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This paper presents the initial conceptual study results of a new terminal guidance sensor
system for asteroid intercept or rendezvous missions, which explores the use of visual,
infrared, and radar devices. As was demonstrated by NASA's Deep Impact mission, visual
cameras can be effectively utilized for hypervelocity intercept terminal guidance for a
5 kilometer target. Other systems such as Raytheon's EKV (Exoatmospheric Kill Vehicle)
employ a different scheme that utilizes infrared target information to intercept ballistic
missiles. Another example that uses infrared information is the NEOWISE telescope,
which is used for asteroid detection and tracking. This paper describes the signal-to-noise
ratio estimation problem for infrared sensors, minimum and maximum range of detection,
and computational validation using GPU accelerated simulations. Small targets (50-100 m
in diameter) are considered, and scaled polyhedron models of known objects, such as the
Rosetta mission's Comet 67P/Churyumov-Gerasimenko, 101,955 Bennu, target of the
OSIRIS-REx mission, and asteroid 433 Eros, are utilized. A parallelized ray tracing algo-
rithm to simulate realistic surface-to-surface shadowing of a given celestial body is
developed. By using the simulated models and parameters given from the formulation of
the different sensors, impact mission scenarios are used to verify the feasibility for
intercepting a small target.

© 2015 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Similar concepts for hypervelocity asteroid intercepts
using visual imaging autonomous guidance have been

The Asteroid Deflection Research Center (ADRC) at lowa
State University has been developing a Hypervelocity
Asteroid Intercept Vehicle (HAIV) concept to mitigate the
impact threat of hazardous asteroids with short warning
time [1-3]. An illustration of the proposed HAIV terminal
intercept scenario is provided in Fig. 1. To demonstrate the
feasibility of such a mission, a scaled polyhedron model of
433 Eros was used in [4] for a closed-loop optical naviga-
tion and guidance simulation study of the HAIV concept.
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considered, such as the Don Quijote, Asteroid Impact and
Deflection Assessment (AIDA), and the Impactor for Sur-
face and Interior Science (ISIS) [5-8]. When visual tracking
of a target is not available, an IR telescope/sensor might be
required for a precision impact and mission success. It can
be seen in Fig. 2 that size, with slight contribution from
albedo, will affect the asteroid's signature in the IR regime,
whereas for visual electromagnetic wave lengths asteroid
size and albedo play a key role in object detection and
observation.

An IR sensor array has been employed for the Exoat-
mospheric Kill Vehicle (EKV). This vehicle is designed to
intercept ballistic missiles at hypervelocity speeds [9]. The
on-board focal plane array used for EKV targeting consists
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of a 256 by 256 structure with pixel pitch of 30 pm, which
is sensitive to long wave lengths (7-12 pm) and very long
wave lengths (12-30 pm) IR emission [10]. During the EKV
targeting process, the spacecraft receives information from
the long wave IR sensor of the Space Based Infrared Sys-
tem (SBIRS) in low Earth orbit. By using the SBIRS, the
detection range of the system is said to be about 107 km
for an object emitting 6 x 108 W/Ster. However, signal-to-
noise ratios (SNR) vary depending on the probability of
detection [11]. The EKV houses a 30 cm diameter optical
system, which, with the IR detector, has an approximate
detection range of 2000 km [12].

It has been shown in [13] which physical models are
needed to estimate the SNR for a given detector and
asteroid scenario in the N-band of IR wavelength. This
formulation used an alternative definition for the SNR. A
reference IR telescope, the Wide-field Infrared Survey
Explorer (WISE), uses a Cassegrain like primary mirror to
collect signal from objects of interest. A WISE telescope
illustration can be seen in Fig. 3 [14].

2. Optics and sensors

Three types of sensors, along with their optical con-
figurations, are studied for possible implementation to the
HAIV. The instruments of interest herein are a visual sen-
sor, an IR sensor, and a radar device. Typical parameters of
these sensors are determined by estimating the SNR,
which corresponds to a minimum or maximum detection
distance, and characteristics of the optics to be
implemented.

2.1. Classical Cassegrain telescope

A Classical Cassegrain telescope design is considered
due to its simplicity and similarity to the NEOWISE infra-
red telescope design. An illustration of the Cassegrain
telescope is given in Fig. 4, which will be the basis of the
instrument's parameters. Given an effective focal length, a
primary mirror focal length and diameter, and a back focus
distance, telescope parameters are determined. It can be
seen that baffling and glare stops are not considered.
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Fig. 1. A baseline terminal intercept scenario of a two-body HAIV car-
rying a nuclear explosive device (NED).
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Fig. 2. Comparisons of optical and infrared images of asteroids with

different sizes and albedos. Image courtesy of (http://wise.ssl.berkeley.
edu/gallery_asteroid_sizes.html).

Determ

The magnification of the system is

_F
i
where F and f; are the system focal length and the primary
mirror focal length. Once magnification is calculated, other
parameters of this system are found. Given the back focus
(distance from the primary mirror to the focal plane), b,
the primary mirror focus intercept point is found as

_F+b"
TM+1
The overall distance from the secondary mirror to the
focal plane, also known as the secondary to Cassegrain
focus p/, is given by
p'=pM 3
From the Cassegrain focus, the mirror separation, B, is
found as

B=p —-b" 4

M M

@

Another very important part of the Cassegrain tele-
scope is to design the size of the secondary mirror. This
diameter, D, can be found as

__pD,  BD,
= ThM ®)
where D, is the minimum diameter of the image plane
(not including thickness) and D, is the primary mirror
diameter. This correlates to the size of the imaging device,
which is equivalent to the minimum dimension of the
array. Egs. (2) and (5) are given in Beish [15].

The radius of curvature (ROC) is found for both, the
primary mirror and secondary mirror and is given by

D

Ry =2f4 (6)
and
2
Ry= T 1 7
pr
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Fig. 3. Illustration of WISE telescope. Image courtesy of NASA/JPL.

—Z

Yy
fi
2 "//’/V Dp
D 0 Z
(0,0)
p b —
pl

Fig. 4. Classical Cassegrain telescope design.

where R; is the ROC for the primary mirror and R, is the
ROC for the secondary mirror [16,17]. By using the ROC of
each mirror, the prescription for the two mirrors can be
found by the formulas

I
Z1 = 2R, —b (8)
2
Z = yZ/RZ _ (b*-i-B) (9)
144/ 1= (1+by)(y,/Ro)?
and
—4M

where z; and z, are face locations of the mirrors when
the image plane array is located at the origin of a
measurement, (—D,/2) <y, <(—Dp/2), and (—Ds/2)<y,
<(—Ds/2) [17]. This is only valid in the case of a Classical
Cassegrain telescope.

2.2. Visual sensor

A visual sensor is characterized herein. The first step of
estimating the SNR is to integrate Planck's law for black
body radiation over the visual band of electromagnetic
spectrum, which gives the radiance. Fig. 5 illustrates the
black body curves for the IR regime of interest for the
electromagnetic spectrum. An assumption is made where
IR and visual waves are not transmitted through the body
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Fig. 5. Black body radiation for different temperature values in the IR regime.

and only reflected energy and emitted energy are con-
sidered. Below is the formulation of radiance
Wm~-2sr-1) and irradiance (Wm~2) for reflected
energy. Radiance is given by

%2 2hc? 1
L = A T an

where the temperature of interest is that of the sun, h is
the Planck’s constant (6.62606957 x 10~>* m? kg s—1), cis
the speed of light, kg is the Boltzmann constant
(1.3806488 x 102> m? kg s—2 K~ '), A; is the lower bound
wavelength, and 4, is the upper bound wavelength. Since
this is calculated, one must evaluate the radiance of the
sun at the body, which is the irradiance multiplied by the
sun's solid angle. A solid angel of an object is the area of its
projection onto a sphere with some arbitrary radius cor-
responding to the distance between objects and is mea-
sured in steradians [18]. In this case, the radius is the
distance from the sun to the object. However, the radius
can also be from the object to the spacecraft, as will be
used in the infrared situation. An assumption is made that
the sun's solid angle can use a circular approximation,
since the asteroid's distance from the sun is much larger
than the radius of the sun. This leads to the incident
irradiance at the object as
2
EVs,» = LVs,-ﬂ

2
ds/obj

(12)

where 7 is the radius of the sun and dy/y; is the distance
from the sun to the object. The irradiance of the reflected
electromagnetic waves, from the object as seen by the
spacecraft, is given by
7,
EV peaes = AV BEvs—5 2 (13)
obj/sc
where ay is the asteroid's visual albedo, r,p; is the radius of
the object, and d,;s. is the distance from the object to the
spacecraft. Here it is also assumed that the solid angle of
the object can be given by a circular approximation due to

its radius being much smaller than the distance from the
asteroid to the spacecraft. The variable, 3, corresponds to
the number of illuminated polyhedron faces seen by the
spacecraft compared to the total number of faces illumi-
nated by the sun. This variable will be discussed more in-
depth later. The reflected energy's irradiance is estimated,
and the emitted energy from the object is calculated.

The emitted energy from the body is very similar to
reflected energy obtained by an integration of Planck's law
using the asteroid temperature. A typical asteroid tem-
perature, for objects approximately 1 AU away from the
sun, is 300K [19]. This will be used later for detection
distances and simulations. The equation for emitted radi-
ance is given by

42 Qhc? 1
ngmmed = €V \Al i—smdl (1 4)

where ¢y is the object's visual emissivity. This assumes
that there is no transitivity, which is the case for the
infrared band as well. Once again, the irradiance can be
found by multiplying the radiance by the solid angle (cir-
cular approximation), as follows:

nr?

Evemitted = LVemmendziobj (15)

obj/sc
The total irradiance seen by the spacecraft is then given by

Ev=E Veftected +E Vemitted (16)

In general, the irradiance at the spacecraft from the visual
emission can be neglected, therefore Ey,  , ~ 0. From the
irradiance, the photon flux, given in number of photons
per square meter per second, is calculated as follows:

E Vﬂrnax
hc

where A4« is the wavelength of peak emission, which is a
function of Wien's displacement constant and the Sun's
temperature. By collecting the device parameters and the
photon flux at the device, the signal given on the pixel

Dy = a7
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array in number of electrons is obtained as

D 2
v,y = Py Top1Gu TN (7) (18)

where a,p is a coefficient from the optics, 7, is the
optics’ efficiency, # is the device's quantum efficiency, Gy
is the device's photoconductive gain, 7;,; is the device's
integration time, N is the number of image samples, and
D, is the diameter of the primary mirror or lens. A similar
expression can be found in [20]. Equation (18) is also
used in IR signal formulation, which has IR specific
variables. For the SNR to be calculated, the estimated
standard deviations of the noise are found. The shot noise
characteristics of the device are dictated by the following

pho%on

/" lcu rrent

A 2

Fig. 6. A simple diagram of sensor pixel characteristics.

expression:

Gvshut = \/ Svsignal (19)

where the standard deviation is in number of electrons
and follows Poisson statistics. Another noise contribution
is caused by dark current. This noise also follows Poisson
statistics and also is dictated by Arrhenius equations in
the form of D = k;e(x2/T), where T is the sensor tempera-
ture, k, represents a function of the activation energy of
the material, and x; is the dark count per pixel
per second. Using pixel 3 information found in [21], the
parameters k; and k» can be calculated, which will be
discussed later. These variables however, are sensor and
pixel specific. The dark current standard deviation can
then be written as

K1 Mpix Tine N e(k2/Ta)
OVt =\/ =D, (20)

where Dy is the dark count to electron conversion gain
found in [22], Ty is the detector temperature, and npy is
the total number of pixels. Similar forms of Egs. (19) and
(20) are found in [27]. These equations will also be
applied to the IR sensor. Since these noise values are
assumed to be statistically independent, the total noise
standard deviation is described as

2
OVigise = V G%shot +O-%/dark +Rr (2])

Fig. 7. Computer generated Bennu polyhedron model with shadowing.
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Fig. 8. Computer generated 67P/Churyumov-Gerasimenko polyhedron model with shadowing.
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Fig. 9. Depiction of jth face intersecting the vector to the ith face.

where R, is the read-in noise. This value is usually given
as an RMS value measured in number of electrons. The
final expression for the SNR in the visual band becomes

Svsignnl
SNRy = —*= 22)

Vhoise

2.3. Infrared sensor

Similar to the visual sensor, the IR device is simulated
by also using Planck's law of black body radiation, which is
integrated over the infrared wavelengths. However, the
emissivity is taken into account. In Fig. 5, black body
radiation curves for different asteroid temperatures are
shown, and the band in a transparent blue represents the

Asteroid

Spacecraft

Sun

Fig. 10. Depiction of y angle, where the axis is of the sun-fixed frame.

infrared wavelengths of this study. The radiance and irra-
diance for emitted and reflected radiation are given as

% 2hc? 1
LIRcmitted =€R ~//1| del (23)
2
Tre, .
obj
EIRemitted = LlRemmcddzi (24)
obj/sc
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Fig. 11. Illustration of a monostatic radar system (not to scale).

% 2hc? 1
Ligg = A e e (25)

2 2
zrs AT
— s )]
Eereﬂec[ed = aRf Ligs, 2 L2
s/obj “obj/sc

(26)

Er=ER,, .. +ERr (27)

emitted reflected

where € is the IR emissivity of the object, ar is the
object's IR albedo, A; and A, are the IR lower and upper
bound wavelengths. Note that these equations must be
integrated over the infrared spectrum regime of interest.
To find the radiance for reflected energy and emitted
energy, they are not integrated over the visual spectrum
like in the visual camera section, but over infrared wave-
lengths. Following similar steps from that of the visual
camera, the photon flux and signal are described as fol-
lows:

ERrA
D= mh_:ax (28)
Do \2
StRygrat = PRToptNGIRTine N7 (%) (29)

where the A4 is the wavelength of peak emission, which
is a function of Wien's displacement constant and object's
temperature and Gy is the IR device gain. With signal
photons known, noise characteristics need to be
developed.

Four types of noise sources are considered herein: shot
noise, dark current noise, Johnson noise, and generation-
recombination noise. The standard deviations of each
noise can be described as
OlRype = 1/ SIR

shot signal

(30)

Similarly, the dark current noise for the infrared sensor
can be expressed in the Arrhenius form. The parameters x;
and k, are found by using material specific information.
For later comparison to the WISE telescope, a silicon
arsenide (Si:Ar) detector is used. Information regarding
the dark current electron count per pixel can be found in
[23]. However, the Si:Ar detector parameters are that of
the James Web Space Telescope's (JWST) Mid-Infrared
Instrument (MIRI). This will be discussed in a later
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Fig. 12. Detection distances vs. asteroid diameter of IR and visual band
sensors using WISE telescope parameters.

section. The dark current noise is then expressed as

K1 Mpix Tine N e(k2/Ta)
Gleme\/ 1 Tpix mD[ 31
v

where again, Dy is the dark count per electron gain for the
detector. To reiterate, the parameters «; and k in the IR
detector are not the same as in the visual detector section:

2kp iy Ty p Iy N G?
Oty = 3 | P 4P (32)
b I, RS, Tine

where (I, ly,l;) are pixel dimensions, R, is voltage to
electron conversion, and p is the resistivity. Typical values
for Ry, can be found in [24]. The resistivity is the inverse of
conductivity and is sensitive to detector temperature.
Material information of the Si:Ar detector at low tem-
peratures is taken from [25]. In general, for semi-
conductors, the resistivity follows an Arrhenius form [26].
An expression for p is

p = peEalkse Ta (33)

where p, is the resistivity as detector temperature goes to
infinity, E, is the material activation energy given in elec-
tron volts, and kg, is Boltzmann's constant in electron volts
per kelvin.

OiRgy = G/ 2N DPRToptAdNTin (34)

where Ay is the area of the detector. Similar forms of Eqgs.
(30) through (34) can be found in [27,28]. An illustration of
a simple sensor pixel can be seen in Fig. 6. If the noises are
assumed to be statistically independent of each other, then
the total noise standard deviation for the infrared regime
is given by

— 2 2 2
OR = \/ ORot T OlRiare T CIR,

johnson

+ 07 (35)

From the formulated IR signal and noise equations, the
SNR in the infrared band of interest takes the same form as
that of the visual band, which is the ratio of estimated
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Table 1
Visual sensor design results and asteroid parameters.

Instrument characteristics Value Asteroid parameters Value

F 1.35m Tast 300K

M 8 Tast 25m

D, 0.2m dson 1.496e8 km
b* 0.0115m opj/sc ~ 7.75e5 km
n 0.7 a 0.25

Gy 6.83 B 1

Toptics 0.504

N 1

Tint 1s

Ty 230K

R, 10 e/pixel/s

D, 2.8 DN/e

K1 1.03212649e7 DN/pixel/s

K2 —3752.58 K

Npix 1024 x 1024 = 1,048,576 pixels

Pixel pitch 18 um

Ay A2 380, 800 nm

signal to the calculated noise standard deviation, given by

SiRsgnal
SNRy == (36)

2.4. Image rendering and S calculation

The visual camera is simulated by incorporating the
albedo of a given target and assigning values to poly-
hedron shape model faces according to the direction of the
sun vector with the asteroid. This sun vector, S, is the unit
vector pointing from the sun to the target [29]. Each
polyhedron face coefficient is described as

kd(Ni‘ —§)+ka if (Ni. 7§) >0

Ci= (37)

0 if (N,—S)go

where i is the face index, N; is the outward pointing unit
normal vector of each face, ky is the diffuse lighting coef-
ficient associated with the object's albedo, and k, is the
ambient lighting coefficient. By using this vector, including
a ray trace algorithm for shadowing, and exploiting the
advantages of parallel computing, realistic images can be
generated quickly. Such images can be seen in Figs. 7 and
8. These images, however, are computed in grayscale and
are not usually seen in real imaging situations. Pixelation,
blurring, and aberrations would be presented in a full
realistic situation.

These computer generated images are depictions of
Bennu and Comet 67P/Churyumov-Gerasimenko (Comet
67P/C-G), which are taken at different times within a
simulation where the respective body is rotating about a
general axis. As can be seen in these figures, there is crater
shadowing. The shadowing is done by a GPU accelerated
ray tracing algorithm. By applying this algorithm, the face
coefficient for any given face i becomes zero under the
following condition: there exists a face j that intersects the
vector from the sun to the ith face, where the intersecting
jth face is located between the sun and the ith face. An
illustration of the face intersection can be seen in Fig. 9.

This shadowing effect will help simulating landing on a
target or tracking rendezvous locations.

The f coefficient, which correlates to the estimated
solid angle for a non-flat surfaced convex shape (cuboid),
is estimated as

p=

Total number of illuminated faces seen by camera
Total number of illuminated faces

(33)

This assumption of a non-cuboid shape must be made for
the above to hold. Instances could arise where all of the
illuminated faces of the object could be seen even though
there is an incident angle. If this were to occur, Eq. (38)
shows that the radiation from the body would be the same
as if the incident angle were zero. An over approximation
of the detection distance or SNR at a certain range would
be caused by these flat-surfaced shapes.

However, if one is not using a polyhedron model, an
approximation of the f coefficient can be made. This
parameter uses the angle between the vector from the
asteroid to the sun and the vector from the asteroid to the
spacecraft, which will be denoted as y, measured in
radians. Moreover, this approximation is used primarily for
spherical shapes. When different geometries are present,
such as Comet 67P/C-G, other approximations should be
used. A depiction of this angle can be seen in Fig. 10. The
coefficient approximation is

p =~ cos (g) 39

2.5. Radar

Object range determination for a monostatic system
(transmitter and receiver are collocated) is found. An
illustration of a monostatic system is depicted in Fig. 11.
The radar expression is manipulated to find the maximum
detection distance. A minimum detection distance is also
required since there is a transition from the near-field to
the far-field of the signal. The transition distance from the
near-field to the far-field is given in [30]. There is still
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Table 2
IR device design results and asteroid parameters.
Instrument characteristics Value Asteroid parameters Value
F 1.35m Tast 300K
M 8 Tast 25m
D, 02m ds/oj 1.496€8 km
b* 0.0115 m opj/sc ~ 7.55e5 km
n 0.7 € 0.9
Gr 6.83 p 1
Toptics 0.504
N 1
Tint 1s
Ty 10K
K1 8.5057355¢e13 e/pixel/s
K2 —225.5617K
Eq 0.01943 eV
Rsp 0.5e-6 V/e
Po 7.99742e-9 Q@ m
Mpix 1024 x 1024 = 1,048,576 pixels
Pixel pitch 18 pm
A1, A2 7.5,16.5 pm
Table 3 Table 4
Asteroid detection results for a visual sensor. Asteroid detection results for an IR sensor.
Parameters Value Parameters Value
Geometric optics pixel fill <1 Geometric optics pixel fill <1
Visual magnitude ~12.5 Visual magnitude (N band) ~ 4.47
SNRy ~ 10.06 SNRig ~ 10.04
signal received in the nearfield, but may give incorrect 015 Detection Distance vs. Asteroid Diameter at SNR=5
values. These two equations are given by
2
R —4 PtKlosses(GR)zj’ﬁ OR (NR)l/Z (40) g o1y
max —
(4n)’ksT. Af (SNRR) g
s
) '§ 0.05 L
Rmin = 2DR (41) g : (‘)5002204 : (‘15002|45
A.R _
where P; is the peak pulse power transmitted, Kjysses are %0 10 20 300 40 50 600 700 80 900 1000

the losses of the device, Gy is the antenna gain, Ay is the
radar wavelength, oy is the object's radar cross section, Ng
is the number of samples, T, is the equivalent noise tem-
perature, Af is the bandwidth, (SNRy) is the desired signal-
to-noise ratio, and Dy is the primary signal-collecting
dish's diameter (assuming a circular dish). Variables of
other devices should not be confused with radar
parameters.

3. Sensor comparison and simulation results
3.1. Sensor comparison

Comparison of the sensing devices discussed in the
preceding sections is provided herein. This entails the
asteroid's detection distance, which corresponds to devi-
ce's SNR, and image representation given in SNR values.
These images are plotted using a Matlab program and the
calculated standard deviation of the noise.

Asteroid Diamter (meters)

Fig. 13. Detection distances vs. asteroid diameter of IR and visual band
Sensors.

3.1.1. WISE telescope comparison

Parameters for the WISE telescope are used to compare
with the literature and visual sensors. These parameters
for the Si:Ar detector and optics can be found in [23,31,32].
By using a detector temperature of 8 K, integration time of
8.8 s, and other parameters of the Si:Ar detector and WISE
optics, it was found that a 250 m diameter object could be
detected with a SNR of 5 at approximately 0.5 AU. This
confirms what is stated in [33]. However, a few assump-
tions are made for the asteroid: the asteroid is spherical,
has an emissivity of 0.9, which is similar to values in
[34,35], but is lower than the values given in [36,37], and
has a f} coefficient value of one. Fig. 12 shows the detection
distance compared to a telescope with comparable optics.
The visual sensor has a read noise of 10 e~ /s/pixel RMS,
detector temperature of approximately 230 K, integration
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time of 8.8 s, and other parameters to that of the IR sensor
and optics. It can be seen that the detection distance is
linear with the asteroid diameter. This is due to the solid
angle approximation using a circumscribing sphere.

3.1.2. Infrared and visual sensor comparison

Various parameter values of the visual and IR detection
devices are kept very similar to those of the NEOWISE
telescope, except for a reduction in primary mirror size
and operating temperature. By using the formulation
for the signal-to-noise ratio and the values given in
Tables 1 and 2, the results for the SNR value of approxi-
mately 5 are provided in Tables 3 and 4. Results illustrate
the geometric pixel fill corresponding to the largest
dimension of the object, as well as the visual magnitude.
These tables show that the geometric pixel fill of the object
is less than one, which means there is no object detail
resolved but detected. The visual magnitude is calculated
from the flux density of the object in both IR and visual
wavelengths. In both cases, the reference celestial object is
Vega, with an assumed visual magnitude of 0.03 (N band
and visual band).

Notice that the distance from the object to the space-
craft is almost identical between the visual and IR sensor.

Table 5
A reference radar design.

Instrument characteristics Value

P; 500 W
Klusses 0.55
Scale 1/10

Gr 8.0568e5
Jg (Scaled) 3.5 mm
or (Scaled) 340 m?
Ng 1000

ts (Pulse width) 1ps

Te 70K

Af (1/t5) 1.0e6 Hz
(SNRg) 10

DR 1m

This means that the IR device can detect a 50-m object,
with N band emissivity of 0.9, at about the same distance
as the visual device. The detection distances using an IR
sensor are not as great as the visual sensor, which is pri-
marily due to the increase of operation temperature.
Moreover, in the visual band, the albedo of the asteroid is
set at 0.25, which is a high value for an asteroid. If the
phase angle were to be increased, correlating to a smaller
p coefficient, the visual sensor would not outperform the
IR sensor for these instrument characteristics. With these
parameters, the detection distances and selected asteroid
sizes can be seen in Fig. 13. In these plots, the lines for
detection distance are linear due to the assumption of the
solid angle being subtended by a circular approximation,
along with other approximations using polyhedron face
plane projections.

As stated previously, parameters of the radar device are
different from the other two sensing devices. By using the
equations describing the radar, an estimation of minimum
and maximum detection distances can be found. A scaled
Bennu model is used here to evaluate the radar perfor-
mance. Bennu is scaled by 1/10, resulting in a diameter
around 50 m. When scaling Bennu, the transmitted sig-
nal's wavelength must also be scaled by the same factor, if
similar detection distances are desired. At a wavelength of
3.5cm, a unscaled Bennu has a radar cross-section of

Table 6
Comparison of IR and visual sensors during asteroid intercept phase
(optical components are the same as in previous comparison).

Simulation results IR Visual
dopj/sc at 2 h 7.2e4 km 7.2e4 km
Visual magnitude at 2 h —0.654 7.312
Geom. pixel fill at 2 h <1 <1
SNRat2h 1.098e3 1.105e3
dopj/sc at 60 s 600 km 600 km
Visual magnitude at 60 s -1110 —-3.134
Geom. pixel fill at 60 s ~7 ~7

SNR at 60 s 1.09e6 4.145e5

Simulated IR image

Simulated visual image

Fig. 14. Examples of IR and visual sensor images at 60 s prior to final impact.
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3.4 x 10* m2, which correlates to a scaled oy of 340 m and
a wavelength of 3.5 mm. This creates a needed wavelength
that is near the edge of the radar regime of the electro-
magnetic spectrum but is still obtainable.

By using the values in Table 5, the radar equations
result in a maximum detection distance of 9.062 x 10? km.
However, the minimum distance is dictated by the far-field
and near-field transition, if there are no filtering techni-
ques applied. This minimum distance before nearfield

5 Control Components
10 T : T r T T

x direction
——y direction
2 direction

Acceleration (mf52)

8 i L L i L i
0 1000 2000 3000 4000 5000 6000 7000

Time (sec)

8000

Fig. 15. Control acceleration time history of an IR-based terminal gui-
dance system (t=0 implies 2 h before impact).
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transition measures 571 m. Rendezvousing with a target
body and landing on its surface would need a radar device
that has a lower minimum detection range.

3.2. Terminal guidance simulation results

Hypervelocity intercept missions are simulated using a
scaled 433 Eros polyhedron model. The points of interest
are at two hours and 60 s before impact. Fig. 14 compares
the visual and infrared sensors at 60 s before asteroid
intercept. These simulated images were obtained by using
the parameters given in Tables 1 and 2, along with Cas-
segrain telescope design. It can be seen that the asteroid
does not fill many pixels on the sensor array. The calcu-
lated amount of pixels filled for the maximum dimension
of the asteroid can be seen in Table 6. This table also
includes the SNR for both times of interest. Two hours
before impact, each sensor array displays sub-pixel pixel
fill. However, at 60 s before impact, the horizontal pixel fill
is at approximately 37 pixels. In both the sensor scenarios,
2 h or 60 s before impact, the pixel fill does not provide
detailed target images.

It can be seen that the SNRs at two hours before impact
are quite different for both devices. At this point, the IR
device can discern the asteroid, whereas the visual device
does not have an adequate SNR. This shows for lower
albedo asteroids, which are small and have higher emis-
sivity, that the IR device may out-perform the visual
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Fig. 16. Mission specific variables vs. time (or pixel centroid locations) for an IR-based terminal guidance system (t=0 implies 2 h before impact).
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Fig. 17. Monte Carlo simulation result for intercepting a 50-m asteroid using an IR-based terminal guidance system. (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this paper.)

device. Consequently, the guidance algorithms use the
information from the IR device and radar. Radar is used
once the distance from the asteroid to the spacecraft is
sufficient for radar detection, which was stated to be about
900 km.

For the guidance simulations, a hybrid algorithm is
used. This includes kinematic intercept guidance, which
uses predetermined control pulses and proportional
navigation. During the beginning of the terminal phase of
the mission, the spacecraft undergoes kinematic impulse
guidance, and once a sufficient amount of pixels is filled on
the sensor array by the target, the guidance algorithm is
switched to proportional navigation guidance to ensure
mission success. A depiction of the control accelerations
can be seen in Fig. 15. Spacecraft Av requirements and
other mission specifications can be seen in Fig. 16. For this
scenario, the velocity requirement is small, because this is
done during the terminal phase of the mission. These
requirements assume that the major trajectory maneuvers
have been completed prior to the terminal phase. The
resulting intercept speed is approximately 10 kilometers
per second.

Using this same control acceleration, at 60 s before
impact, the spacecraft will separate into a fore and aft
body system [38]. At this separation time, a position and
velocity error are placed on the fore and aft bodies. This
simulation is conducted 3000 times. After these simula-
tions, approximately 98.5 percent of the fore bodies and
98.7 percent of the aft bodies impact in the IR case. In
comparison, only 93.4 percent impacted of both fore and
aft bodies for the visual case. A depiction of these simu-
lations are shown in Fig. 17. This figure, green dots
represent the fore body, while red dots represent the aft
body. In this scenario, the impact percentage utilizing an IR
sensor barely outperformed the visual camera case. This is
due to the sun-asteroid-spacecraft phase angle. If the S
coefficient were to be closer to zero, larger phase angle,
less light would be illuminating the surface of the asteroid
in the spacecraft's line-of-sight, which would cause a
lower percentage of successful impacts.

4. Conclusion

In this paper, the signal-to-noise ratio estimation and
detection distance estimation for IR and visual sensing
devices have been examined for asteroid intercept/ren-
dezvous applications. In addition, estimation of the solid
angle of an object due to shadowing was studied, which
relates to object irradiance. By following the procedures
described in this paper, maximum detection distances
were found for all three sensing devices. These distances,
corresponding to a 50-m asteroid, were estimated to be
7.75 x 10° km for the visual device, 7.55 x 10° km for the
IR device, and 906.2 km for the radar. These results show
that for an asteroid with an IR emissivity of 0.9 and a visual
albedo of 0.25, the IR sensing device detects the asteroid at
a distance approximately the same as the visual sensing
device. To evaluate the performance of a terminal guidance
system equipped with such sensors, Monte Carlo simula-
tions were performed, which resulted in approximately
98.5% impact success using an IR device and only 93.4% for
a visual device. Further research must consider more
accurate solid angle approximations, as well as device
functionality in close asteroid proximity situations and
asteroid polyhedron gravitation.
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