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Abstract: Applications of remote sensing data for archaeology rely heavily on repurposed data,
which carry inherent limitations in their suitability to help address archaeological questions. Through a
case study framed around archaeological imperatives in a Scottish context, this work investigates the
potential for existing satellite systems to provide remote sensing data that meet defined specifications
for archaeological prospection, considering both spatial and temporal resolution, concluding that
the availability of commercial data is currently insufficient. Tasking a commercial constellation
of 12 spacecraft to collect images of a 150 km2 region in Scotland through the month of July 2020
provided 26 images with less than 50% cloud cover. Following an analysis of existing systems,
this paper presents a high-level mission architecture for a bespoke satellite system designed from
an archaeological specification. This study focuses on orbit design and the number of spacecraft
needed to meet the spatial and temporal resolution requirements for archaeological site detection and
monitoring in a case study of Scotland, using existing imaging technology. By exploring what an
ideal scenario might look like from a satellite mission planning perspective, this paper presents a
simulation analysis that foregrounds archaeological imperatives and specifies a satellite constellation
design on that basis. High-level design suggests that a system of eight 100 kg spacecraft in a 581 km
altitude orbit could provide coverage at a desired temporal and spatial resolution of two-weekly
revisit and <1 m ground sampling distance, respectively. The potential for such a system to be more
widely applied in regions of similar latitude and climate is discussed.

Keywords: archaeological remote sensing; satellite mission design; satellite archaeology;
archaeological survey

1. Introduction

Significant challenges exist in the application of remote sensing data for archaeological prospection
and monitoring at a landscape scale. There is a heavy reliance on re-purposed datasets such as aerial
photographs, satellite imagery and airborne laser scanning collected for reasons such as cartography,
military intelligence and infrastructure planning. This repurposing of data for archaeological purposes
is unsurprising as it is expensive to acquire. However, it also brings limitations because the data
acquisition was not specified with archaeological imperatives in mind. This paper is a contribution to
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the discussion of how heritage applications of satellite data might be developed, seeking to reframe the
common question of an archaeologist repurposing remote sensing data who might ask ‘how can data
collected for other purposes be best used to address archaeological questions?’. Rather, the approach
taken here is to ask ‘what might a satellite system for archaeology look like?’, specifically for a
constellation of optical satellites. This exercise has been attempted to explore what an ideal scenario
might be—a simulation analysis that foregrounds archaeological survey questions and specifies
a satellite system design on that basis. The analysis is framed within imperatives drawn from a
specification for imagery in Scotland, which nevertheless illustrates factors that require consideration
in specifying such a system anywhere.

Specifying ‘a satellite for archaeology’ is of course a complex multi-faceted process, but the focus
here is primarily on mission architecture, considering the number of spacecraft and appropriate orbit
selection to deliver the desired spatial resolution and revisit times. While recognising that platforms,
sensors, and workflows, to name but a few, are all fundamental aspects of a specification, these are out
of the scope of this paper. By exploring mission architecture as one aspect of the design of satellite
systems, this paper aims to provide an understanding of the impacts of these factors that will be
informative to all users of satellite data.

This contribution is framed by the widespread leveraging of satellite remote sensing for archaeology
(e.g., [1–10])—and that the trajectory for development is witnessing increasing spatial, spectral and
temporal resolution, the potential to task data collection, and the proliferation of available data.
While this is not yet a panacea for a range of reasons, including costs and, for example, the difficulties
in calibrating and integrating different datasets from a range of Earth observation sensors [11], the rate
of development is startling. Nevertheless, while recognising this trajectory, the lack of archaeological
imperatives in the specification of data acquisition means that there are inherent compromises in
primary survey data (see [12] for a comprehensive discussion of these factors for passive optical
imaging).

A central issue here is the capacity of remote sensing data to provide systematic and reliable
data for archaeological management and research questions. This depends on many factors, not least
of which is the ability to specify data acquisitions. Thus, while the capacity to image large areas
with sub-metre ground sampling distance (GSD) optical sensors, to revisit regularly, and to specify
conditions for acquisitions are all important, this remains largely beyond the reach of archaeology.
Rather, archaeologists rely on using what is available in the market (inherently random, usually too
expensive), what is possible to collect oneself (limited in coverage with inherent user bias), or what is
freely available (medium to high spatial resolution or not specified for archaeology). Working with
these available datasets, archaeologists have demonstrated that relevant information can be extracted
from a range of remotely sensed data, including satellite data, at a variety of spatial and temporal
resolutions for prospection, condition monitoring and land-use change [6,7]. This, correspondingly
begs the questions: ’what could be achieved with an ideal, bespoke remote sensing system?’ and
’what would this ideal system comprise?’.

The analysis presented below attempts to explore the parameters for a constellation of optical
satellites against this background, using Scotland as a case study area to define the mission requirements.
The design primarily focuses on the number of spacecraft and orbits required to provide the necessary
temporal and spatial resolution. This design is presented not so much in the expectation that a satellite
system for archaeology will be launched, but, by outlining the high-level features of such an ideal
system, to contribute to the further development of this data source for the discipline.

2. Scope: Specifying a Satellite for Archaeology

In considering the question of what a satellite for archaeology might look like, a scope has been
defined for a specific form of archaeological prospection. This is used as a device to help consider
the relationships between archaeological imperatives and satellite system design, recognising that,
even with a theoretical question, an element of feasibility is required and that a ‘do everything’
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approach would over-complicate the issues. As such, sensors, platforms, and data processing and
interpretation workflows remain out of scope for the paper, without wishing to underplay their
importance. Instead, by focusing on the orbital mechanics of the system, this work presents a mission
architecture that could meet the spatial and temporal resolution requirements for archaeological
prospection with existing imaging technology.

At a high level, the scope is defined with the need to cover the whole of Scotland (c. 80,000 km2),
with regular revisit periods and GSD of <1 m in multi-spectral data. Such data could be expected to inform
a range of activities, including archaeological prospection, condition monitoring, and landscape-scale
change detection. The required GSD is specified at <1 m to enable clear identification of archaeological
features at a scale of 1 m and smaller, where a higher GSD would result in insufficient spatial
resolving power to do so (Figure 1). A core objective is to contribute to the creation of systematic
national data [13,14], and because of this aspiration to deal with very large areas, solutions like
UAVs or localised survey methods do not provide the necessary data coverage. Within this general
framework, a specific aspect of scope focusses on those otherwise buried archaeological remains that are
expressed through crop proxies. The emergence of cropmarking is dependent on climatic conditions,
soil properties and land-use patterns which introduce considerable variation in the timing and potential
for formation [15]. These factors necessitate regular revisit periods, as crop development across even
relatively small areas is not uniform through the summer and is thus time critical. Crop proxies are
used for archaeological prospection across the European continent and Scotland is selected as a study
region with the understanding that the presented method of space system architecture design could be
applied to other regions. It should be noted, however, that the latitude, prevailing weather and timing
of the crop season in the region of interest will impact the solution obtained.

Figure 1. Many archaeological sites in Scotland, and indeed elsewhere in Europe, are composed of
relatively small discrete features, as this example of an early medieval cemetery at Croftgowan in
Highland illustrates. The discrete features that make up the site are characterised by ditches often <1 m
across and small burial pits. The scale of expected features requires a GSD of <1 m to enable clear
identification of archaeological features. Graphic: Geert Verhoeven; Source image DP281499©Historic
Environment Scotland.
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In Scotland, the distributions of soils that are conducive to cropmark formation and appropriate
land use (mainly arable crops, but in extreme droughts also pasture) are largely in the east and south
of the country (Figure 2), so this represents a specific area of interest. Archaeological prospection in
these areas is currently dependent on a light aircraft-based observer-directed survey, informed by
broad-brush soil moisture deficit data as a proxy for areas of likely crop stress. On this basis, prospection
is undertaken relying on visual identification of cropmarking and selective imaging, in an approach that
is recognised as introducing significant bias in what is observed and recorded [16–19]. This ‘cropmark
survey’ then is a central focus for the specification of our satellite for archaeology, alongside monitoring
of designated archaeological sites for which multi-temporal high-resolution imaging is required.
This specification is discussed in further detail below.

Figure 2. (A) The location of the study area in north-west Europe. (B) Map of Scotland, with yellow
tone indicating the generalised extent of arable ground, which is a specific focus of interest for repeat
imaging. The locations of Figures 3, 5, 6 and 7 are shown, referring to issues discussed below.

Using the priorities defined above, the following engineering specification was generated for a
satellite system for archaeology:

• Coverage must extend to all of Scotland;
• For eastern and southern Scotland (Figure 2) the maximum revisit time should be three weeks,

with a two-week revisit interval desirable, to ensure cropmark formation, which is time variant,
can be captured;

• A GSD of <1 m is required, with 0.5 m desirable, in recognition of the scale of anticipated features;
• Imagery should be multi-spectral (including at least Red, Green, Blue and Near-Infra-Red bands);
• The system must operate for a minimum of five years, to allow for observations during both wet

and dry years;
• Usability in regions of similar climate/land environment is desirable.

Based on the engineering specification, some high-level system requirements are identified that
will constrain the space system design. Firstly, the requirement to provide a GSD of <1 m requires a
low-Earth orbiting (LEO) spacecraft, as spacecraft in low altitude orbits will produce lower GSD data.
LEO spacecraft are generally defined as having mean orbit altitudes of 300–1000 km and will orbit the
Earth with a period of approximately 90 min. Geosynchronous and geostationary spacecraft have an
orbit period that is the same as the Earth’s speed of rotation about its axis, allowing for continuous
observations over a given longitude. However, these spacecraft operate at approximately 36,000 km
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altitude, and hence would be unable to provide the GSD required. Furthermore, an imager with a low
GSD will generally have a small field of view, meaning that it may be necessary to use a constellation
of spacecraft to achieve the desired revisit times. A greater number of spacecraft would tend to imply
a higher cost system, and so the space system design discussed below will attempt to reduce costs
by employing the minimum number of spacecraft. However, space system cost depends on a range
of factors and is challenging to estimate due to the limited public availability of past mission costs.
As such, any cost estimates will be subject to significant uncertainties.

On the basis of the defined requirements, existing space systems are firstly assessed against the
specification (Section 3), which is followed by discussion of a bespoke space system design (Section 4).

3. Existing Space Systems

Of the multitude of Earth observing (EO) spacecraft currently in operation (as of 26 June 2020),
only a small number can provide the appropriate GSD, multi-spectral imagery necessary for the
archaeological purposes outlined in Sections 1 and 2. These systems are summarised in Table 1,
where GSD given are the maximum attainable (normally at nadir). In all cases pansharpened
multi-spectral images are available at the stated panchromatic spatial resolution. While the listing of
eleven systems (Table 1), with often daily revisit intervals, suggests that suitable data should be readily
available, this is not the case. Firstly, the majority of these systems are commercial; as such, not all data
are publicly available, and most of the data are certainly not freely available. Moreover, the revisit
rates listed indicate the frequency with which a region of the Earth can be observed, but the actual
data collection frequency is much lower. This is because the stated revisit time includes the ability of
the spacecraft to slew and point their instrument off-nadir. As such, the revisit time represents the
time in which any one region of the Earth could be imaged; it does not represent the time in which
imagery of the entire Earth can be collected. As the spacecraft can only point at one location at a time,
the limiting factor for the complete imaging of a region is the instrument swath width (i.e., the width
of the spacecraft imager field of view on the Earth’s surface) and, as noted in Section 2, a lower GSD
generally corresponds to a smaller field of view.

For visual imagery, the images must be taken during daytime and at times of limited cloud cover,
further compounding these difficulties. For Scotland, the average cloud cover in May, June and July is
70%, though it may be lower on the east coast of the country [20]. Assuming an equal chance of cloud
being present at any time, this indicates that only 30% of daytime satellite passes over the region of
interest are likely to be useable. These factors highlight the reality behind the headline figures of revisit
rates, and the potential difficulties of securing imagery of given locations at specified periods.

Conspicuously absent from Table 1 are the Sentinel-2 spacecraft, part of the EU Copernicus
programme, and NASA’s Landsat spacecraft, as, in spite of their frequent revisits over Europe
(five days for Sentinel-2 A and B combined and eight days for Landsat 7 and 8 combined) and
previous use in archaeological prospection and condition monitoring [6,7], they cannot provide the
GSD necessary for the purposes outlined in Section 2.

In order to assess the suitability of existing satellite systems for archaeological purposes as defined
in the scope (Section 2), an approximately 150 km2 region in Scotland is examined as a sample site
(Figure 3). For each of the eleven systems listed in Table 1, the availability of recent data is assessed
for the periods from 1 May 2016 to 31 July 2016 and from 1 May 2018 to 31 July 2018. These periods
were selected for the favourable cropmark formation conditions that prevailed during dry and hot
summers that encouraged crop stress. For all the apparent likelihood of data availability on the basis
of the large number of operational systems, for the sample area there are a total of eight images with
<30% cloud cover for these two time periods, many of which provide <100% coverage of the area of
interest. The low number of images available is striking, with a concomitant low number of time series
of multiple overlapping images. The trends of image acquisition seen here reflect the priorities of most
satellite data providers/consumers, with high demand, and hence high acquisition, generally focusing
on urban areas. Failing a significant change in the global use of satellite data, such trends are likely to
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continue across all very high-resolution satellite data providers. Leaving aside the cost of procuring
such commercial data (indicative costs for these products range from $5 to $50/km2 [25]), this volume
of imagery is clearly insufficient as a primary source for the routine archaeological survey of the region
specified above.

Table 1. Selection of existing very-high-resolution multi-spectral satellite imaging systems [21–24].

System Operator Multi-Spectral
GSD

Panchromatic
GSD

Approximate
Revisit Time

Worldview-2 MAXAR/DigitalGlobe 1.84 m 0.46 m 1–4 days

Worldview-3 MAXAR/DigitalGlobe 1.24 m 0.31 m 1–4 days

GeoEye-1 MAXAR/DigitalGlobe 1.84 m 0.46 m 3 days

SkySat Planet 1 m 0.5 m <1 day

Pleiades-1A + 1B AIRBUS Defence and Space 2 m 0.5 m 1 day

DMC3-TripleSat-1 DMCii 3.2 m 0.8 m 1 day

DMC3-TripleSat-3 DMCii 3.2 m 0.8 m 1 day

SuperView-1 Beijing Space View Technology 2 m 0.5 m 2 days

KOMPSAT-3 Korea Aerospace Research Institute 2.2 m 0.5 m 1.4 days

Gaofen-2 China National Space Administration 3.2 m 0.8 m 5 days

Deimos-2 Urthecast 3 m 0.75 m 2 days

Through the European Space Agency Third Party Mission programme, access was granted to data
obtained by the SkySat constellation of spacecraft (operated by Planet) to evaluate its use in detection
and monitoring of archaeological sites. Through this, a request was made to Planet for one image to be
collected of the study area (Figure 3) each week in July 2020 using the SkySat spacecraft. In order to
satisfy this request Planet collected multiple images on almost every day in July. During the month of
July, 150 images were collected, but only 26 of these have <50% cloud cover; this corresponds to just
17% of images. Furthermore, if the images are to be used for the detection of time varying cropmarking,
multiple images collected on the same day are of limited value. While this data volume could be
sufficient for the detection of crop proxies in summer, it has required dedicated daily collections from a
total of 12 different spacecraft.

Figure 3. Stranraer area of interest [26]. Centred on 54◦ 52′27”N, 4◦ 58′ 76”W; see Figure 2 for location.
© Planet Labs Inc. 2020.

4. Bespoke Space System Design

The discussion in Section 3 identifies that the ideal requirements for routine archaeological
detection and monitoring in Scotland, as defined by the requirements outlined in Section 2, cannot be
achieved by using satellite data acquired for general purposes, which is not to negate the potential utility
of such data in other contexts (e.g., [1–10]). Tasking a constellation of 12 spacecraft did allow for suitable
imagery to be collected of a small region of Scotland, but the competing needs of other customers
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imply that extending this to provide routine, systematic coverage of the entirety of Scotland would be
challenging. This reinforces many of the limitations to the effectiveness of archaeological applications
of satellite data discussed in general terms in Section 1. From that position, a high-level design for
a bespoke space system is developed and presented. It should be noted that this design is based on
requirements derived for specific archaeological priorities in Scotland. As such, the space system
specified may not be ideal for archaeological purposes elsewhere; however, the design methodology
presented, and the general insights obtained, could be applied to any region.

4.1. Payload Selection

The key component of any spacecraft system is the payload, which must be selected or designed
to meet the mission requirements. The function of the rest of the spacecraft, referred to as the spacecraft
bus, is to ensure the successful operation of the payload. The potential variability in the payload, as a
key variable in a system, is illustrated in a selection of existing multi-spectral imaging satellite systems
with the required GSD (Table 2).

Table 2. Specifications for existing high-resolution satellite systems [21,27–29].

Spacecraft Multi-Spectral GSD, m Panchromatic GSD, m Swath Width, km Spacecraft Mass, kg Altitude, km

Worldview-3 1.24 0.31 13.1 2800 617

SkySat 3-13 1 0.72 6.6 110 500

Pleides 1A/1B 2 0.5 20 1015 694

DubaiSat-2 4 1 12 300 600

Spot 6/7 8 2 30 720 694

The spacecraft system properties can be further expressed in the panchromatic GSD of each imager
plotted against its swath width and the total mass of the host spacecraft (Figure 4). The mass of the
spacecraft is indicative of the mission budget, as the launch cost, which often dominates the mission
budget, will rise with increasing mass. In this respect, the SkySat 3-13 design is an attractive option as it
offers high-resolution imagery for an extremely low spacecraft mass when compared to other systems.
However, the corollary of this is that it has the smallest swath width of all the imagers considered,
which will correspond to a longer revisit time as the ground covered on each orbit is concomitantly less.

Figure 4. Panchromatic spatial resolution versus swath width for existing high-resolution satellite
systems. Bubble size indicates spacecraft mass.
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4.2. Orbit Design

The orbit selected for the spacecraft will greatly influence the coverage and revisit capabilities of
the system. Using the SkySat parameters defined in Section 4.1 as a baseline, an orbit is selected with
the intent of maximising coverage of Scotland, and an estimation is made of the number of spacecraft
required within this orbit to provide the desired revisit times. Circular orbits are assumed to be used
due to ease of orbit insertion and operational maintenance.

Altitude is one of the most significant parameters for the orbit design as it will influence the
spatial resolution and swath width of the payload instrument; a lower altitude will result in a higher
resolution image, but a narrower swath width. Inclination, which describes the angle between the orbit
plane and the Earth’s equator, is another critical parameter in orbit design. The inclination is critical
for two primary reasons. Firstly, the most northerly and southerly latitude a spacecraft will pass over
is defined by the orbit inclination such that the geodetic latitude, δ, range of the spacecraft coverage

can be defined as, where 0 ≤ δ ≤ tan−1
(

tani
1− f (2− f )

)
, where i is the orbit inclination in degrees and f is the

Earth flattening factor to allow for conversion from geocentric to geodetic latitude [30]. It should be
noted that depending on the swath width of the imager and the pointing capabilities of the spacecraft,
it may be possible to view latitudes beyond this range. Secondly, spacecraft will have the shortest
revisit period over regions at the most northerly and southerly viewable latitudes. The revisit time
will generally increase as the latitude of the location of interest approaches the equator. The SkySat
spacecraft operate in sun-synchronous orbits. A sun-synchronous orbit is a near-polar orbit where the
average rate of nodal precession (i.e., the rate at which the spacecraft orbit rotates around the Earth’s
axis of rotation) is the same as the Earth’s average rate of orbit around the sun. This synchronicity
means that the relative time of day along the satellite’s ground track remains approximately the same
for each orbit pass. This is especially useful for Earth observing satellites as it ensures consistent
lighting conditions each time a region is observed. Furthermore, as a near-polar orbit it allows for the
entirety of the Earth to be observed. However, sun-synchronous orbits generally have an inclination of
96 deg < i < 99 deg, depending on the orbit altitude, and hence provide maximum coverage in the
region of 81 deg < δ < 84 deg.

In order to estimate the revisit time for a satellite in a sun-synchronous orbit over the entirety of
Scotland, the time to provide full coverage of the lowest latitude of interest is calculated, assuming
no overlaps between passes. The southernmost point of Scotland is the Mull of Galloway, with a
latitude of approximately 54.63 deg. The circumference of the circle defined by a given line of latitude,
cδ, can be estimated as [31]

cδ = 2 π
R⊕√

1− sin δ
[
(1− f )2

− 1
] cos δ (1)

where R⊕ is the Earth equatorial radius, taken as 6378 km, f is the Earth flattening factor and δ is the
geodetic latitude of interest. The circumference of the Earth at 54.63 deg latitude is hence estimated
as 23135 km, assuming a flattening factor f of 3.3528× 10−3 as given by the World Geodetic System
1984 [32].

The width of a latitude band covered by an inclined spacecraft in a single pass, W, with a swath
width, s, will depend on the direction of motion of the spacecraft relative to the line of latitude at nadir.
At the equator, the relative angle between the spacecraft direction of motion and that of the line of
latitude, β, will be β = i, where i is the orbit inclination, while at a latitude δ = i, there will be β = 0.
This angle β can be calculated [33] as

β = tan−1


√

sin2 i− sin2 δ

cos i−ω cos2 δ

 (2)
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where ω is the rotational rate of the Earth, taken as 7.2921 ×10−5 rad/s. The width of the latitude band
covered in a single pass is then

W =
s

sin β
. (3)

It should be noted that as the latitude of interest, δ, approaches the orbit inclination, i, the width
covered will tend to infinite; as such the above approximation is not valid at latitudes close to i. For a
swath width of 6.6 km, and a spacecraft inclined at 97 deg, this gives a width covered, W, at 54.63 deg
latitude of 6.8 km, meaning 3417 passes would be required for full coverage at 54.63 deg latitude,
assuming no overlap between passes.

The orbit period, T, of a spacecraft in a circular orbit is

T = 2π

√
(RE + h)3

µ
(4)

where h is the orbit altitude, RE is the mean Earth radius, taken as 6371 km, and µ is the standard
gravitational parameter of the Earth, taken as 3.986 ×105m3/s2. A spacecraft at an altitude of 500 km
would have an orbit period of 94.47 min and therefore would require approximately 224 days to
achieve 3417 passes; this gives a revisit time of approximately 224 days at 54.63 deg latitude. Assuming
spacecraft could be distributed to provide no overlap in coverage, 16 spacecraft would hence be
required to meet the desired revisit criteria of two weeks.

In order to minimise the revisit time of a spacecraft over a region, an inclination can be selected that
is greater than, but close to, the most northerly latitude of interest. For Scotland, this is approximately
60 deg. For an orbit inclined at 60 deg, the width covered by a spacecraft with a swath of 6.6 km in a single
pass at 54.63 deg increases to 13.1 km, as calculated using Equations (2) and (3), meaning 1761 passes
are required to cover the full Earth’s circumference at 54.63 deg latitude. This would take 116 days for a
single spacecraft, using the orbit period calculated with Equation (4), and so nine spacecraft could meet
the two-week requirement—a significant improvement in comparison to the sun-synchronous case.

Increasing the spacecraft altitude will increase the swath width but decrease the GSD; this provides
an opportunity to fine-tune the performance of the space system to, potentially, further reduce the
number of spacecraft required. The relationship between GSD, swath width, s, and spacecraft altitude,
h, can be expressed as

p
GSD

=
L
h
=

w
s

(5)

where w is the sensor width, p is the photosite pitch and L is the instrument focal length [34].
Assuming the sensor parameters p, L, and w remain constant, both the GSD and swath width vary
linearly with altitude according to Equation (5). Estimating the GSD and swath width at a given
altitude using Equation (5) gives the results shown in Table 3. The number of spacecraft that would
be required to provide a two-week revisit of Scotland at each altitude for a 60 deg inclined orbit as
calculated using Equations (2)–(4) are also given. Note that the number of spacecraft required is
rounded up to the nearest whole and the values should be considered a minimum as eclipse periods,
cloud cover, and tasking restrictions may impact the spacecraft performance. The general trend is that
a higher altitude gives a reduction in the number of spacecraft required, with diminished returns at
greater altitudes. If the upper limit on GSD is taken as 1 m, then the minimum number of spacecraft
needed will be seven, at an altitude of <700 km.
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Table 3. Estimated GSD, swath width, revisit times, and deorbit time as a function of altitude for a
spacecraft baselined against the SkySat spacecraft.

Altitude, km GSD, m Swath Width, km
Width Covered at
54.63 deg Latitude,

km

Time to Full
Coverage for One

s/c, days

No. of s/c for
2-Week Revisit

Time to Deorbit
to 100 km, years

200 0.29 2.6 5.2 270.9 20 0.003

300 0.43 4.0 7.9 184.8 14 0.072

400 0.58 5.3 10.5 141.7 11 0.762

500 0.72 6.6 13.1 115.9 9 4.748

600 0.86 7.9 15.7 98.7 7 21.18

700 1.01 9.2 18.3 86.4 7 74.97

800 1.15 10.6 21.0 77.2 6 224.1

900 1.30 11.9 23.6 70.1 5 588.8

1000 1.44 13.2 26.2 64.4 5 1397.1

Orbit altitude will also directly impact the spacecraft on-orbit lifetime. A spacecraft in low-Earth
orbit, that is with an altitude <1000 km, will experience drag due to the Earth’s atmosphere. Over time
this will cause the spacecraft altitude to reduce, ultimately resulting in the spacecraft naturally
deorbiting. A spacecraft orbit should be sufficiently high to ensure a suitable operational life for the
spacecraft prior to deorbit, while also ideally complying with the UN Space Debris Mitigation Guideline
to “limit the long-term presence of spacecraft and launch vehicle orbital stages in the low-Earth orbit
(LEO) region after the end of their mission” [35]. Generally, this guideline is considered to be met if the
spacecraft will naturally deorbit within 25 years of the end of the mission.

Assuming a power law fit to the 1976 standard atmosphere [36], the time for a spacecraft to
naturally decay to a certain altitude, h1, as a function of time can be defined as [37]

t =
m

CD A Λ
√
µ R⊕

((
h0 −R⊕)1+γ

−

(
h1 −R⊕)1+γ

)
1 + γ

1000−γ (6)

where h0 is the initial spacecraft altitude, CD is the coefficient of drag, taken as 2.2, and γ and Λ
are coefficients of the power law taken as 7.201 and 107, respectively. For a spacecraft with a mass,
m, of 100 kg and a cross-sectional area, A, of 1 m2 (similar to those of SkySat), and with de-orbit
assumed to occur at an altitude of 100 km, the time to deorbit from a range of possible orbit altitudes
are shown in Table 3. A spacecraft in an orbit of 500 km or lower will deorbit naturally in less than
five years, meaning that significant on-board propulsion would be required to maintain the spacecraft
altitude and meet the requirement for a minimum operational life of five years. A 600 km orbit seems
suitable as it requires the minimum number of spacecraft while still meeting the 25 year natural deorbit
requirement and providing <1 m GSD.

4.3. Detailed Constellation Design and Simulation

Based on the coverage estimates made in Section 4.2, a 600 km altitude, 60 deg inclined orbit is
selected as a baseline for the constellation. In order to ensure a 14 day revisit over Scotland, a repeating
ground-track (RGT) orbit is designed [38]. It is calculated that for a spacecraft in a 60 deg inclined orbit,
an altitude of 581.077 km will give a repeat period of 207 orbits in 14 days. At this altitude, the width
covered by a single spacecraft pass at 54.63 deg latitude, the lowest latitude of interest, is 15.3 km as
calculated using Equations (2) and (3), meaning eight spacecraft would be required for full coverage
in 14 days. To ensure an even distribution of coverage, the spacecraft should be organised in a ‘train
formation’ such that one edge of the swath of the first spacecraft passing 54.63 deg latitude is aligned
exactly with the opposite edge of the swath of the subsequent spacecraft [39]. The time for Earth to
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rotate such that the surface at 54.63 deg latitude will move through a distance equal to the width seen
by the spacecraft at the latitude of interest, W, can be estimated as

tsep =
2πW
ωcδ

(7)

where ω is the rotational rate of Earth, and cδ is the circumference of the circle of the latitude of
interest. The spacecraft should then be separated through true anomaly (i.e., within the orbit plane)
such that a following spacecraft will reach the true anomaly of the previous spacecraft in the time tsep.
This separation can be calculated, in radians, as

θsep =
2πtsep

T
(8)

where T is the orbit period, as calculated using Equation (4). For spacecraft in a RGT orbit at 581.077
km, this gives a required true anomaly separation between spacecraft of approximately 3.556 deg.

An orbit propagator is used to estimate the coverage that could be expected from a constellation of
eight spacecraft in a 581.077 km altitude, 60 deg inclined orbit, with a separation between spacecraft of
3.556 deg through true anomaly. Using Equation (5), the spacecraft are calculated to have a swath width
of 7.7 km at 581.077 km altitude and the simulation is carried out for a 30 day period. The propagator
uses the Gauss/Lagrange planetary equations [40] to calculate the change in the Keplerian orbit elements
of the spacecraft over time. J2, which is the perturbation due to an oblate central body, is the only
perturbation included [41]. Drag and other forces acting on the satellite are disregarded as they are
considered small when compared to the J2 effect. The satellite ground track and associated coverage
is calculated assuming a spherical Earth. The constants and orbit parameters used in this analysis
are given in Tables 4 and 5, respectively. The epoch date of 1 June 2020 is arbitrarily chosen for this
example study. Sample sections of the north, east and south of Scotland are considered to reduce
computational complexity, selected on the basis of the areas of interest (Figure 2 and Table 6).

Table 4. Simulation constants.

Parameter Value Unit

Gravitational parameter 3.986× 1014 m3/s2

Mean Earth radius 6371 km

Coefficient of J2 for Earth 0.0010827 -

Angular velocity of Earth 7.29212× 10−5 rad/s

Table 5. Orbital parameters.

Parameter Value Unit

Time and date at epoch 00:00 1 June 2020 -

Number of spacecraft 8 -

Mean orbit altitude 581.077 km

Orbit inclination 60 deg

Right ascension of the ascending node (RAAN) 0 deg

True anomaly of lead spacecraft 0 deg

True anomaly spacing between spacecraft 3.556 deg
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Table 6. Selected regions for coverage simulation.

Region Maximum
Latitude, deg

Minimum
Latitude, deg

Maximum
Longitude, deg

Minimum
Longitude, deg Area, km2

North 58.64 58.13 −3.06 −4.23 3832

East 57.15 56.56 −2.10 −3.37 5025

South 55.47 54.90 −3.60 −5.03 5675

The orbit simulation results are summarised in Table 7 and visualised in Figures 5–7. For each
region selected, the average time between viewings (the average revisit time across all discrete points
in the region) is less than seven days and each discrete point in the regions would be seen an average
of 11–22 times, depending on latitude. 100% of the northern region, 99% of the eastern region, and 97%
of the southern region are observed with a maximum revisit time of less than 14 days, though it should
be noted that cloud cover and lighting conditions would mean that only a portion of the passes would
be useable. There are a small number of points with maximum revisit times in excess of 14 days shown
as grey regions in Figures 5–7. These points of high maximum revisit are likely a result of inaccuracies
in the calculation of the RGT orbit altitude and satellite distribution and could be addressed through
precision orbit design. It should also be noted that maintaining the precise RGT orbit altitude and
spacecraft distribution would necessitate active orbit maintenance using on-board propulsion.

Table 7. Maximum and average coverage of selected regions of Scotland for a constellation of eight
spacecraft in a 60 deg inclined RGT orbit.

Region No. of S/C Average
Revisit, Days

Maximum
Revisit, Days

Average Number
of Passes

% Area with <14
Day Revisit

North 8 3.5 13.0 22 100%

East 8 4.2 15.0 18 99%

South 8 6.3 27.1 11 97%

Figure 5. Cont.
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Figure 5. Maps of the north region of interest as described in Table 6 and indicated on Figure 2. The maps are
oriented with north to the top and cover an area of approximately 57 km (N-S) × 68 km (E-W). The colours
overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location in the region
after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated to provide the
coverage estimates for the full region of interest (Map data: Google, TerraMetrics, www.google.com/maps
[retrieved 16 March 2020]).

Figure 6. Maps of the east region of interest as described in Table 6 and indicated on Figure 2. The maps are
oriented with north to the top and cover an area of approximately 65 km (N-S) × 77 km (E-W). The colours
overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location in the region
after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated to provide the
coverage estimates for the full region of interest. (Map data: Google, TerraMetrics, www.google.com/maps
[retrieved 16 March 2020]).

www.google.com/maps
www.google.com/maps
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Figure 7. Maps of the south region of interest as described in Table 6 and indicated on Figure 2. The maps
are oriented with north to the top and cover an area of approximately 63 km (N-S) × 90 km (E-W).
The colours overlaid on the maps indicate the (a) average and (b) maximum revisit times of each location
in the region after 30 days. Coverage is calculated at approximately 5 km intervals and interpolated
to provide the coverage estimates for the full region of interest. (Map data: Google, TerraMetrics,
www.google.com/maps [retrieved 16 March 2020]).

5. Discussion

From an examination of appropriate currently operational multi-spectral imaging spacecraft,
it is clear that the ideal requirements of the archaeological community, illustrated here with a case
study of Scotland, would be challenging to meet using existing systems. What is readily available as a
by-product of existing acquisitions may not be suitable, and even with expensive bespoke tasking there
is no guarantee of acquiring the data required. Although the global revisit time of many of these systems
appears sufficient (1–4 days), this only expresses the ability to view all areas of the globe, and does
not correspond to the ability to image all areas. Tasking patterns, slewing and imaging constraints

www.google.com/maps
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mean that the useable imagery available of any area is collected at a much lower frequency than might
be expected. For archaeological applications, the useable imagery collected is even lower because
commercial imperatives mean that a high proportion of historical imagery is centred on urban areas.
Considering eleven satellite systems (as described in Table 1) only eight appropriate archive images
were identified of a 150 km2 region of archaeological interest in Scotland over a six-month period during
the summers of 2016 and 2018. This highlights the significant compromises inherent in archaeological
applications of commercial satellite systems for site detection and monitoring, and the potential benefits
of a bespoke system. When a constellation of 12 spacecraft were tasked with imaging this region in
July 2020, 150 images were collected, though due to cloud cover only 17% of these images (a total of 26)
were usable. This underlines the requirement for a system tasked consistently to improve the chances
of securing the necessary imagery for archaeological observations. It also highlights the major impact
of cloud cover, which is not further considered here, but is clearly a significant consideration in sensor
choice and an imperative to developing uses of radar systems, for example. It is of note that the method
of coverage analysis and orbit design presented in this paper is independent of sensor type, and the
swath widths for very-high-resolution synthetic aperture radar (SAR) spacecraft are similar to those of
the multi-spectral optical systems presented. For example, the recently launched ICEYE constellation
can collect SAR imagery at <1 m GSD with a corresponding swath of 5 km [42] and Capella SAR
offers <1 m GSD with a swath of approximately 10 km [43]. The spacecraft in both constellations
have a mass of approximately 100 kg each, similar to the optical systems considered here. As such,
a spaceborne SAR system designed to meet the outlined requirements would likely have similar
parameters to the presented optical constellation. TerraSAR-X [44] and COSMO-SkyMed [45] are larger
spacecraft, but both offer similar <1 m GSD SAR data and have been successfully used in archaeological
prospection and cultural heritage monitoring, confirming the viability of this approach [7,45].

In designing a bespoke satellite for archaeology in Scotland, an inclined 60 deg orbit offers an
increased revisit rate over a more common sun-synchronous orbit. The main drawback to this orbit is
that even though there is a higher revisit rate, there may be issues with coverage due to the chance of
passing over during eclipse, when an optical payload is ineffective. Using a 60 deg inclined orbit, it is
estimated that full coverage of Scotland every two weeks could be achieved using eight spacecraft in
repeating ground-track orbits, positioned to avoid any overlap in coverage. Such a system is estimated
to provide an average revisit time across Scotland of 3–7 days, depending on the latitude. In the
simulations performed, 97% of the areas of interest have a maximum revisit time of less than 14 days
and it is expected that this could be extended to the full region with more precise orbit modelling.

The ground tracks of the satellite constellation would pass over various land masses across the
globe. This presents a collaboration opportunity where research, development and costs could be
shared with other countries in exchange for access to the system. The orbit characteristics recommended
are designed to cover Scotland but could be adapted for better coverage across various countries.
Land masses at a similar latitude to Scotland (56◦) could be subject to a comparable coverage pattern
and rate of revisit (Figure 8), provided that the satellites are capable of handling larger quantities of
data. For example, Lithuania is at the same latitude as Glasgow (55◦), allowing for similar results
without changes to the existing orbit path. Due to the circular orbit selected, areas in the southern
hemisphere of approximately −56◦ latitude (Figure 8) are subject to a similar coverage pattern and rate
of revisit. However, this area is almost exclusively ocean. The use of an elliptical orbit could allow
for longer dwell times in the northern hemisphere, reducing this impact, though this would require
significant fuel for orbit maintenance.



Remote Sens. 2020, 12, 4100 16 of 19

Figure 8. Robinson projection map of the world with lines of ±56◦ latitude indicated. Regions of
the Earth close to these latitudes would experience coverage similar to Scotland from the proposed
satellite constellation.

6. Conclusions and Future Perspectives

This paper has presented an analysis of the requirements for a satellite system for archaeology
based on a specification drawn up from ideal requirements in a Scottish context. The analysis highlights
the extent to which existing satellite data, even against the recent proliferation of suitable systems,
is not as readily available as might be expected. Thus, while tasking existing systems shows promise,
a bespoke system should offer increased performance. The ‘satellite for archaeology’ simulation
analysis presented here should contribute to assessment of the suitability of applications of satellite
remote sensing for archaeology, drawing out the nature and reasons for the compromises that are
routinely made in fundamental areas of source data collection. This study illustrates the extent to which
archaeologists are most often ‘passive’ receivers of source data collected according to imperatives set by
others. While this will remain largely inevitable, aspects of the analysis should be useful in promoting
heritage concerns and specifications in future satellite system designs, and, at the very least, promoting
a better understanding of the systems that produce their data amongst users of satellite derived data.

High-level design for a bespoke satellite for archaeology system suggests that eight 100 kg
spacecraft at approximately 581 km altitude could meet the defined needs. While the bespoke nature
of traditional space missions makes cost estimates challenging, based on the cost of the similar sized
Carbonite-2 spacecraft, each spacecraft could be expected to cost in the region of $6.3 million USD [46].
Rocket Lab USA provide dedicated launches for up to 150 kg to low-Earth orbit for an indicative cost
of $4.5 million USD [47]. Assuming one launch per spacecraft, this would give an estimated build and
launch cost in the region of c. $80–90 million USD. By heritage standards, this is a lot of money, but could
be off-set by cost-sharing amongst countries at similar latitudes, with commercial tasking to subsidise
costs and other social ventures offering further potential funding. Very-high-resolution multi-spectral
satellite imagery with frequent revisit across Europe is expected to be valuable for many applications
beyond cultural heritage. As such, a collaborative mission addressing a variety of compatible user
needs could be envisioned, while additional imagery collection beyond the primary mission schedule
could allow for repurposing and use by wider communities for many years into the future. It is beyond
the scope of this paper to further explore these considerations, but they are raised here because of
the potential they offer for archaeological considerations to be more directly taken account of in the
design of future systems. This is especially pertinent as the trajectory of satellite development will
continue to offer improved spatial resolution imagery from smaller spacecraft and reduced launch
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costs, allowing similar performance to be achieved at a lower cost. Furthermore, development of
satellite relay systems [48,49], inter-satellite links [48,50], responsively manoeuvrable spacecraft [51,52]
and federated satellite systems [53] may allow for new methods of operation that could be suitable for
archaeological applications, in particular due to the seasonal restrictions on observations. For example,
the challenge of high cloud cover could, in future, be addressed through on-board autonomous agility.
Forward-facing cloud-detection cameras for spacecraft are currently being developed, which would
enable spacecraft to autonomously slew and plan data collection to mitigate the effects of cloud cover [54].

The focus of this study is explicitly on mission architecture, recognising that there are many
other factors that require consideration, not least of which are sensor design (e.g., to deal with cloud
cover issues), which would further influence system specifications, and processing and analysis
workflows. Nevertheless, even with this focus, many attributes of satellite mission planning that are
directly relevant to end users of derived data have been highlighted. These should promote the more
informed use of that data, through a better understanding of the attributes and characteristics of source
data. Published works promoting the application of satellite data for archaeology (e.g., [1–10,55])
focus extensively on the characteristics of data and imagery, but this paper represents, to the best of
our knowledge, the first instance of a discussion of the influence on archaeological applications of
mission architecture as a fundamental aspect of satellite system design with profound down-the-line
implications. In the future development of reliable and systematic data sources to inform archaeological
enquiry, we hope it will not be the last.
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