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Abstract

The detection and observation of space debris in Low Earth Orbit is generally carried out through the use of ground

based radars and telescopes. These instruments allow for a precise reconstruction of the space debris trajectories, and

therefore represent a key asset for planning avoidance maneuvers when threats of collisions are predicted.

The recent deployment of mega-constellations, with the consequent increase of the number of satellites, imposes

new challenges in terms of simultaneous tracking capability and readiness of the current space situational awareness

systems. This adds to the current need to track small and dull objects to further mitigate the probability of triggering

cascade collisions. However, ground based observations are limited due to their intrinsic sensibility to atmospheric

refraction, their diurnal inoperability and their dependence on meteorological hazards.

This paper proposes to study the feasibility and the benefits of a potential deployment of a constellation of

CubeSats in Low Earth Orbit, to acquire optical observations of space debris with enhanced accuracy, as part of the

ORCA mission: Orbit Refinement for Collision Avoidance. Here, the focus is on the optical design of the payload

instrument to be integrated onboard of the orbiting platforms.

The study trades-off the current state-of-art of optical detection technologies, by assessing their performance against

a set of specific requirements: (a) the minimization of the uncertainty associated to the image resolution; (b) a field of

view that maximizes the extent of the monitored area; (c) an optimal exposure time to avoid under or overexposure of

the image; (d) minimization of the effects of light diffraction and above all, (e) the maximization of the signal to noise

ratio to detect the smallest and dullest objects possible. Real observations of space debris are conducted to validate the

models.

Several configurations of optical systems are then chosen as suitable for the ORCA constellation, also considering

the system design implications of its integration into a CubeSat, such as size requirements. Commercial Off-The-Shelf

hardware are explored and performances of the optical system are evaluated through numerical simulations in order to

estimate the detectable sizes of space debris while taking into account their potential distances from the sensor. This

paper concludes with estimates of the impact of the ORCA mission on space situational awareness for decades to come.
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1. Introduction
Run by the US Space Command for the North Amer-

ican Aerospace Defense Command (NORAD), the Space

Defense Operation Center (SpaDOC) department of North

American Aerospace Defense (NORAD) has been updat-

ing a catalog of space objects ever since to prevent many

different sorts of threats under control, such as the atmo-

spheric re-entry of objects or collisions with operational

satellites.

As mentioned in [1], the only solution to this problem

is the deployment of systems able to automatically detect

these objects, identify them and calculate their trajectory

so that their positions can be predicted at all times.

The Space Surveillance Network (SSN) has been

created for this reason, deployed over 16 sites spread

over the world and using different surveillance systems:

electronic scanning radars, Ground-based Electro-Optical

Deep Space Surveillance systems (GEODSS), and others

[2].

However, objects catalogued by SSN are mainly bigger

than around 10 cm in LEO, as current techniques hardly

allow the tracking of smaller debris. Collisions with de-

bris of this size are severely harmful for any operational

satellite. Fortunately, ESA estimates that these debris are

too rare to cause a real threat, as a 100 m² object in the

densest regions of LEO would be hit by 10 cm debris ev-

ery 1,775 years [3]. Nonetheless, ESA’s statistical models

speculate the presence of around 900,000 debris larger

than 1 cm, and 130,000,000 larger than 1 mm [4]. Esti-

mations give one collision per year between debris larger

than 1 mm and a 100 m² object in the densest regions of

LEO. Collisions with these relatively small debris could

result in minor damage or neutralization of active satellites

depending on impact localization, occurring several times

during the average lifespan of most satellites at specific

ranges of altitude in LEO.
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Smaller and smaller debris can be detected with ever

increasing certainty as new projects are launched. For ex-

ample, projects such as the European Space Surveillance

System (ESSS) have been proposed by ESA to exploit

current European telescopes and radars, as well as con-

ceiving more efficient instruments, for Europe to create its

own space objects catalogue [5]. Current instruments can

already detect debris smaller than 10 cm, such as TIRA

able to detect 2 cm debris at 1000 km altitude [6], or

EISCAT detecting 2 cm objects at 1500 km altitude [7].

However, other kinds of limitations weigh on ground-

based observations: diurnal inoperability for optical obser-

vations, atmospheric signatures [8], and their dependence

on meteorological hazards.

Thus, projects have been launched over the last decade

to deploy space-based sensors to (1) detect smaller de-

bris and (2) avoid environmental ground limitations. One

of them is the Space-Based Space Surveillance (SBSS)

demonstration mission [9] for Space Surveillance and

Tracking (SST). They successfully demonstrated that

micro-satellites could be used to detect and catalogue LEO

debris of sizes down to 1 mm, and GEO debris to sizes

of 40 cm. The Space-Based Telescopes for Actionable

Refinement of Ephemeris (STARE) mission can also be

mentioned as part of projects aiming to solve the space

debris issue. The project proposed using a constellation

of around 12 CubeSats in LEO to spot debris larger than

10 cm before proceeding to the refinement of these debris’

orbital parameters [10].

A similar goal is shared with the Orbit Refinement

for Collision Avoidance (ORCA) mission [11]. ORCA

mission aims at using a network of space-based optical

sensors orbiting in a heliosynchronous orbit, as shown in

Fig.1. The overall mission concept was initially proposed

in [12] and further expanded to analyze specific aspects

of the mission, such as resident space object detection

and tracking [13], attitude coordination among spacecraft

[14] and algorithms for sharing multiple observations and

estimation of the trajectory followed by the observed ob-

jects. The concept was further elaborated and expanded

by [11], where a business case and design of the CubeSat

supporting the mission was proposed. However, a detailed

design of the payload was missing. The aim of this paper

is to demonstrate the feasibility of such an optical system

allowing for the detection of resident space objects.

This paper hereby proposes a methodology for select-

ing and sizing optical systems against a set of requirements

imposed by the mission.

The payload top level performance requirements are

defined as follows:

• the payload shall allow the detection of space ob-

jects from a distance up to 200 km for debris of

sizes down to 5 mm. For distances from 200 km to

500 km, it shall allow the detection of objects down

to 1 cm in size.

• the field of view covered by the payload shall be

greater than (5°, 5°).

The proposed procedure allows for providing a diver-

sity of possible payloads meeting the aforementioned re-

quirements and simultaneously supplies insights into the

performance that the optical system will have in orbit.

The paper explicitly provides the formulation of useful pa-

rameters used to define the key requirements of the ORCA

mission, such as the SNR of debris’ streaks, as well as their

lengths, and their relation with the optical parameters of

the payload.

Combinations of Commercial-Off-The-Shelf (COTS)

sensor and lenses matching the mission requirements with

optimal performances are listed and their potential fit in-

side CubeSats of a given size is explored.

The remaining parts of the paper are organized as fol-

lows: derived technical requirements are described and

explained in Section 2. Section 3 describes the pursued

methodology to obtain the optimal payload configuration.

Finally, Section 4 presents the different results and con-

cludes the payload design to be implemented onboard

CubeSats.

2. Optical system model design
This section presents the assumptions and require-

ments considered for the design of the optical system.

It is considered that the attitude of the spacecraft will be

determined by a star tracker system, mounted in parallel to

the main optical system and sharing the same line of sight.

This system will allow the CubeSats to continuously track

the same stars over an undefined period of time, thus al-

lowing the stars to appear as clearly defined points on the

image. The exposure time chosen for the acquisition of

the images will be long enough so that debris will appear

as streaks on the image. It is assumed that a straight and

bright streak will be the sole condition to accurately detect

a debris and estimate its orbit.

The model embeds a set of mission and system re-

quirements that constrain the ranges of values of the opti-

cal system design parameters. A total of five categories of

requirements are proposed and discussed in the following

subsections. The selected parameters of the optical system

should comply with these categories in order to meet the

mission objectives, and, at the same time, to assure the

feasibility of the system. These are:

• R1: the field of view of the camera, which shall be

wide enough to allow an adequate object detection

rate;
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Figure 1: ORCA constellation concept.

• R2: the focal ratio of the camera, which shall not be

too small to ease the manufacturing process;

• R3: the exposure time, which shall allow streaks to

have adequate dimensions for the data to be retriev-

able;

• R4: the resolution of the camera, which shall allow

acceptable accuracy of the measurements;

• R5: the brightness perceived from the object, which

shall stay above a specific threshold for it to be de-

tectable.

It is worth noting that, at this stage, the above require-

ments intentionally do not specify specific thresholds or

performance indexes. These values will be provided and

justified in Section 3.

The following subsections propose mathematical for-

mulations of these requirements.

2.1. R1: field of view

In opposition to typical space telescopes used for space

observation [15], ORCA space debris surveillance Cube-

Sats needs a very wide field of view for the following

reasons:

• the larger the space zone covered is, the more space

debris are likely to be seen, and therefore fewer

CubeSats need to be put into orbit.

• to allow the streaks of the observed objects to fit

entirely in the images acquired (see R3 for further

details).

In this study, a pinhole camera model is used as a first

order approximation to represent the mapping from a 3D

to a 2D scene by the camera [16] [17].

The aperture angles Φ1 and Φ2 defining the rectan-

gular field of view of the camera depend on the sensor

dimensions, which are denoted as 𝑏1 and 𝑏2 for the width

and the height of the sensor, respectively. The same field

of view is also dependent on the focal length, denoted as

𝑓 . These angles read as [18]:

Φ1 = 2 arctan
𝑏1

2 𝑓
(1)

Φ2 = 2 arctan
𝑏2

2 𝑓
(2)

Knowing the minimum fields of view Φ1,𝑚𝑖𝑛 and

Φ2,𝑚𝑖𝑛 to be covered by the optical system, it is then pos-

sible to set two requirements:

Φ1 > Φ1,𝑚𝑖𝑛 (3)

Φ2 > Φ2,𝑚𝑖𝑛 (4)

2.2. R2: focal ratio

The focal ratio 𝐹, also called F number, is calculated

as:

𝐹 =
𝑓

𝐷
(5)

where 𝐷 the aperture diameter of the optical system. It

can be thought of as the diameter of the effective aperture

of the lens of the camera or the diameter of the primary

telescope mirror, depending on the chosen instrument [18].
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A low value of focal ratio is desirable when the need

is to have a large field of view or a greater aperture to

increase the image brightness. However, this comes with

some drawbacks. Indeed, the lower the F number is, the

more the optical system needs to bend the light to make it

converge to the sensor, leading to distortions and aberra-

tions. Optical systems that correct such issues are usually

extremely expensive.

Therefore, the F number of commercially available

lenses [19] is usually never found below 0.95. It can also

be found that 𝐹 never exceeds 45.

Thus, it is expected that the focal ratio 𝐹 of the optical

system respects the following inequality:

𝐹𝑚𝑖𝑛 < 𝐹 < 𝐹𝑚𝑎𝑥 (6)

where 𝐹𝑚𝑖𝑛 = 0.95 and 𝐹𝑚𝑎𝑥 = 45.

2.3. R3: length of digital streaks

As explained in the introduction, the detection mecha-

nisms of space objects are based on recognition of streaks

in the image. Too short streaks might not be detected or

confused as stars. On the other hand, too long streaks

might not fit entirely in the image, inducing data loss, as

illustrated in Fig.2. Indeed, if one or two streak extremi-

ties do not appear in the image plane, as illustrated with

Streak 1 and Streak 3 respectively, the full size of the streak

cannot be measured. Without the latter information, the

space object’s orbit cannot be estimated. In this case, orbit

determination is only feasible using the data from Streak

2.

Figure 2: Three possible cases when acquiring images.

The length of a streak 𝐿𝑠𝑡 , as a number of consecutive

pixels lining up in the image, must therefore always be

contained in an interval [𝐿𝑠𝑡 ,𝑚𝑖𝑛, 𝐿𝑠𝑡 ,𝑚𝑎𝑥] to increase the

chances that it entirely fits within the image. These upper

and lower bounds for the streak lengths are given in the

following sections.

2.3.1. Upper bound for the streak length

A streak is exploitable when it is entirely contained in

the image, as its starting and ending points are necessary

for orbit determination purposes.

Knowing the characteristics of the optical system and

the objects’ parameters at a given instant, it is possible

to calculate the probability that the streak created in the

resulting image will be fully seen. It is considered that

the system respects this requirement if the streak has more

than 𝜁 1 chances to be fully contained in the image.

The onboard camera is pointing and capturing the mo-

tion of the object, located at a distance 𝑑 from the CubeSat.

The velocities of the CubeSat and the object are ®𝑣𝑠𝑎𝑡 and

®𝑣𝑜𝑏 𝑗 , respectively. Thus, the relative velocity of the object

with respect to the camera is calculated as ®𝑣 = ®𝑣𝑜𝑏 𝑗 − ®𝑣𝑠𝑎𝑡 .
The relative velocity of the object with respect to the cam-

era can be decomposed as a tangential and a radial com-

ponent with respect to a reference frame centered in the

camera system: ®𝑣 = ®𝑣𝑡 + ®𝑣𝑟 .

Figure 3 illustrates how a streak is produced on an

image, assuming that the object follows a straight line in

the camera coordinate system. The following formulation

for the length of a streak 𝐿𝑠𝑡 can be deduced due to the

geometry of the situation:

𝐿𝑠𝑡 =
𝑔 · 𝑣𝑡 ,𝑎 · 𝜏
𝑑 · 𝑝 (7)

where 𝜏 is the exposure time of the taken image, 𝑣𝑡 ,𝑎 is the

averaged value of the object tangential velocity 𝑣𝑡 in the

CubeSat reference frame over 𝜏, 𝑝 the size of each pixel of

the sensor, and 𝑑 the smallest distance possible between

the object and the spacecraft during the acquisition. The

term 𝑔 can be calculated as 𝑔 =
𝑓

cos(𝜃𝑜𝑏 𝑗 ) , and 𝜃𝑜𝑏 𝑗 is the

angle between the camera’s line of sight and the object’s

direction as seen from the center of the camera coordinate

system.

Therefore, the length of a streak 𝐿𝑠𝑡 can be formulated

as:

𝐿𝑠𝑡 =
𝑓 · 𝑣𝑡 ,𝑎 · 𝜏

cos(𝜃𝑜𝑏 𝑗 ) · 𝑑 · 𝑝
(8)

In a given situation where 𝐿𝑠𝑡 is known, it is possi-

ble to calculate the probability 𝑃𝑖𝑛 that this streak will be

fully contained in an image of size ℎ × 𝑤, where ℎ and 𝑤

represent the height and width of the image as numbers of

pixels, respectively. The probability 𝑃𝑖𝑛 is calculated by

the procedure described below.

The following hypotheses are considered for the

streaks:

• streaks are straight, and can therefore be represented

by a set of two points in ∈ R2: the starting point of

the streak X and its ending point Y. X and Y are

separated from the distance 𝐿𝑠𝑡 .

1The variable 𝜁 is a percentage.
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Figure 3: Formation of a streak on the image plane.

• X is always assumed to be already located in the

image: X = (𝑖, 𝑗) ∈ 𝐼, where 𝐼 is an area defined

in R2 with width 𝑤 and height ℎ. In other terms, it

is assumed that objects are already transiting in the

field of view of the system at the beginning of the

image acquisition;

• X can be located anywhere in the image with equal

probability;

• the orientation of the streaks in the image plane can

be in any direction with equal probability.

Considering that a pixel located at the 𝑖𝑡ℎ row and the

𝑗 𝑡ℎ column is X, 𝐼 can be mapped by a matrix 𝑀𝐼 of size

ℎ × 𝑤 where each coefficient 𝑝𝑖 𝑗 is the probability that Y

is also located in 𝐼: 𝑝𝑖 𝑗 = 𝑃({𝑋 = (𝑖, 𝑗) , 𝑌 ∈ 𝐼}). An in-

tegration of 𝑝𝑖 𝑗 on the total image area gives the following

formulation for 𝑃𝑖𝑛:

𝑃𝑖𝑛 =
1

ℎ · 𝑤

ℎ
∑︁

𝑖=1

𝑤
∑︁

𝑗=1

𝑝𝑖 𝑗 (9)

Figure 4 highlights the distinction of two separate

zones in 𝐼: an area where any starting point X will lead

to a streak of length 𝐿𝑠𝑡 being fully contained in 𝐼, called

the ”safe zone”, and an area where this event is uncertain,

called the ”unsafe zone”. These zones are fixed for a given

value of 𝐿𝑠𝑡 .

Any pixel in 𝐼 located at the 𝑖𝑡ℎ row and the 𝑗 𝑡ℎ col-

umn can be thought of as the X extremity of a streak of

length 𝐿𝑠𝑡 . The Y extremity of the same streak is there-

fore located on a circle of center X and radius 𝐿𝑠𝑡 . The

location of the circle associated to each pixel (𝑖, 𝑗) leads

to a specific procedure to calculate 𝑝𝑖 𝑗 . Three different

situations are distinguished:

• the circle is fully contained in 𝐼, illustrated by circle

1 on Fig.4;

• one portion of the circle is out of 𝐼, illustrated by

circle 2;

• two portions of the circle are out of 𝐼, illustrated by

circle 3;

In the first case, the circle is entirely contained in 𝐼

because X belongs to the safe zone. For any point located

in this region, 𝑝𝑖 𝑗 = 1.

The second case happens when X belongs to the unsafe

zone. In that case, 𝑝𝑖 𝑗 can be calculated as:

𝑝𝑖 𝑗 =
𝜔𝑖𝑛,𝑖 𝑗

2𝜋
(10)

where 𝜔𝑖𝑛,𝑖 𝑗 is the angle associated to the portion of the

circle located inside 𝐼. Knowing Δ𝑖 𝑗 , the distance between

the considered pixel and the border of the image, it is pos-

sible to calculate 𝜔𝑜𝑢𝑡,𝑖 𝑗 , defined as 𝜔𝑜𝑢𝑡,𝑖 𝑗 = 2𝜋 −𝜔𝑖𝑛,𝑖 𝑗 :

𝜔𝑜𝑢𝑡,𝑖 𝑗 = 2 arccos
Δ𝑖 𝑗

𝐿𝑠𝑡
(11)

The formulation of 𝑝𝑖 𝑗 for the second case becomes:

𝑝𝑖 𝑗 = 1 − 1

𝜋
arccos

Δ𝑖 𝑗

𝐿𝑠𝑡
(12)

IAC-22,B4,7,2,x71408 Page 5 of 15



73rd International Astronautical Congress (IAC), Paris, France, 18-22 September 2022.

Copyright 2022 by the Authors. Published by the IAF, with permission and released to the IAF to publish in all forms.

Figure 4: Representation of the different zones of the image plane and the three different circles of interest.

The third case happens when the considered pixel is

located in a corner of the unsafe zone. Several portions of

the circle are out of 𝐼. In that case, two different angles for

the portions out of 𝐼, 𝜔𝑜𝑢𝑡,𝑖 𝑗 ,1 and𝜔𝑜𝑢𝑡,𝑖 𝑗 ,2, are calculated

as previously. Then:

𝜔𝑖𝑛,𝑖 𝑗 = 2𝜋 − 𝜔𝑜𝑢𝑡,𝑖 𝑗 ,1 − 𝜔𝑜𝑢𝑡,𝑖 𝑗 ,2 (13)

and 𝑝𝑖 𝑗 is calculated from Eq.10.

Other cases where three or four portions of the circle

would protrude correspond to streaks longer than the ones

studied here. However, the following results demonstrate

that streaks of such lengths would have very low proba-

bilities of fitting entirely in 𝐼. For this reason, these cases

were not explained in this study.

Once 𝑝𝑖 𝑗 has been calculated for every pixel in 𝐼, 𝑃𝑖𝑛
is found using Eq.9. This procedure is useful to know, in

a given situation, whether a streak will have a probability

𝑃𝑖𝑛 superior to 𝜁 .

Figure 5, obtained by repeating the described proce-

dure for many different streak lengths and a fixed image

size, demonstrates the evolution of 𝑃𝑖𝑛 with respect to

𝐿𝑠𝑡 . The maximum streak length, 𝐿𝑠𝑡 ,𝑚𝑎𝑥 , represents the

length under which 𝑃𝑖𝑛 > 𝜁 = 95%, and is easily derived

from such a graph. It is important to note that 𝐿𝑠𝑡 ,𝑚𝑎𝑥 is

fixed for a given image format, i.e. for a given sensor.

Figure 5: Probability of streaks entirely contained in the

image as a function of their lengths (image size: 2560 x

2160 pixels).

Thus, the requirement can be formulated as such:

𝐿𝑠𝑡 < 𝐿𝑠𝑡 ,𝑚𝑎𝑥 (14)

2.3.2. Lower bound for the streak length

Setting a requirement to impede the streaks from being

too small reduces the probability of confusing them with

stars, duos of stars, cosmic rays or noise. Such dot-like

streaks would be neglected during the image processing

procedure, and no data could be retrieved from the corre-

sponding space object.

There is thereby a need to implement a second require-

ment to the length of streaks by constraining them to be
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superior to 𝐿𝑠𝑡 ,𝑚𝑖𝑛:

𝐿𝑠𝑡 > 𝐿𝑠𝑡 ,𝑚𝑖𝑛 (15)

where 𝐿𝑠𝑡 ,𝑚𝑖𝑛 is the minimum length of streak that is

possible to accept, whose value mainly depends on the

subsequently used streak detection algorithms.

2.4. R4: resolution

The images produced by the optical system shall allow

to precisely determine the object’s position in the image

for orbit determination purposes.

Meeting this objective partly depends on the imag-

ing system resolution, which is directly proportional to

the number of pixels the sensor is made of and inversely

proportional to the size of these pixels [18].

Let’s call angular pixel coverage the angle covered by

one pixel in the image. Pixels are squares, so this angle is

the same for both the angle covered along the height and

the width of each pixel.

The wider the angular pixel coverage is, the greater

the position uncertainty Δ𝑝 of the observed object is, thus

causing high uncertainties in the determined object orbit.

As shown in Fig.6, the maximum position error Δ𝑝 is

given by the diagonal of the projection of a pixel on the

orthogonal plane at a distance 𝑑. The length of such a

square 𝛿𝑝 is:

𝛿𝑝 =
𝑑 · 𝑝
𝑔

=
𝑑 · 𝑝 · cos(𝜃𝑜𝑏 𝑗 )

𝑓
(16)

Knowing that Δ𝑝 =
√

2𝛿𝑝:

Δ𝑝 =
𝑑 · 𝑝 · cos(𝜃𝑜𝑏 𝑗 ) ·

√
2

𝑓
(17)

The requirement on the uncertainty Δ𝑝 can be then

defined as:

Δ𝑝 < Δ𝑝,𝑚𝑎𝑥 (18)

where Δ𝑝,𝑚𝑎𝑥 is the upper bound of the allowed position

uncertainty for having an accurate estimated orbit.

2.5. R5: signal received

Space debris have various sizes and orientations that

generally evolve with time. This results in an unpredictable

perceived brightness by the camera. The smaller or the

farther the debris is from the camera, the weaker the per-

ceived signal is, and therefore the harder it is to detect the

object. A first requirement, defined in Section 2.5.3, can

be set to keep the signal received above a threshold, called

the detectability threshold, to take into account the sensor

limitations.

However, the signal received should not exceed the

saturation limit of the sensor. Thus, a second requirement,

defined in Section 2.5.4, also sets an upper bound for the

signal intensity.

Beforehand, a formulation for the signal received is

given in Section 2.5.1.

2.5.1. Calculation of the signal received

Here, the debris is assumed to be a squared plate with

side lengths 𝑟. Its orientation with respect to the Sun is

represented by 𝜃𝑠 , the angle between the normal vector

of the plate ®𝑛 and a vector ®𝑠 sharing the same origin and

directed towards the Sun.

According to Lambert’s cosine law [20], the solar

power received by the object 𝑃𝑟 is:

𝑃𝑟 = 𝐻 · 𝑟2 · cos 𝜃𝑠 (19)

where 𝐻 is the solar constant (𝐻 = 1361𝑊 · 𝑚−2) [21].

The light received by the object is partly reflected in

a solid angle Ω = 2𝜋 sr (hemisphere). The amount of

energy remitted by the object depends on its reflectivity

𝜌, where 𝜌 is approximated to be constant: 𝜌 = 0.3 [22].

The remitted energy by the object per solid angle 𝑃𝑒 is

deducted as:

𝑃𝑒 =
𝜌

2𝜋
𝑃𝑟 (20)

By denoting 𝜃𝑐 the angle between the normal vector

of the plate ®𝑛 and a vector ®𝑐 sharing the same origin and

directed towards the camera aperture center, the power

received by the camera is:

𝑃𝑐 = 𝑃𝑒 cos 𝜃𝑐 Ω𝑐 (21)

where Ω𝑐 is the solid angle directed towards the aperture

of the camera from the plate, Ω𝑐 =
𝜋𝐷2

4𝑑2 .

Equation 21 is defined for (𝜃𝑐, 𝜃𝑠) ∈ [0, 90]2 (degrees),

while if 𝜃𝑐 ⩽ 0 or 𝜃𝑠 ⩽ 0, then 𝑃𝑐 = 0. Consequently, 𝑃𝑐

can be defined as:

𝑃𝑐 =
𝜌 · 𝐻 · 𝑟2 · 𝛾 · 𝐷2

8𝑑2
(22)

where:

𝛾 =

{

cos 𝜃𝑐 · cos 𝜃𝑠 if (𝜃𝑐, 𝜃𝑠) ∈ [0, 90]2 (in degrees)

0 otherwise.

The average value for 𝛾 considering 𝜃𝑐 and 𝜃𝑠 follow

uniform distribution over [0, 90] is 𝛾𝑚 = 0.4. In this study,

it is assumed that 𝛾 = 𝛾𝑚.

The total energy received by the camera during the

exposure time 𝜏 is:

𝐸𝑐 = 𝑃𝑐 · 𝜏 (23)

𝐸𝑐 can be calculated as a number of photons:

𝑛𝑝ℎ =
𝐸𝑐

ℎ𝜈
(24)
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Figure 6: Representation of the position uncertainty of a point in space.

where ℎ𝜈 is the energy of a photon where ℎ is the Planck

constant (ℎ = 6.626 ·10−34 𝐽𝑠) and 𝜈 is the wave frequency

(𝜈 = 600 THz).

Knowing 𝑄, the quantum efficiency of the sensor, the

total number of electrons generated by the sensor as a

response to the signal received by the object is:

𝑆 = 𝑄 · 𝑛𝑝ℎ (25)

Using Eqs.22, 23 and 24, the expression of 𝑆 in Eq.25

becomes:

𝑆 =
𝐻

8 · ℎ · 𝜈 · (𝜌 · 𝑟2 · 𝛾) · 𝐷
2 · 𝜏
𝑑2

· 𝑄 (26)

where the first fraction is a composition of constants, the

second term a composition of parameters related to the

observed object, the third one with parameters related to

the optical system design, and the last term related to the

digital sensor.

2.5.2. Calculation of the sensor noise

The total number of electrons generated from all the

illuminated sensor pixels, 𝑁 , is assumed to be the sum

of independent Gaussian noises [23]. 𝑁 can therefore be

expressed as:

𝑁 =

√︃

𝜎2
𝑠𝑘𝑦

+ 𝜎2
𝑠ℎ𝑜𝑡

+ 𝜎2
𝑑𝑎𝑟𝑘

+ 𝜎2
𝑅

(27)

where 𝜎𝑠𝑘𝑦 , 𝜎𝑠ℎ𝑜𝑡 , 𝜎𝑑𝑎𝑟𝑘 and 𝜎𝑅 are the standard de-

viations of the sky background noise, the shot noise, the

dark noise and readout noise measured by the sensor in the

illuminated zone during the exposure time 𝜏, respectively.

By denoting 𝑛𝑖 𝑝 the number of illuminated pixels on

the sensor, the noise variances can be formulated as fol-

lows:

𝜎2
𝑠ℎ𝑜𝑡 = 𝑆 (28)

𝜎2
𝑠𝑘𝑦 = 𝐾 · 𝑛𝑖 𝑝 · 𝜏 (29)

𝜎2
𝑑𝑎𝑟𝑘 = 𝐼𝑑𝑎𝑟𝑘 · 𝑛𝑖 𝑝 · 𝜏 (30)

𝜎2
𝑅 = 𝑅2

𝑁 · 𝑛𝑖 𝑝 (31)

where 𝐾 = 0.01 𝑒− · 𝑠−1 · 𝑝𝑖𝑥𝑒𝑙−1, the sky count rate per

pixel [24]; 𝐼𝑑𝑎𝑟𝑘 is the dark current flowing in a given

sensor (𝑒− · 𝑠−1 · 𝑝𝑖𝑥𝑒𝑙−1); 𝑅𝑁 the readout noise for a

given sensor (𝑒− · 𝑝𝑖𝑥𝑒𝑙−1).

This gives an explicit formulation for 𝑁:

𝑁 =

√︃

𝑆 + 𝑛𝑖 𝑝 · ((𝐾 + 𝐼𝑑𝑎𝑟𝑘) · 𝜏 + 𝑅2
𝑁
) (32)

The number of illuminated pixels on the sensor 𝑛𝑖 𝑝
can be approximated by the product of the length of the

streak 𝐿𝑠𝑡 by its width𝑊𝑠𝑡 :

𝑛𝑖 𝑝 = 𝐿𝑠𝑡 ·𝑊𝑠𝑡 (33)

where 𝐿𝑠𝑡 is calculated using Eq.8 and 𝑊𝑠𝑡 depends on

light diffraction through the camera lenses. Indeed, every

lens induces the formation of diffraction patterns on the
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output image, known as Airy pattern [18]. The centered

and brightest disk at the center of such a pattern is called

the Airy disk, which𝑊𝑠𝑡 depends on.

The radius of the Airy disk 𝑅𝑎𝑖𝑟 𝑦 is known to be [18]:

𝑅𝑎𝑖𝑟 𝑦 = 1.22 · 𝜆 · 𝐹 (34)

where 𝜆 is the wavelength and 𝐹 is the F number of the

optical system.

Therefore, the width of the streak is:

𝑊𝑠𝑡 =
2𝑅𝑎𝑖𝑟 𝑦

𝑝
(35)

and Eq.33 becomes:

𝑛𝑖 𝑝 =
𝑓 · 𝑣𝑡 · 𝜏

cos(𝜃𝑜𝑏 𝑗 ) · 𝑑 · 𝑝
·

2.44 · 𝜆 · 𝑓

𝐷

𝑝
(36)

𝑛𝑖 𝑝 = (2.44 · 𝜆) · 𝑣𝑡 ,𝑎

cos(𝜃𝑜𝑏 𝑗 ) · 𝑑
· 𝜏 · 𝑓

2

𝐷
· 1

𝑝2
(37)

2.5.3. Signal to Noise Ratio

The greater the signal received is compared to the mean

level of noise of the image, the easier it will be for image

processing algorithms to detect the object. If the signal

received is comparable to the mean level of noise, the

object is at risk of being left undetected. The proposed re-

quirement for the system design maintains the probability

of detecting a transiting object above a chosen threshold.

The ratio of this averaged streak intensity to the mean level

of noise measured in the illuminated pixels of the streak

gives its averaged signal to noise ratio, called 𝑅𝑆/𝑁 .

From [23], it can be deduced that a formula for the

streak averaged signal to noise ratio 𝑅𝑆/𝑁 is:

𝑅𝑆/𝑁 =
𝑆

𝑁
(38)

where formulations for 𝑆 and 𝑁 were given from Eqs.26

and 32, respectively.

The necessary requirement for streak detectability is:

𝑅𝑆/𝑁 ⩾ 𝑅𝑆/𝑁,𝑚𝑖𝑛 (39)

where 𝑅𝑆/𝑁,𝑚𝑖𝑛 is the minimum signal to noise ratio under

which algorithms cannot detect the streaks.

2.5.4. Saturation

Each pixel of a digital sensor generates a signal whose

intensity is proportional to the number of accumulated

photons during the exposure time 𝜏. However, pixels can

only store a finite number of photons before their conver-

sion into electrons. If a pixel saturates, ”blooming” might

occur [25].

Let 𝑇 be the total number of electrons generated by the

sensor in its illuminated area at the end of an observation

and 𝐶 the pixel well depth.

Assuming the streak and noise intensities are homoge-

neous in the illuminated area of the sensor, the requirement

to avoid the saturation of a pixel is:

𝑇 < 𝑛𝑖 𝑝 · 𝐶 (40)

where 𝑇 = 𝑆 + 𝑁 .

In reality, the streak and noise intensities are not ho-

mogeneous as the central pixels are usually brighter than

the peripheral ones. However, the saturation of only a few

pixels of the streak during observations would not have

significant consequences. It has been chosen that the sat-

uration problem would not have significant consequences

for the image quality if:

𝑇 < 𝜒 · 𝑛𝑖 𝑝 · 𝐶 (41)

where 𝜒 is the saturation threshold.

3. Optical system selection strategy
This section describes the chosen methodology to find

the optimal optical system for the mission.

To observe a specific object of size 𝑟 and tangential

velocity 𝑣𝑡 at a distance 𝑑, an optical system with focal

length 𝑓 and aperture diameter 𝐷, working with an expo-

sure time 𝜏, is considered a feasible solution if and only

if the system complies with all the requirements described

in Section 2.

In this study, a digital sensor whose parameters are

given in Tab.1 was chosen. The following values for the

different thresholds used in the predefined requirements,

R1 to R5, were chosen as follows:

• R1: the values of the angles of the field of view

along the two dimensions are Φ1,𝑚𝑖𝑛 = 5°, and

Φ2,𝑚𝑖𝑛 = Φ1,𝑚𝑖𝑛 · 𝑏2

𝑏1
≈ 4.96° to fit with the sen-

sor’s dimensions;

• R2: the boundary values for the focal ratio are

𝐹𝑚𝑖𝑛 = 0.95 and 𝐹𝑚𝑎𝑥 = 45, as explained in Section

2.2;

• R3: for any streak to have a probability 𝜁 = 95%

of fitting within the sensor of the Balor (Tab.1), it

needs to have a maximum length of 𝐿𝑠𝑡 ,𝑚𝑎𝑥 = 1493

pixels (value found using the procedure explained

in Section 2.3.1). The streaks will have a minimum

length of 𝐿𝑠𝑡 ,𝑚𝑖𝑛 = 50 to allow for image processing

algorithms to detect them;

• R4: the allowed position uncertainty is Δ𝑝,𝑚𝑎𝑥 =

500 m;

• R5: the minimum signal to noise ratio is 𝑅𝑆/𝑁,𝑚𝑖𝑛 =

5, and the saturation threshold 𝜒 = 0.9.
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Parameter Value

Sensor size 𝑏1 × 𝑏2 49.5 mm × 49.2 mm

Active pixels 4128 × 4096

Pixel size 𝑝 12 µm

Peak quantum efficiency 𝑄 61%

Pixel well depth 𝐶 80.000 electrons

Readout noise 𝑅𝑁 4.3 electrons

Dark current 𝐼𝑑𝑎𝑟𝑘 0.03 𝑒− · 𝑠−1 · 𝑝𝑖𝑥𝑒𝑙−1

Table 1: Balor digital sensor parameters [25]

These requirements allowed to conduct a parametric

study to find which optical systems would be able to de-

tect debris in most cases, i.e. which set of optical system

parameters would meet all requirements at the same time

for most of the scenarios. A scenario is here defined with

three parameters: the size of the object 𝑟, its relative tan-

gential velocity 𝑣𝑡 ,𝑎, now noted 𝑣, and its distance w.r.t.

the CubeSat 𝑑. This experiment consisted in:

• assigning a score, equal to 0, for each optical system

represented by the 3 parameters 𝑓 , 𝐷, and 𝜏;

• for each scenario, represented by the 3 parameters 𝑟 ,

𝑣, and 𝑑, adding 1 to the score of the corresponding

optical system when all five requirements are met at

the same time.

The optical systems with the best scores are therefore

considered ”optimal”, and their selection is presented in

Section 4.

The boundary values for each of the 6 iterated vari-

ables, i.e. 𝑓 , 𝐷, 𝜏, 𝑟 , 𝑣, and 𝑑, were purposely chosen to

represent a wide variety of optical systems and scenarios.

Objects with side lengths 𝑟 smaller than 0.1 mm were

assumed to be undetectable in this context, and objects

larger than 10 cm are already detectable from ground-

based space surveillance systems. Seven different values

were considered between 0.1 mm and 10 cm: 0.1 mm, 0.5

mm, 1 mm, 5 mm, 10 mm, 50 mm, and 100 mm. The

range of relative velocities between the objects and the

sensors might sensibly vary based on the different relative

configurations of the orbits. For this reason, we consider

the following relative tangential velocities 𝑣 of space ob-

jects in the sensor’s reference frame: 1 𝑘𝑚 · 𝑠−1, 3 𝑘𝑚 · 𝑠−1,

5 𝑘𝑚 · 𝑠−1, 7 𝑘𝑚 · 𝑠−1 and 9 𝑘𝑚 · 𝑠−1. Finally, the follow-

ing values for the distance 𝑑 between the sensor and space

objects are as follows: 10 km, 50 km, 100 km, 200 km,

500 km. Therefore, 35 (7 × 5) scenarios per distance are

considered in this study.

Regarding the optical system parameters, the consid-

ered aperture diameter 𝐷 and the focal length 𝑓 of the

optical system were chosen in the range [0.1, 0.6] m, with

a step of 0.01 m, and the exposure times 𝜏 in the range

[0.001, 5] s, with a step of 0.001 s.

4. Results
In this section, the results of the parametric analysis are

presented with the aim of finding the optical systems with

the best score for the 35 observation scenarios considered.

Figure 7 shows the scores for all possible optical sys-

tems located at distances 𝑑 = 10, 50, 100, 200, and 500 km

from debris. Note that, for this figure and for each couple

of parameters 𝑓 and 𝐷, the value of 𝜏 was chosen to maxi-

mize the associated score. This choice was maintained for

the following figures.

It is worth noting that the maximum amount of de-

tectable debris naturally decreases when 𝑑 increases:

29/35 when 𝑑 = 10 km, 24 for 50 km, 21 for 100 km,

and 20 for 200 km and 500 km. Scores increase mainly

w.r.t. the aperture diameter 𝐷 for a fixed focal length 𝑓 .

Such results can intuitively be understood knowing that

a higher 𝐷 allows more light to enter the optical system,

ultimately increasing the signal to noise ratio, as in Eq.38,

and therefore the chances of detecting fainter objects.

Moreover, given a fixed aperture diameter 𝐷, the num-

ber of detectable objects decreases as the focal length 𝑓

increases. Indeed, greater focal lengths correspond to nar-

rower fields of view leading to decrease the likeliness that

streaks can fall entirely into them, as shown in Eq.14.

Figure 8 shows the results under the assumption

that a specific upper boundary on the aperture diameter

𝐷𝑚𝑎𝑥 = 20 cm is set in order to fit within a standard

CubeSat form factor, e.g. 12U, 16U 2.

The maximum score possible decreases when 𝑑 in-

creases: 26 for 10 km, 20 for 50 km, 100 km, and 200

km, and finally 17 for 500 km. These optimal regions are

generally located at the bottom-right hand corner of the

five figures, where systems with the smallest focal ratio 𝐹

and the highest aperture diameter 𝐷 can be found. In this

case, 𝐷 = 20 cm and 𝑓 = 19 cm.

A database of COTS lenses was exploited to find lenses

whose characteristics fit within the parameters ranges de-

fined for this study [19].

Five different settings of optical system dimensions

were found and reported in Tab.2. The same table reports

the scores that would be obtained using these settings for

each distance, while using them at their optimal 𝜏.

The optical system configuration 𝐹 = 2.8 and 𝑓 = 400

mm has the highest score for each distance, resulting in the

highest overall score (88/175). No different debris could

be detected using other systems, proving that this system

is the best among the one proposed.

These results prove that, using COTS optical technol-

ogy, it is possible to detect debris of sizes down to 1 mm at

21U = 10 cm × 10 cm × 10 cm.
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(a)

(b)

(c)

Figure 7: Score of each optical system for 𝑑 = 10, 50, 100, 200 and 500 km when using their optimal 𝜏.
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Figure 8: Score for all optical system with 𝐷 < 20 cm for all distances when using their optimal 𝜏.

Optical system parameters 𝑑 (km) Total score

𝐹 𝑓 (mm) 𝐷 (mm) 10 50 100 200 500

5 500 100 20 17 16 12 10 75

4 500 125 20 20 17 15 11 83

4 400 100 20 19 16 14 11 80

2.8 400 142.8 21 20 19 16 12 88

2.8 300 107.1 20 20 17 16 12 85

Table 2: Scores of five different optical systems.

close range (𝑑 = 10 km), 5 mm at medium ranges (𝑑 = 50,

100 and 200 km) and 1 cm for longer ranges (𝑑 = 500 km),

therefore meeting the performance criteria for the ORCA

mission.

For such a configuration, the lengths and maximum

diameters range from 343 to 368 mm and from 159.5 to

163 mm as seen in Tab.3, respectively. As a result, such

kinds of lenses could only be hosted in CubeSats whose

dimensions are greater than 34.3 × 16 × 16 cm, i.e. ap-

proximately 16U volume.

If a CubeSat of such a size is not suitable for practical

and economical reasons, smaller lenses should be con-

sidered, such as the ones matching with the second best

optical system configuration in Tab.2. Lengths and maxi-

mum diameters for these lenses range from 242.5 to 267.5

mm and from 122 to 128 mm as seen in Tab.3, respectively.

Such an optical system configuration would therefore

suit the mission for two reasons:

• the system would fit in a 12U CubeSat, which is

known to be a standard format [26];

• the system meets the top level performance require-

ments defined in the introduction of this chapter.

Indeed, as illustrated in Fig.9, it can be seen that

for distances 𝑑 ranging from 10 to 200 km, objects

down to a size of 5 mm could be detected, and at

500 km, objects of 1 cm could be spotted.34.

5. Conclusion
The needs of the Orbit Refinement for Collision Avoid-

ance (ORCA) mission were formalised as specific and

measurable requirements for the design of optical systems

onboard CubeSats. The dependency of these requirements

on the sizing and acquisition settings of the optical systems

allowed to conduct a parametric study to find the combi-

nation of optical system parameters that would meet the

mission requirements. Among them, a selection was car-

ried out to find the optical systems that could detect debris

in the widest range of observation scenarios.

A comparison of these findings with known COTS

optical systems validated the feasibility of such systems.

Using a digital sensor dedicated for space observations

mounted in a 12U CubeSat, it was found that lenses with

focal lengths 300 mm and focal ratio f/2.8 would be op-

timal to detect the greatest range of different debris with

sizes from 5 mm to 10 cm, relative velocities from 1 to 9

km/s, and distances from the sensor from 10 to 500 km.

4Note that this result are true only for the specific object velocities, as shown Fig.9
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(a) (b)

(c) (d)

(e)

Figure 9: Debris detected by the second best optical system for each distance. Green rectangle: debris detected; Purple

rectangle: debris left undetected.
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Lens name Length Max. aperture
Score

(Tab.2)

Min. volume of

hosting CubeSat

Canon EF 400mm f/2.8L IS II USM 343 mm 163 mm

88 16UNikon AF-S Nikkor 400mm F2.8G ED VR 368 mm 160 mm

Nikon AF-S Nikkor 400mm f/2.8E FL ED VR 358 mm 159.5 mm

Nikon AF-S Nikkor 300mm f/2.8G ED VR II 267.5 mm 124 mm

85 12U
Canon EF 300mm f/2.8L IS II USM 248 mm 128 mm

Canon EF 300mm f/2.8L IS USM 252 mm 128 mm

Sony 300mm F2.8 G II 242.5 mm 122 mm

Table 3: COTS lenses matching the optimal configuration for the ORCA mission.

The detection of such debris would favor the success-

ful execution of orbit determination algorithms to predict

their trajectories and estimate probabilities of collision.

Therefore, collisions in LEO could be prevented in accor-

dance to the ORCA mission, improving our current space

situational awareness capabilities for decades to come.
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