spatial resolutions as a function of download

data rate with a global revisit period of 5 years (note log scale on y-axis)

4. Results

The results of the analysis defined in the previous sections is shown below,
giving insights into the general trends and relative value for the provision of
global lidar data across a range of resolutions from a range of space mission
configurations. Value, in this context, is considered the level of performance
(spatial resolution) per unit cost, calculated for a 5-year total mission du-
ration, such that coverage is guaranteed over 95% of land, with an 80%

probability of delivering a cloud-free image. In the following sub-sections,
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constellation size shall be established (Section 4.1), representing the number
of satellite platforms required to provide lidar data at a temporal resolution
(repeat period) of 1-year. Consideration of build, launch and operations cost

provide input to the analysis.

4.1. Constellation Size

Analysis has been carried out to identify the number of spacecraft re-
quired to obtain global coverage at the level of service defined in the pre-
vious section. These results are provided in Table 5, for each combination
of platform class (12U, 150kg and 500kg), optics design (fixed, 2-segment
and 4-segment), spatial resolution (5m, 10m, 20m and 30m), and laser type
(Solid-state and Diode), all at an orbit altitude of 400km. Note, the 500kg
platform is considered with only fixed optics, due to the ample laser collect-
ing area available on this platform. The altitude of 400km has been selected
as a baseline for comparison as it offers good resolution and coverage perfor-
mance, without the demanding orbit maintenance of lower altitude orbits,
which would require propulsion systems that would significantly impact the
platform design [11]. Dashed cells indicate infeasible solutions due to the
theoretical swath width being less than the required resolution [7].

It is clear that the nano-satellite (12U) platform lacks the collection area
to achieve a swath width narrow enough to achieve 5m resolution, regardless
of optics configuration. Acquisition at 10m resolution is feasible for some con-
figurations, with the Diode laser setup providing a solution from a 2-segment
deployed arrangement. Generally speaking, platforms with the Diode laser
payload have a wider swath, resulting in fewer platforms required to meet

specific resolutions. This is due to the increased detector quantum efficiency
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and laser power conversion efficiency being sufficiently higher in the Diode
payload, to offset the requirement for higher energy to be detected at the

receiver [7].

Table 5: Number of spacecraft required for 95% global land cover with 80% confidence
in 1 year. Cells containing “—” indicate infeasible solutions due to minimum swath width

limitations

Number of platforms required

Solid-state Diode
Resolution (m) 5 10 20 30 5 10 20 30
12U Cubesat - - 555 143 - - 261 87
12U Cubesat 2-segment - - 176 64 - 1574 104 41
12U Cubesat 4-segment - 614 74 30 - 280 47 20
150 kg platform 159 31 8 4 95 21 5 3
150 kg 2-segment 67 15 4 2 43 10 3 2
150 kg 4-segment 31 8 2 1 21 5 2 1
500 kg platform 28 7 2 1 18 5 2 1

4.2. Mission Cost

Using the platform counts from Table 5 and the costing relationships
outlined in Section 3.2, the total cost (including launch and operations costs)
for each feasible mission configuration is calculated and presented in Table 6.
Costs for configurations that were infeasible due to swath width limitations
(i.e. the dashed cells in Table 5) are omitted for clarity and dashed in the
table.
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As expected, the missions with greater number of platforms required to

provide complete coverage annually at smaller bus size, have the greatest

overall cost, with nano-satellites meeting mission requirements at the highest

cost. Generally speaking, the reduction in platform count more than offsets

the increased platform cost as bus size increases, with deployed optics offering

a cost-effective way to increase performance without significant additional

cost. The additional risk and complexity of including deployed optics must

be considered in future work, however this initial study suggests there is

merit in this technology for this application.

Table 6: Mission cost for 95% global land cover with 80% confidence in one year. Cells

containing “-" indicate infeasible solutions due to minimum swath width limitations

Mission cost (M$, US)

Solid-state Diode
Resolution (m) 5 10 20 30 5 10 20 30
12U Cubesat - - 753 196 - - 361 130
12U Cubesat 2-segment - - 260 114 - 2264 159 83
12U Cubesat 4-segment - 969 141 70 - 468 105 50
150 kg platform 155 347 99 50 748 253 65 38
150 kg 2-segment 663 194 54 27 511 139 42 27
150 kg 4-segment 433 122 31 15 331 8 31 15
500 kg platform 748 206 60 30 522 152 60 30

To illustrate the general trends, mission cost values are plotted against

spatial resolution for each platform type (represented by different color fam-

ilies) for the Diode laser payload, with bubble size representing launch mass
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to orbit (value scales according to bubble area) and the bubble centers rep-
resenting the value relative to the x-y axes (Figure 8). It is clear that the
micro (150kg) class platform with a 4-deployed optics configuration offers the
lowest mission cost at all resolution levels (dark-blue bubbles).
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Figure 8: Mission cost vs. spatial resolution, for each platform configuration (log scale
on y-axis), with Diode laser payload. Bubble size illustrates relative total mass of the
constellation. Note: results for “Mini - 0 deployed” data is transparent to show the
hidden results behind it.
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5. Conclusions

From the analysis presented here, it is evident that at very small plat-
form scales (12U, nano-satellite), challenges exist on the provision of global
lidar data coverage at a competitive cost. For very high spatial resolution
imagery (5m), nano-satellites do not exhibit feasible swath widths (i.e. swath
narrower than the target resolution), however data at 10m - 3om resolution
is possible. The number of platforms required, and thus the overall mission
costs, decreases exponentially with increasing ground sampling distance, due
to the squared relationship between the swath width and sampling distance,
resulting in larger satellites offering greater mission value, despite their higher
unit cost. This result is supported by the decrease in operations cost for larger
platform constellations, as both the number of satellites demanding ground
resources decreases and rate of data download increases. Additionally, as
platform size increases, a greater payload aperture area affords the collec-
tion of more signal and therefore enables coverage with decreasing numbers
of platforms. Deployed optics further increase mission value, by offering a
cost-effective way to increase collection area and, therefore, ground cover-
age. Micro-satellites, with mass on the order of 150kg are seen to benefit
significantly from deployed optics technology, and combined with relatively
low operations cost, may present the most attractive performance to cost ra-
tio. Development in small-satellites, optics technology and photonics, make
a satellite lidar system with spatially continuous global repeat coverage pos-
sible.
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