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Abstract

Very low Earth orbits (VLEOs) have been proposed as a beneficial space mission regime due to their propensity to increase
instrument spatial resolution and reduce launch cost per unit mass. However, for visual instruments, these benefits come
at the cost of a decreased instrument swath width. This reduction results in longer revisit periods for regions on Earth and
longer time until global coverage is achieved. Conversely, light detection and ranging (lidar) as an active remote sensing
technique, can benefit from larger swath widths at lower altitudes, due to the increased signal-to-noise ratio. Investigation
of this relationship shows that lidar swath width is inversely proportional to altitude squared, and, as a result, the number of
spacecraft required to provide a desired lidar coverage also decreases approximately in inverse proportion to altitude squared.
Investigation of suitable propulsion systems shows that although propellant mass and number of thrusters required for orbit
maintenance increases with decreasing altitude, the overall system mass, and hence launch cost, will, in general, tend to
decrease with decreasing altitude due to the lower number of spacecraft required. For a given mission, spacecraft bus, and

propulsion system, a VLEO altitude can be identified that will result in the minimum overall mission cost.
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1 Introduction

Light detection and ranging (lidar) is a remote sensing
method used to examine the surface of the Earth. Using a
pulsed laser, lidar uses ranging measurements of the Earth
to generate very precise topographical information, such as
bare Earth elevation and the structure of vegetation [1, 2].
Airborne lidar has been used by governments and businesses
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to make maps for use in flood modelling, carbon content
mapping, and investigation of archaeological sites, among
others [3-5]. However, airborne lidar requires the dedicated
flight of a lidar equipped aircraft over the region of interest.
As such, it has a high cost per unit area and is impractical
for global mapping.

Spaceborne lidar has the potential to provide global lidar
mapping through continuous observation from orbit. Previ-
ous spaceborne lidar missions such as ICESat [6], ICESat-2
[7], CALIPSO [8], CATS [9], Aeolus [10], and GEDI [2]
have demonstrated the ability of lidar to generate high preci-
sion measurements of a variety of phenomena, from ice-cap
volume, to clouds, and forests. Irrespective of application,
all lidar missions to date have struggled to obtain continu-
ous global measurements. The high power requirement of
spaceborne lidar, even compared to other active remote sens-
ing techniques such as radar, results in spaceborne lidars
sampling very small areas. GEDI [2] has the widest swath
of existing spaceborne lidar and is hosted on the Interna-
tional Space Station (ISS) providing a reliable high power
source. Even so, during its two year mission, GEDI’s sparse
sampling will result in only around 2-4% of the Earth’s land
surface being directly imaged.
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Very low Earth orbits (VLEOs) are generally understood
to be low-altitude orbits in which the residual atmosphere
affects spacecraft significantly, particularly in terms of drag
and atomic oxygen erosion. VLEOs have been proposed as
a beneficial regime to enable fast natural spacecraft deorbit
and reduce space debris, as well as to improve spatial reso-
lution of instruments. The increased atmospheric density at
VLEO altitudes poses challenges such as increased atmos-
pheric drag and disturbance forces, however, work is ongo-
ing to address these challenges through the development
of air-breathing propulsion systems [11, 12], aerodynamic
control surfaces [13], and aerodynamic materials [14]. No
consistent definition of VLEO orbits has been agreed upon,
with upper bounds of 300km, 450km, and 500km commonly
suggested [15—17]. For the purposes of this work an upper
limit of 400km is used.

VLEO is a potentially advantageous regime for space-
borne lidar desiring high, or even global, coverage. At lower
altitudes, the energy that must be emitted by the lidar to
achieve sufficient detected energy at the receiver, is reduced
[18]. A lidar instrument designed for operation at lower
altitudes can hence achieve the same spatial resolution as
those at higher altitudes, while allowing the laser power
to be spread over a wider swath. Because of this, VLEOs
offer the possibility to significantly decrease the number of
spacecraft required to achieve desired lidar coverage in a
given time. This has been previously noted in [19], but the
potential reductions in spacecraft numbers and mission cost
have not been investigated in detail. Ref. [17] has shown a
potential reduction in launch mass for high resolution opti-
cal and synthetic aperture radar (SAR) spacecraft systems
operated in VLEO. In this work, analytical descriptions of
spaceborne lidar performance are used to provide insights
into overall trends and investigate whether a similar relation-
ship exists for lidar. The benefits of increased swath width
are weighed against the challenges of maintaining the VLEO
altitude for a sufficient mission duration and, to quantify the
insights obtained, an example lidar mission requiring near
global coverage is used to estimate potential trends in mis-
sion launch costs as a function of varying altitude.

2 Spaceborne lidar performance
as a function of altitude

2.1 Swath width

The swath width of a spaceborne lidar can be calculated by
considering the lidar performance and the spacecraft orbital
velocity. The lidar equation can be combined with the orbital
velocity equation to express the swath width as a function of
orbit altitude as [18]
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where s is the swath width, Ppay is the power available to
the lidar payload from the spacecraft bus, L, is the laser effi-
ciency, E,,, is the energy detected at the receiver (after detec-
tor efficiency losses), A is the telescope collecting area, & is
the orbit altitude, 7 is the atmospheric transmittance, Q is the
detector quantum efficiency, p is the surface reflectance, R is
the mean Earth radius, r is the desired spatial resolution of
the instrument, and y is the standard gravitational parameter
of Earth. A full derivation of equation (1) is provided in
[18]. This approach uses the lidar equation to determine the
amount of energy needed per pulse for an accurate measure-
ment. This is then multiplied by the frequency that pixels
pass under the satellite as it orbits to give the power needed
per ground track to achieve continuous lidar coverage, from
the satellite ground speed (which is a function of altitude).
This power per track can then be divided by the power avail-
able to the laser multiplied by the laser efficiency to define
the number of across-track pulses that can be produced, and
so the resulting swath width.

Assuming all payload and platform dependent parame-
ters are constant, equation (1) can be arranged to show that

(R + hy*?
S X —m—————.

e @

If h <R, the numerator can be approximated as
(R + h)*’? ~ R3/? such that
1

s ﬁ 3)
with an error < 10% for 4 < 500km and R = 637 lkm. Equa-
tion (3) demonstrates that if designing a spaceborne lidar
with a fixed resolution and power, the largest swath width
can be achieved at the lowest orbital altitude, due to the
approximately inverse square relationship.

Using the constants and sample parameters in Table 1,
the expected variation in lidar swath width as a function of
altitude can be calculated using equation (1) as shown in
Fig. 1. The parameters given in Table 1 are based on those
of GEDI [2] to give a representative example of current
spaceborne lidar capabilities. However, the optics area and
payload power are adjusted to values that could be suitable
for a free-flying spacecraft in VLEO, with further justifica-
tion of these parameters in Section 3. These results show
the expected swath width for a range of altitudes from
200km - 400km and for a desired spatial resolution of 5Sm,
10m, 20m, and 30m.
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Table 1 Sensitivity analysis parameters

Parameter Symbol  Value Unit
Mean Earth radius R 6371 km
Gravitational parameter of Earth 3.986x10%  m3/s?
Surface reflectance p 0.4 -
Atmospheric transmittance T 80 %
Energy detected at receiver E,, 0.562 fJ

% quantum efficiency 0 45 %
Payload Power Poay 150 w
Laser efficiency L, 8 %
Optics area A 0.24 m?
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Fig. 1 Lidar swath width as a function of orbit altitude and lidar reso-
lution

2.2 Resolution

Given the relationship between swath width and resolution
in equation (1), it would be mathematically possible to pro-
duce a solution in which the swath width was narrower than
the spatial resolution. In reality, however, this would not be
possible as there needs to be a minimum energy per laser
shot for an accurate measurement (E,,,) and so the satellite
would not be able to provide sufficient power to maintain
continuous along-track coverage. To avoid this, a minimum
resolution limit (r,,,) is defined that will ensure that a con-
tinuous track at least one pixel wide with £, per shot can be
produced. This is detailed in [18] and can be calculated by
using equation (1) and letting s = r = r,;,, giving
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Fig.2 Minimum possible resolution for the lidar instrument as a
function of orbit altitude and payload power. The corresponding
swath width for these minimum resolutions would be exactly one res-
olution element wide such that s = r,;,

Assuming that the lidar parameters remain constant, the
minimum resolution can be seen to vary as a function of
altitude as

h2

S Ren ®

r min
Assuming, as before, that 4 << R, this can be approximated
to

Finin & hz’ (6)

with an error <10% for h < 500km. Equation (6) demon-
strates that lower resolutions (improved definition) can be
achieved at lower altitudes. Using the parameters in Table 1,
this variation is shown in Fig. 2 for a range of payload pow-
ers. This shows that the improvement in minimum resolution
as a function of altitude is proportionally more significant for
lower payload powers. Furthermore, for a given set of lidar
parameters and payload powers, there will be a limit in the
resolution that can be achieved unless VLEO altitudes are
used. For the example in Fig. 2, it is estimated that a system
with a payload power of approximately 150W would need
to be operated at an altitude of 250km or lower to obtain a
resolution of Sm.

2.3 Number of spacecraft

To estimate the number of spacecraft needed to meet a
defined coverage requirement (assuming that the spacecraft
cannot manoeuvre and are in non-repeating ground-tracks)
the circumference of the largest latitude band to be covered
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(¢,uqx) should be identified. For global coverage, c,,,, Will be
the circumference of the equator.

The number of orbit revolutions required to provide full
coverage of the largest latitude band, assuming no overlap

between passes, can be estimated as

max

c
N, ==

= o ()
where W is the width of the latitude band covered by a single
pass of the spacecraft and noting that a single revolution
will provide two passes of the latitude: an ascending and a
descending pass. The width of the latitude band covered by

a spacecraft in a single pass is calculated as

N

W=—,
sin B (8)
where
. 0. . D
sin“ i — sin“ 6
=|tan™' | =———— " ||,
p <cosi—wcoszé> ©)

and 6 is the latitude of interest, w is the rotational rate of the
Earth, taken as 7.29212 x 107 rad/s and i is the orbit incli-
nation [20]. It should be noted that as the orbit inclination
approaches 0 deg, W will tend to infinity. As such, the above
approximation is not valid at inclinations close to 0. Further-
more, due to the narrow swath width of the lidar instrument
(section 2.1), latitude bands for which |5] > |tan™" (tan i)
will not be viewed and orbit inclinations should be selected
accordingly to ensure the desired coverage'.

Assuming that full coverage of the largest latitude band
will ensure full coverage of all visible latitude bands, the
minimum number of spacecraft required to provide the
desired coverage in a given time can be calculated as

N > Nrev T 10
sats = (1 _f;‘loud) t’ ( )

where f,;,,,1s the assumed global mean cloud fraction, such
that 0 < f,,,,.s < 1. It should be noted that this is an approxi-
mation of the impact of cloud cover, and more precise cal-
culations of the probability, as in [18], could be used without
impacting the presented approach. The total time to desired
coverage in seconds is #, and T is the satellite orbit period,
calculated for circular orbits as

(h+R)}
—

T=2n (11)

! The tan~! (tani) function is used here to account for prograde
orbits, in which i > %
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Fig.3 Number of spacecraft in sun-synchronous orbits required for
lidar coverage in one year as a function of orbit altitude for a vari-
ety of resolutions (logarithmic scale). The stepped lines are a result of
requiring solutions with whole numbers of spacecraft

Combining equations (1) and (7) — (11) allows the minimum
number of spacecraft required to achieve the desired cover-
age in a given time to be calculated as

,sinf E,, 272 ¢, R

N,
tr? PPa)’LeAQpTz (1 _fcloud)

sats —

, (12)

noting that this is the minimum possible number that could
be required, assuming no overlap between spacecraft swaths.
Equation (12) shows that the number of spacecraft required
is proportional to the orbit altitude squared, assuming all
other variables remain constant. For spacecraft in sun-syn-
chronous orbits, the inclination can be calculated as

|2+ R
s = €08 | ———— |, (13)
3R,/

where Q. is the rate of nodal drift needed for a sun-syn-
chronous orbit, taken as 1.991063853x10 "rad/sec, and J,
is the coefficient of the Earth’s gravitational zonal harmonic
of the 2nd degree, taken as 1082.7 %1076, Knowing that the
inclination of a sun-synchronous orbit will vary only slightly
as a function of altitude (96.3deg < i, < 97.1deg for 200km

S.

< h < 400km), it can be assumed that

NSCJZS & h2 (14)

for spacecraft with fixed inclinations or in sun-synchronous
orbits. Using the parameters in Table 1 the minimum number
of spacecraft in sun-synchronous orbits required to provide
coverage of all visible latitudes in one year as a function of
altitude are calculated and shown in Fig. 3 for a global cloud
cover fraction of 50%, and a variety of resolutions.
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2.4 Propulsion

A vital aspect of any VLEO mission that must maintain its
orbit for a prolonged period of time, is the need for propul-
sion to overcome the effects of atmospheric drag. The mass
impact of the propulsion system, and any secondary mass
impacts such as those from electrical power system mass
increase if electric propulsion is used, must be considered.
The following sections discuss propulsion options and their
respective mass and power implications on the platform, for
arange of VLEO altitudes.

2.4.1 Propulsion background

For the purposes of this study, the force from atmospheric
drag (F),) experienced on a spacecraft can be be represented
by

1
Fp = EdeacCD, (15)

where d is the atmospheric density, V is the orbital velocity,
a is the cross sectional area of the spacecraft in the velocity
direction and C, is the drag coefficient. Orbital velocity can
be calculated as

| u
V= R+h (16)

and, ignoring regional, seasonal and solar-cycle induced
variations in atmospheric conditions, atmospheric density
(d, in kg/m?) can be approximated using a power-law curve
fit to the 1976 Standard Atmosphere model [21], such that

d=a(-)"
=A( o) - an
where A = 107, y = 7.201 and # is the orbit altitude (in km).
Note that this relationship is derived from a power-law curve
fit to empirical data, such that the dimensions do not need
to match. The propellant mass (M,,) required to maintain a
specific orbit for a lifetime duration of L can be calculated as

_LF,

M,= , 18
"= ol (18)

where [, is the specific impulse of the propulsion system
being used and g, is the acceleration due to gravity (at sea
level), taken as 9.81 m/s*. Combining equations (15) - (18),
the mass of propellant required to maintain the orbit altitude
can be written as a function of altitude, as

_ LCppa 10007
P 2gl, WR+R)
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Fig.4 Propellant mass for different specific impulse performance at
altitudes of between 200km and 400km (logarithmic scale)

If it is once again assumed that 7 < R (i.e. VLEO) it fol-
lows that
M, 20)
p hr
such that the mass of propellant required will increase at an
increasing rate with decreasing orbit altitude, making orbit
maintenance a challenge at very low altitudes. Furthermore,
based on the above relationships, attention should be paid
to ensuring a high /;, and a low C, in order to minimise
propellant mass required. This will have the benefit of either
allowing more space for payload or other support systems, or
reducing overall mass and therefore launch cost.

2.4.2 Propulsion system mass

This, and the following section (2.4.3), illustrate the mass
resulting from inclusion of a variety of propulsion sys-
tems, and the additional electrical power supply (EPS)
mass required to support them, as a function of the mission
altitude.

A cross-sectional area of 0.4m? and drag coefficient of
2.2 are considered reasonable for this feasibility analysis.
The value used for cross-sectional area is derived from a
spacecraft of sides between 0.5m and 0.8m in length, and
the drag coefficient, while lower than that demonstrated on
other VLEO spacecraft such as GRACE [22], is justifiable
for compact, cuboid-like platforms [23]. It is noted that an
increase in drag coefficient or cross sectional area would
have a proportional impact on the fuel mass required over
the mission lifetime, which should be accounted for in any
future work.

Using equation 19, the mass of propellant required
to maintain the spacecraft altitude is shown in Fig. 4 for
altitudes between 200km and 400km and specific impulse
between 1,000s and 4,000s, assuming a 5 year lifetime. Only
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electric propulsion is being considered for this analysis, due
to its suitability for continuous, low-thrust precision orbit
maintenance. Figure 4 demonstrates that increasing I,
decreases the mass of propellant required at a given altitude.

While the relationships in section 2.4.1 capture the
propellant mass required to ensure orbit maintenance for
a particular mission lifetime, the capabilities of specific
thruster sub-systems must also be considered. The number
of thruster units (N,,) required to overcome the drag force
(Fp) can be defined as

F, LF,
N,, = max , , 2y
Fmax gOIspMppu

where F,,,, is the maximum thrust force available from a sin-

gle thruster unit and M, is the propellant mass “per unit",
i.e. the mass of propellant allocated to each thruster unit.
M, 1s not applicable to propulsion systems using a scalable
fuel tank, for which this value can be considered infinite for
the purposes of this work. Therefore, the total mass of the

thruster system (M) is calculated as

My, = Nymy, + M, + M, ., 22)
where m,, is the mass of a single thruster head unit (not
including the propellant or storage tank, but including all
supporting systems required for each unit, such as pipe work,
flow control, power distribution units and support structure)
and M,,,, is the mass of the propellant tank, which can be
ignored for systems that have an integrated tank considered
as part of the thruster head unit. For this study, a propellant
tank mass equal to 50% of the propellant mass required is
used for systems without an integrated tank [24-26]. This
is likely to be optimistic in the case of low propellant mass
and conservative at higher propellant mass, however in the
case of the former, the impact of the propellant tank mass
inaccuracy will be negligible.

Assuming that either thrust can be scaled in order to meet
the level required to overcome drag, or the thruster can be
operated at a duty cycle as required to meet the drag com-
pensation requirement over the long-term, total propulsion
system power (Py,;,) demand is calculated as

FDPth
F s

max

Py = (23)
where P, is the power demand from each thruster unit at
maximum thrust, F,,,..

Given the nature of the consistent low thrust operation
required for drag compensation, electric propulsion systems
are the most appropriate systems available for VLEO appli-
cations. A number of available/experimental propulsion sys-
tems have been investigated in terms of suitability, with their
respective performance attributes illustrated in Table 2. The
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Table 2 Potential propulsion systems for use in the proposed VLEO
lidar mission

Attribute T5-GIT MiXI-ARCH ENP-R3  BIT-3
Specific Impulse (s) 3,500 3,200 4,000 2,150
Thrust (mN) 20 3 0.9 1.1
Thruster mass (kg) 27.2 0.41 2.6 1.4
Propellant mass (kg) N/A N/A 1.3 1.5
Integrated fuel tank No No Yes Yes
Power demand? (W) 585 86 100 75
Flight heritage Yes No Partial!  No
References [27,28] [29-31] [32] [33]

"Partial indicates that some aspects of the thruster system have been
demonstrated in orbit, but not the complete system.

2Power demand is that required by the thruster to operate at full thrust
(Py)

following four thruster systems are considered as potential
options, each offering promising characteristics:

1. T5-GIT [27, 28] - The T5 gridded ion thruster has flight
heritage on board the GOCE and Artemis spacecraft,
and provides high thrust and specific impulse perfor-
mance. It is a larger system compared to the others con-
sidered here, designed primarily for platforms of mass
>1000kg, but could offer a promising solution at the
demands of extremely low altitudes, where higher lev-
els of drag compensation are required. The high power
demand of 585W reflects the relatively high thrust capa-
bility, which significantly exceeds that required, even at
200km altitude.

2. MiXI-ARCH [29-31] - The Miniature Xenon Ion
(MiXT) thruster with Axial Ring Cusp Hybrid (ARCH)
discharge is an experimental thruster offering high spe-
cific impulse and moderate thrust in a compact, low
mass package. While this system has no flight heritage,
laboratory experiments show great promise in terms of
thrust and specific impulse relative to power demand and
size.

3. ENP-R3 [32] - The Enpulsion Micro R3 is a scaled-
up version of Enpulsion’s baseline “NANO" thruster,
which uses field emission electric propulsion (FEEP)
technology. In comparison to the gridded ion thruster
technology used by the T5 and MiXI thrusters, FEEP
systems exploit solid fuel, negating the requirement for
high pressure storage tanks and associated valve assem-
blies. Owing to the “complete unit" design, propellant
is limited to 1.3kg per thruster head as standard, which
is assumed to be the case for the analysis carried out in
this work.

4. BIT-3 [33] - The Busek Ion Thruster (BIT-3) is a com-
pact, all-in-one, unit providing mN-level thrust at mod-



Investigation of very low Earth orbits (VLEOs) for global spaceborne lidar

100.0
--- T5GIT
—-- MiXI-ARCH
NG e ENP-R3
"IN — BIT3
N
o 10.04 '
a
©
£
€
S
3
3
£ 1.0
0.1

200 225 250 275 300 325 350 375 400
Altitude (km)

Fig.5 Propellant mass as a function of orbital altitude (logarithmic
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Fig.6 Required number of thruster units as a function of orbital alti-
tude

erate specific impulse (2150s). It uses iodine as a fuel
and, as with the ENP-R3 system, has a self-contained
propellant tank, with a 1.5kg capacity.

The required propellant mass and number of thruster units
for each propulsion system outlined in Table 2 are illustrated
in Figs. 5 and 6 respectively, as a function of altitude and
assuming a 5 year lifetime. Using equation 22 it is possible
to derive the total mass required for each propulsion system,
for a range of mission altitudes (Fig. 7).

The power required by each propulsion system as a func-
tion of altitude is calculated using equation 23 and shown in
Fig. 8. It is clear from this chart that power demand increases
significantly at lower altitudes, with all systems investigated
here demanding above 100W continuous power at orbits

-—- T5GIT
1009 —-- MiXI-ARCH

10 1

Total propulsion system mass (kg)

200 225 250 275 300 325 350 375 400
Altitude (km)

Fig.7 Total propulsion system mass as a function of orbital alti-
tude (logarithmic scale)

below 220km. It is noted that a continuous power demand
of such magnitude will require additional active cooling, as
well as a significant impact on electrical power supply capa-
bilities (sections 2.4.3). This cooling would further impact
the overall mass, which would need to be considered care-
fully in any future analysis.

2.4.3 Electric power system mass delta

To meet the power demands from the propulsion system at
VLEDO, the platform’s Electrical Power System (EPS) will
need to scale accordingly. This includes an increase in both
the battery capacity and solar panel area, accounting for a
constant power demand from the propulsion unit through-
out both sunlit and eclipse conditions. Given the conceptual
nature of this study, the focus is on quantifying the mass
impact (delta) from the propulsion system power demand,
which represents a change to the nominal power required by
the bus. Throughout these calculations, a circular, midday-
midnight, Sun-synchronous orbit is considered, such that
eclipse conditions are at their worst case (longest), with a
duration 38% of the nominal orbit period [34]. This will
represent the most significant EPS mass change.

For the battery, an increase in energy capacity will be
required to account for the demand from the propulsion sys-
tem (Pr,,) during the eclipse period (z,.,). Given a discharge
efficiency (#,,), depth of discharge (DoD) and battery spe-
cific energy (€) the corresponding change in battery mass
can be calculated as:

P TthTecl
AMy = ————.
B én,DoD 24)
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Fig.8 Total propulsion system power vs. altitude, for different
thruster types (logarithmic scale)

The solar panels must compensate for both additional power
demand from the propulsion system during a sunlit period
(t,,)> and recharging of the battery to offset the energy used
by the propulsion system during eclipse. Given solar panel
specific power (p) and efficiencies associated with transfer
of power from the solar panels to the sub-systems directly
(n,) and via the battery (#,), the increase in solar array mass
(AMg,) can be derived using:

P 1 T,
AMSA=%< +—’>. 25)

’15 TS un ne

The total increase in EPS mass can be approximated by the
sum of the increase in battery and solar array mass, assum-
ing a power conditioning and distribution unit (PCDU) that
can accommodate the full spectrum of demand across the
altitude space. A PCDU such as the AAC Clyde Space Star-
buck-Mini [35], which can handle up to 1500W of demand,
would be suitable. EPS mass delta as a function of altitude
is shown in Fig. 9 for a system with the properties given in
Table 3 and considering the different propulsion systems
identified in section 2.4.2.

3 Lidar mission size and cost estimation

As described in section 2.3, the number of spacecraft
required to provide a defined lidar coverage can be estimated
as a function of altitude using equation (12), with fewer
spacecraft needed at lower altitudes. However, the mass of
the required thruster system for each spacecraft (M,,), calcu-
lated using equation (22), shows that that M, will increase
with decreasing altitude. Additionally, as described in sec-
tion 2.4.3 the mass of the power subsystem will also increase
with decreasing altitude. As such, to identify the altitude
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Fig.9 Increase in Electrical Power System mass vs. altitude, for dif-
ferent thruster types (logarithmic scale)

Table 3 Values used for electrical power system analysis

Variable Symbol Value Units  Ref

Battery specific energy £ 120 Whr/kg [36]

Solar array specific power p 10 Wi/kg  [37]

Battery discharge efficiency Hen 0.75 - [38]

Power delivery efficiency (direct #y 0.8 - [38]
solar)

Power delivery efficiency (via bat- #, 0.6 - [38]
tery)

Battery depth of discharge DoD 0.8 - [38]

at which the lowest total mission mass (and hence lowest
launch cost) will occur, the total launch mass for a given
mission can be estimated as

ML = Nmts X (Mdry + Mth + AMEPS)’ (26)
where M, is the dry mass of the spacecraft and AMgpg
is the increase in the mass of the power subsystem due to
the requirements of the propulsion system calculated as
AMgpg = AMg + AM,, where AMg and AMj, are calcu-
lated using equations (24) and (25) respectively. Hence the
total launch mass can be calculated as a function of altitude
as
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and x = 1 for a propulsion system with an integrated fuel
tank and x = 1.5 for a propulsion system with no integrated
fuel tank.

Assuming a constant launch cost per unit mass (C,), the
total launch cost of the VLEO lidar mission can be estimated
as

Cwml = CLML' (31)

To investigate how the trends identified will influence the
overall estimated cost of a lidar mission, an example mission
with the parameters in Table 4 and considering the possible
thruster systems in Table 2 is investigated. For the purposes
of this trend analysis, and to gain a rough order of magni-
tude (ROM) insight into potential mission costs, a baseline
spacecraft platform dry mass of 150kg is considered”. This
mass is selected with the expectation that future space lidar
missions could benefit from significant mass and volume
reductions in both payload and platform size as a result of
the ever-reducing size of spacecraft electronics, develop-
ments in deployable optics, improved laser efficiencies,
improved detector efficiencies and improved data process-
ing algorithms [18]. Furthermore, a global lidar mission
of this type would not be feasible with significantly larger
spacecraft platforms due to the prohibitive costs, and so an
assumption is made that for such a mission to be launched,
the noted reduction in platform size compared to existing
spaceborne lidar must be realised.

The total mass of each spacecraft to be launched as a
function of mission altitude is shown in Fig. 10 where an

2 The baseline platform of 150kg includes the payload and support-
ing sub-systems, but not the propulsion system, associated propulsion
elements such as propellant and fuel tank, and additional power sys-
tem mass required to support the propulsion system (e.g. increased
solar array area and battery capacity).

Table 4 Example mission parameters

Parameter Symbol  Value Unit
Mean Earth radius R 6371 km
Gravitational parameter of Earth u 3.986 X104 m3/s?
Surface reflectance p 0.4 -
Atmospheric transmittance T 80 %
Energy detected at receiver E,, 0.562 fJ

% quantum efficiency 0 45 %
Payload Power Poay 150 w
Laser efficiency L, 8 %
Optics area A 0.24 m?*
Largest latitude to cover (equator) 6 0 deg
Circumference of largest latitude ¢, 40075 km
Time to full coverage t 1 year
Mission lifetime L 5 years
Cross-sectional area a 0.4 m?
Coefficient of drag (&) 2.2 -
Dry mass My, 150 kg
Cloud fraction Srtoua 50 %
Launch cost per kg [39, 40]* C, 10,000 $

2At the time of writing, the cost of launch for 150kg or 200kg space-
craft into low Earth orbit, with Spaceflight Services, is 1,850 kUSD.
This represents a cost per kg of 9 kUSD and 6.75 kUSD respectively.
A cost of 10 kUSD is therefore used as a conservative estimate
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Fig. 10 Total platform mass vs. altitude for different propulsion sys-
tems. The region above the red dashed line is considered out of scope
in terms of total mass

@ Springer



C. McGrath et al.

upper limit on total platform mass of 250kg is imposed
to avoid unrealistic configurations. This results in a lower
altitude limit of 201km, 209km, 223km and 230km for the
MiXI-ARCH, T5-GIT, BIT-3 and ENP-R3 propulsion sys-
tems respectively. Figure 11 shows the estimated launch
costs for the mission, assuming a sun-synchronous orbit
and a maximum allowable spacecraft mass of 250kg. These
results show that in all cases there is an altitude at which
launch cost is minimum, as below this altitude the increased
mass of the propulsion and power systems outweighs the
benefit of having fewer spacecraft overall. As noted in sec-
tion 2.4, the high performance of the MiXI-ARCH propul-
sion system means it outperforms all other propulsion sys-
tems in almost all cases. If a propulsion system with flight
heritage is desired, the T5-GIT results in lowest launch cost
for altitudes below approximately 250km, while the ENP-R3

system results in a lower launch cost to altitudes greater than
approximately 250km, for the case considered.

The minimum costs and corresponding altitudes and mis-
sion parameters for each propulsion system considered are
given in Table 5 for a desired spatial resolution of 20m and
in Table 6 for a desired spatial resolution of 30m. All val-
ues are rounded to the nearest whole number. These results
show that the minimum cost solution for the cases examined
would be 29 spacecraft capable of providing 30m resolu-
tion data, each equipped with two MiXI-ARCH thrusters
at an altitude of 220km requiring 18kg of propellant for an
overall spacecraft mass of 202kg per spacecraft and an esti-
mated cost of $59M. For a 20m spatial resolution, the lowest
cost solution would require 64 spacecraft at 218km altitude
equipped with two MiXI-ARCH thrusters carrying 19kg of

Fig. 11 Estimated launch cost 400
for example lidar mission as a
function of orbit altitude for a 300
variety of propulsion systems
and two spatial resolutions (log- 200
arithmic scale). The stepped
lines are a result of requiring ¢
solutions with whole numbers 2
O
of thrusters and whole numbers o
£ 5 1001
of spacecraft 2 "90
g 80
= - =7 --- T5-GIT
0 Sommemr =TTt —-= MiXI-ARCH
60 NIt ENP-R3
50 — BIT-3
40 —--= 20m resolution
—-== 30m resolution
30— T T T T T T T T
200 225 250 275 300 325 350 375 400
Altitude (km)

Table 5 Minimum estimated launch costs, corresponding altitudes and mission parameters for selected propulsion system options for a system
requiring a 20m spatial resolution. M, and N, refer to the propellant mass and number of thrusters per spacecraft

Prop. system Altitude Swath No. s/c S/c mass M, Ny, Cost

T5-GIT 211km 112m 60 244kg 22kg $147M
MiXI-ARCH 218km 105m 64 206kg 19kg 2 $132M
ENP-R3 254km 78m 87 199kg Skg $173M
BIT-3 239km 88m 77 211kg 15kg 10 $162M

Table 6 Minimum estimated launch costs, corresponding altitudes and mission parameters for selected propulsion system options for a system
requiring a 30m spatial resolution. M, and N,,, refer to the propellant mass and number of thrusters per spacecraft

Prop. system Altitude Swath No. s/c S/c mass M, Ny, Cost

T5-GIT 212km 250m 27 242kg 22kg 1 $65M
MiXI-ARCH 220km 232m 29 202kg 18kg 2 $59M
ENP-R3 255km 174m 39 198kg Skg 4 $7T™M
BIT-3 245km 188m 36 202kg 12kg 9 $73M
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propellant for an overall spacecraft mass of 206kg and an
estimated launch cost of $132M.

4 Conclusions

Analysis of analytical expressions describing spaceborne
lidar performance can provide insight into the variation in
expected performance and mission launch cost as a func-
tion of altitude. The swath width of a spaceborne lidar is
inversely proportional to the square of the spacecraft alti-
tude, meaning that a lidar spacecraft at a lower altitude will
have greater coverage than a similar instrument at a higher
altitude. The minimum resolution that can be achieved by
a given lidar instrument is approximately proportional to
altitude squared, meaning that there is a limit to the spa-
tial resolution that can be achieved at a given altitude. The
number of spaceborne lidar required to obtain a desired
coverage is directly proportional to altitude squared for a
defined set of system parameters. Although the number of
spacecraft required for a lidar mission will decrease with
decreasing altitude, a turning point may be seen beyond
which the system mass, and corresponding mission launch
cost, will increase. In these cases, for a spacecraft with a
defined set of lidar and platform parameters, an altitude can
be identified that will result in a minimum mission cost. To
operate in very low Earth orbits (VLEOs) may require addi-
tional technologies, such as high quality pointing subsys-
tems, which could increase system mass and cost. However,
use of propulsion systems and spacecraft buses optimised
for operation in VLEO could improve performance. Fur-
thermore, operation at VLEO altitudes reduces spacecraft
numbers and ensures natural orbit decay after the mission is
concluded, reducing the potential impact of the system on
the orbital debris environment. Initial high level examination
has shown that VLEO is a promising option for spaceborne
lidar systems requiring significant levels of Earth coverage.
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