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This study evaluates pointing requirements for free space optical data links of a
satellite network. For many applications, optical links pose a distinct advantage over radio
frequency (RF) links for their far higher data transmission rates. They can also be much
lighter than RF antennas and require far less power, making them ideal transmission
methods for small satellites and CubeSats. While more power efficiency is achieved thru
narrow beam divergence, the narrower beams pose a technical challenge due to the higher
pointing accuracy required for effective transmission. A general method for characterizing
pointing tolerance, angular rates and angular accelerations for Line-of-Site (LoS) vectors is
devised. Several case studies involving different (single-layer) constellation designs were
evaluated. Varying degrees of inclination and offset of true anomaly from one plane to a
connecting plane were evaluated and corresponding angular velocity and accelerations are
reported. The study finds that the methodology outlined gives crucial information to assess
pointing requirements against various constellation designs. This assessment can then drive
the trade space for designs for optically linked networks from the hardware aboard each

satellite, to the design of the satellite constellation itself.
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Nomenclature

alt = altitude

D = diameter

d =  distance

F = beam flux

fo = reference true anomaly

i = object number corresponding with the transmitter
J = object number corresponding with the receiver
P = transmitter power

Raperture = radius of transmitter aperture

Ry = Earthradius

r = position vector

T = norm of position vector

\' = velocity vector

v = norm of velocity vector

Af, = angle offset from cross-plane connections

ALAN =  delta of Longitude of Ascending Node

) = beam divergence angle

U = gravitational constant

Tt = component of tolerance by transmitter properties
T, = component of tolerance by receiver properties

T = tolerance

oo = angular velocity vector

® = angular acceleration vector

LIntroduction and Motivation
FREE—space optical communication refers to the utilization of light to encode and transmit signals from a light

source to a receiver through a free-space medium (i.e. vacuum or air). This is distinct from technologies such as



fiber optics in that there is no physical transmission line. Before the advent of lasers, practical techniques of free-
space optical communication involved the use of various light sources and encoding methods, including Morse code.
In the 1960s, methods of encoding signals in lasers gave way to research into data transmission via lasers including
fiber optics. While fiber optics is now widely used for the transmission of data through physical networks that have
laid the foundation of our information infrastructure, free space laser communication technologies are still far less
mature.

Laser linked communication, commonly referred to as lasercomm, promises a substantial improvement over RF
links in the data rates available to data-links of modern satellite networks. While the highest bandwidth available in
the RF spectrum is achieved in the Extremely High Frequency (EHF) range (30 GHz — 300GHz; though not
practically used above 100 GHz), the infrared band is a frequency range roughly 1000 times that of EHF. This
means that optical data-links represent a potential improvement over the rate at which data can be encoded and
transmitted by roughly 1000 times over that of RF [2]. Additional benefits of free-space laser over RF include a far
greater directivity of the transmitted energy. RF, with large wavelengths, require large reflectors or arrays in order to
increase directivity, costing weight and even then, are limited in how directional the beam can be. Optical
communications have much smaller wavelengths, giving them the potential to be much more directional with much
less mass. A more directional beam also means that a larger fraction of the transmitted power reaches the receiver,
and so requires less power to transmit data. These benefits make optical communication ideal for small satellites
such as CubeSats. The directivity of optical transmissions also means that there is less potential for interference
from other transmitting sources and hence the International Telecommunications Union does not issue frequency
allocations for optical bands. This also means that optical communication is less vulnerable to attempts at signal
jamming. However, optical communication shows deficiencies primarily in ground linking. The atmosphere can
degrade power through absorption, scatter, and optical turbulence [3]. Weather can exacerbate these effects.
Atmospheric penetrability of optical ground links is therefore weak compared with many frequency bands in the RF
spectrum. To mitigate some of these challenges and reap the benefits of lasercomm, many experiments have been
conducted to mature space based laser communication technology. The Optical PAload for Lasercomm Science
(OPALS) is one such experiment, which features a payload aboard the International Space Station connected to a
receiver station on the ground via laser. Another planned mission includes NASA’s Laser Communication Relay

Demonstration (LCRD) that will launch in 2019, according to a NASA public release [4]. Hosted on a commercial



satellite, LCRD will investigate encoding methods, tracking techniques, and mitigating options for disruptions to
communication.

While lasercomm opens potential for networks of small satellites, particularly in the rising research and
utilization of CubeSats, due to its energy efficiency and compactness, a clear challenge of optical links is the
required pointing accuracy for narrow laser beams. In order to satisfy receiver sensitivity, larger link range and
higher data rates require narrower beam divergence. Too high a beam divergence at too great a distance will result in
signal intensity too weak for the receiver. Sufficient reduction in beam divergence may require either an adjustment
of the optics in the transmitter, or changes in the wavelength. Conversely, narrow beam divergence increases
demand on the satellite pointing accuracy. Achieving necessary pointing accuracy not only involves sufficient
tracking accuracy (knowledge of position and orientation), but also sufficient control accuracy (actuation to desired
orientation). In addition to the fine pointing control that may be achieved by a Fast Steering Mirror (FSM) or a
piezoelectric actuator, coarse pointing control is needed for a broad azimuth and elevation range. These coarse
pointing methods are especially needed for large and sustained angular rates and accelerations. Understanding the
requirements for these angle rates is necessary for navigating the design trade-space and making engineering
decisions on pointing methods and network design. Angle rates and acceleration requirements can be tied to
performance specifications of reaction control wheels commercially available.

The potential network designs are infinite. Most current networks of satellites, including Iridium, Globalstar, and
Planet Labs, involve constellations of crosslinked satellites in circular LEO of constant altitude. These are single
layered satellites constellations relaying large amounts of communication or imagery data and relying on several
ground terminals in the network architecture. Studies have been conducted to examine the concepts of networks less
dependent on ground stations and involving more complex, multi-layer constellations [1]. Such concept networks as
well as current networks would further benefit from increasing the network capacity and data rate capabilities
through the utilization of optical data links. This study aims to present tools for the analysis of pointing requirements
for lasercomm of cross linked and ground linked satellites in a subset of possible network designs that is
representative of most current crosslinked satellite networks. The study also presents analysis of a few trade

considerations in the design of such constellations.



II.Methodology

The requirements concerning beam pointing are defined by the pointing tolerance and the pointing dynamics.
The pointing accuracy is defined as accuracy that the center of a transmitted laser beam must be to line of sight
between the transmitter and the receiver. The satellite can maintain pointing within this tolerance as long as the line-
of-sight is not interrupted by the Earth or its thick atmosphere. It is also constrained by the distance at which a link
can be established, dictated by the sensitivity of the receiver, the power of the transmitting, and the divergence angle
of the transmitting beam. Two objects that are moving relative to each other, either two satellites, or a satellite and a
ground terminal, will see a rotating line of sight. This requires the transmitting beam to slew in order to track the line
of sight. These slew rates are calculated as well as the corresponding angular accelerations.

Assumptions on orbital mechanics neglect orbital perturbations including those due to earth oblateness, 3rd
bodies, and atmospheric drag. Positions and velocities calculated for the ground terminal assume spherical, rotating
Earth. The ground terminal location was the location of the observatory of the Georgia Institute of Technology.

A. Definition of Pointing Tolerance

A requirement for linkage is an existing line-of-sight between the transmitter and receiver. It is assumed that if
the line of sight does not cross below the lower 50km of the Earth’s atmosphere, that a link can be established. In
Fig. 1, an optical link connects a transmitter to a receiver. A transmitter or receiver may be a ground terminal or a

satellite. In either case, each object has a position that is defined by a reference position vector. The origin of the

reference frame is the center of the body about which the object orbits.

Fig. 1 Relative position of transmitter and receiver
For cross links a given transmitter corresponds to satellite number i and a receiver corresponds to satellite

number j (a receiver may also correspond to a ground terminal). The radius vector from transmitter to receiver is the



difference from the position of the receiver and the position of the transmitter, as shown in Eq. 1. The relationship is

the same for the relative velocity.
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Fig. 2 Pointing tolerance for a Gaussian flux distribution

Fig. Exaggerates scales of distance and beam divergence in order to clearly present the relationships in a
condensed illustration. It is assumed that the transmitter aperture is so close to the center about which any pointing
control is actuated that the two are estimated as collocated. The actual distance is on the order of centimeters for
CubeSats, to meters for the larger satellites. Therefor the pointing tolerance is referenced from the center of this
aperture.

In this study, the transmitter is assumed to have a uniform beam flux distribution across the beam front. This
implies that at a given distance, the beam flux is the same as long as the pointing accuracy is within its tolerance.
Additionally, the pointing tolerance does not vary considerably with distance. Most practical transmitters, however,
do not have a uniform distribution. Error! Reference source not found. shows a distribution that is Gaussian. This
is more representative of many real world optical transmitters. If we were to maintain that pointing tolerance is
defined as the accuracy in which a connection can be established, it becomes clear that for a non-uniform
distribution, the required pointing tolerance then becomes a function of distance from the transmitter to the receiver.

Greater distances require tighter pointing accuracy. Additionally, there is no distinct beam edge for non-uniform



distributions, begging the question over how beam divergence is then defined. A proposed definition of beam
divergence as some multiple of a standard deviation in flux from the beam center was adopted here. But this then
disrupts the previously satisfactory definition for a uniform flux distribution, where the edge of the beam marks the
cutoff and divergence angle. However, the edge of a uniformly distributed beam can be defined by a multiple of a
standard deviation, which is how beam divergence is defined. The key notion illustrated by Error! Reference
source not found. is that beam distribution is a critical consideration when investigating pointing tolerances for the
beam of an optical transmitter.

From here on, a uniform distribution is assumed for transmitted beams. The analytical interpretation of pointing
tolerance for this definition can then be computed as follows, where the beam divergence angle is represented as §
and the size of the transmitter aperture is defined by its radius, Ryper¢ure- The transmitters pointing tolerance is
calculated in q 4.

rjtanty =1y tan § + Ropervure 3)

— -1
Tr = tan ((ri,- tané + Raperture)/rii) 4
The component of the pointing tolerance that is induced by the receiver characteristics is largely defined by the
receiver geometry. In Error! Reference source not found.Fig. , the orientation of the receiver has no effect on link

power. Eq 5 shows the receiver’s component of pointing tolerance.

R
Tp = tan™! (—mrgﬁ> (5)

rij

The overall pointing tolerance is then a combination of these two tolerances,

T =17+ ktp (6)
k is a parameter that is defined by how well covered the receiver must be by the transmitted beam in order to
establish a link. For the case in which it must be fully covered, k is equal to -1. For the case in which only part of the
beam must cover the receiver, it is between -1 and 1. k is another parameter that is a function of distance from
receiver to transmitter. It is reasonable to assume that T bears negligible role on overall pointing tolerance, it is
equally reasonable to assume that the beam divergence is high enough that it can be assumed to be equal to the beam
tolerance. Therefor a simplified Eq. 7 for this beam tolerance for a uniform distribution is

T=96 @)



B. Beam Flux

The receiver sensitivity defines a threshold flux or intensity of the beam. In order for a transmitter to transmit data to
a receiver, this threshold must be reached. As discussed in the pointing tolerance section this flux drops with the
square of the distance. The transmitter has a beam power P and an aperture diameter D. Eq. 8 gives an expression
for beam flux. Along any off-boresight angle, this equation describes how the flux drops with distance from the

transmitter (assuming uniform distribution of the beam flux).

_ P
F= n(d? tan? §) (®)

A receiver is composed of optics with an aperture diameter and a sensor. The sensitivity of the sensor drives the

sensitivity of the receiver. For this analysis, the transceiver parameters shown in Table 1 were used.

Table 1: Characteristics of Optical Transmitter and Reciever

Transmitter Reciever
Power | Distribution Divergence | Sensitivity | Aperture Diameter
3W uniform 1 mrad 10 nW lin

These parameters are derived from the sensitivity of commercially available avalanche photodiode (APD) detectors
and estimated laser power/divergence from a literature survey of existing laser comm systems. The sensitivity of the

receiver in beam flux can be computed with Eq 9.

sensor sensitivy 10nW 10nW 6
= : == =z ~ 19.7-107% W/m? 9
area of the reciever aperature I (1in)2 I (0.0254m)2

This is the minimum flux at the receiver for transmission. The distance to the receiver that gives it this minimum
flux is the maximum distance. This of course assumes that the transmitted beam’s divergence angle cannot be
adjusted. This maximum distance is calculated with equation 8. The power of the transmitter is 3 Watts and the

beam divergence angles is 1 mrad.

P P
F = ——— = =~
(d? tan? §) nF tan? § nF &2

=220 km



Therefor a connection cannot be established for this pair of transmitter and receivers unless the two are within 220
km. To increase link distance alone, several parameters can be adjusted. The most effective adjustment is the
receiver aperture size. Doubling the receiver’s aperture diameter in turn doubles the link distance. Halving the
divergence angle also doubles the link distance, but at the cost of a corresponding increased demand in pointing
accuracy. Increasing the transmitter power and a more sensitive receiver sensor help as well. These parameters alone
dictate the distance at which a link can be established, and the example given is a fair representation of what could
be expected with a small satellite. However, a network that demands larger link distances may wish to also utilize
small satellites in which compactness and power efficiency is a core tenet. In this case, the easiest parameter to
improve the link range is the divergence angle. This, though, also increases demand on the pointing tolerance.
C. Line-of-Sight Dynamics

The line-of-sight is a notional line that extends uninterrupted from the transmitting satellite to the receiving
satellite. In addition to pointing tolerance, a changing line-of-sight introduces additional challenges to maintaining
optical connection. Indeed, the pointing accuracy must be maintained through the time in which a connection is
achievable. To characterize this challenge, an understanding of the rate of change of relative position and its effects
on the line-of-sight between the transmitter and the receiver is investigated.
D.1 Angular Velocity

Vehicle orientation is assumed to be such that tracking the line-of-sight requires rotation about a principle axis
about which a minimum angle rate required to maintain pointing is achieved. This minimum angle rate is referred to

as the slew rate. Vo, is the component of v;; orthogonal to r;;. By definition of slew rate, w;; must be orthogonal to
r;; because w;; is along the principal axis that minimizes the angular velocity of the line-of-sight. From these facts,
the following relationships can be made.

ij

Vo;; = Wi XIy; = Vg, =170y (10)

From eq. 10, we can also say that Vo, is orthogonal to w;;. A property of orthonormal vectors gives

w;; I;; Vei. rinVei.
—] = _J)(—] = —] (11)
wij Ti]' Ueij Tijveij

Factoring in Eq. 10



w;;  TijXVey;
=72 (12)
a)ij rijwi]'
Because Vg . . is the component of v;; orthogonal to I;;,
0;j p ij ij
IjXVe;; 1y Xvy; (13)
mi' = =
J 2 2
T T

This established a general expression, in vector form, for the slew rate of the line-of-sight between a transmitter and

a receiver that is moving relative to the transmitter.

D.2 Angular Acceleration

The angular acceleration, in vector form can be calculated as the time differential of this angular velocity.

. 0 0 I‘l-]-XVl-]-
wW;; = a‘ﬂi]’ =3 2 (14)

5

The chain rule of differentiation expands Eq. 14.

. 0 I‘i]- I‘l-j 0 0 1 10 I‘ij 0
ij ij 13 3] )

Performing the differentiations,

T rj 0

Condensing the above expression,

vl-]-> 7

This establishes a general expression, in vector form, for the angular acceleration of the line of site as a function
of the position, velocity, and acceleration of the receiver relative to the transmitter. Note that in the case for both
angular velocity and angular acceleration, compressing the vectors to a single dimension through a norm operation
will not allow for negative values. Conveying a decreasing angular velocity through a negative angular acceleration
value necessitates the definition of a reference frame in which such a negative value is meaningful. This requires a
less than general approach. For the purposes of this study, consider the acceleration vector in Eq. (17)

=V

Vi j

i -V (18)



If both i and j are respectively transmitters and receivers of satellites orbiting about a single massive body, orbital

mechanics dictates their respective accelerations.

vl (19)

For circular orbits of equal altitude, 7; and 7; are both constant and equal. This gives a convenient form for the

relative acceleration.

u u u
$Fi=—r_i3(rj—ri)=—¥rij (20)

Plugging this expression into Eq. (17), we see the cross product cancels this term.

. l‘ij ( U 2 Or > 2 Or I‘L-jXVL-]-
®;==X|——=r————| vj|=——=— (21)
Y T'i%- Ti3 Y Ti]' at ij Y T',:j at ij Tﬁ-
. 2 or 22)
Y ri]- at ij Y
In this special case, the angular velocity and angular acceleration of the line-of-sight are always collinear. This
makes it meaningful to express the norm of angular acceleration as the rate of change of the norm of angular
velocity and introduces meaning to a negative angular acceleration.
d d . 0
|50 =5l it Sl = 0 (23)

This logic is used in the results of this study.

D. Constellation Designs

A constellation has M orbital planes and N satellites per orbit. A constellation is composed of satellites numbered 1
through N*M, where N*M is the total number of satellites in the constellation. Each orbital plane has the same
number of evenly distributed satellites and the same inclination. The Longitude of Ascending Node (LAN) for each
plane is separated by from the LAN of the last plane by an angle, ALAN as illustrated in Fig 3. A Leader-Follower
connection is one in which a satellite from connects to a neighboring satellite in the same orbital plane. Each
satellite has two leader-follower connections; one to a leading satellite, and one to a trailing satellite.

A cross-plane connection in one in which a satellite connects to another satellite in the neighboring plane.
Because the orbits are circular, their true anomaly is referenced from the ascending node. In a cross-plane

connection, the transmitter may not have the same true anomaly as the receiver. This difference in anomaly is



annotated as Af,, also illustrated in Figure 3. The satellites in the first and the last orbital planes, planes 1 and M,
each have 1 cross-plane connection. Orbital planes between 1 and M each have two connections to the orbital planes

on either side. Figure 3 illustrates this array of satellites.

ALAN

<>

Afo

Fig. 2: A Portion of the Connections in the Satellite Network

III.Case Studies
Although the methodology outlined applies to any case, it is necessary to narrow the scope to a few applicable cases.
Two case studies from Gunter et. al. [1] were evaluated. Each case study were single layer constellations composed
of satellites in LEO circular orbits at an 800 km altitude. Table 1 details the parameters for these two cases. Figure 4
shows a visualization of these constellations. In this visualization an orbital inclination of 97 degrees is shown. Case
2 is representative of an Iridium style constellation.

Table 1: Constellation Design Cases

# of Orbital Satellites per
Case # Planes Plane Delta LAN
1 3 8 120




b)
Figure 4: Visualization of the a) 24-satellite and b) 66-satellite constellations

A. Leader-Follower Connections

For a leader-follower connection, a trailing satellite follows a co-orbital leading. They have the exact same orbital
parameters except for the true anomaly. The distance between the two satellites is therefore constant. For these
cases, they move along a circle with a constant speed and thus constant angular rate. In this case, the angular rate of
the LoS between the two satellites is simply the rate of change of true anomaly. This is the rate at which the satellite

completes a full orbit in the orbital period, shown in equation 24.

w=— (24)

The orbital period is given by equation 25.

T =2 |[— 25
P (25)



For a satellite orbiting Earth at an 800 km altitude, the angular rate of the line of sight is,

_ [E | 398600kmY/s® 0104729~ 00596 d
“=Ja@ " [(6371km + 800km)® _ s eg/s

Because this angular velocity is constant and in a constant direction, the angular acceleration is zero.

B. Cross Plane Connections

For each case evaluated, the distance and corresponding flux is evaluated for the duration of a pass, where a pair of
satellites experience closest approach. These results for flux are compared against a receiver sensitivity. By
observing where the reported flux crosses the sensitivity threshold, the connection time can be taken as the period in
which flux is above this threshold. Figures 5-12 show slew rate, angular acceleration, distance, and flux over the
duration of a pass. Figures 13-20 show the maximum slew rates, angular accelerations, and flux, and closest

approach for combinations of orbital inclination and offset of true anomaly.
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C. Downlinking Pointing

A network of satellites involves one or more ground terminals. This section aims to address feasibility of extending
optical communication to these receiving ground stations simply on the basis of pointing control. In practical
context, the distance and elevation at which connections can be established are affected by the atmosphere. The
analysis of downlinking is relatively simple in contrast to cross-linking, because in any case the satellites connecting
to a ground terminal moves at relatively the same speed of this ground terminal, and since all cases have the
satellites orbiting at the same, constant altitude, there will be little difference between each case. Granted the ground
station does move with the rotation of the earth. In this analysis, the only varied parameter is the downrange from

the passing satellite’s ground track, showed in figure 21.
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Figure 21: Distance for various downrange angles



Flux (W/m?)

Slew Rate (deg/s)

107

0 deg

10 deg
20 deg
30 deg

10

107

10_8 1 ! 1 1 1 1 1 1 1

200 400 600 800 1000 1200 1400 1600 1800 2000
Time (s)
Figure 22: Flux for various downrange angles

06 T T T T T T T T T
——0deg
— 10 deg

0.5 20 deg | -
—30deg

04 r .

03 .

0.2 i

0.1 .

200 400 600 800 1000 1200 1400 1600

Time (s)

Figure 23: Slew Rates for various downrange angles

1800 2000



_><‘IO_3

3

——0deg
— 10 deg

~ 2+ 20 deg

E — 30 deg

(o))

3

~—" 1 —

c

R

©

L)

o 0

Q

o

<

ks

311

c

<

©

pzd oL

_3 1 | Il | | 1 | 1 | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (s)

Figure 24: Angular Acceleration for various downrange angles

IV.Discussion

This study evaluated a limited number of use cases all of which had the following similarities: single layer:
circular LEO; coorbital satellites were evenly distributed; all satellites had same inclination; difference in LAN of
orbital planes was constant until last orbital plane. These types of constellations are commonly used for networks of
communication satellites that often employ a large number of datalinks between antennas. Another assumption made
in the analysis is a uniform beam profile. This profile meant that the beam intensity was constant anywhere in the
beam at a given distance from the transmitter. This is not entirely accurate for most lasers, which often have beam
flux that tapers off gradually toward moving away from the boresight of the beam. The investigation on beam
tolerance did not address these types of non-uniform beam distributions. The study also did not address travel time
of the beam. The transmitted beam takes approximately 0.01 seconds to travel 3000, enough time for a receiver to

move by about 75 meters. This would need to be corrected for



This study focused primarily on the dynamics of the beam in slew rates and angular accelerations. It gave a
preliminary demonstration of the analysis techniques outlined in the methodology. The methodology gives general
expressions for the various parameters computed, including angular velocity and acceleration in vector form. The
benefit of these general expressions is that they can be further simplified for special cases, such as the ones in this
study, or they can be kept general for more complicated scenarios. The results of the case studies can then lead to
implications on necessary pointing control techniques and hardware, laying a trade-space for constellation and
satellite design.

Recall that a connection can only be established if the beam flux is above the sensitivity of the receiver.
This beam flux can be raised by adjusted the transmitter, or the sensitivity can be lowered (more sensitivity) by
adjusting the receiver. The case studies assumed the same transmitter and receiver as in Table 1. Case 2 results are
illustrated in Figure 8 and 12 and show that even if the closest approach for the cross-linked satellites is near
collision, the time for connection is at most 100 seconds. Figures 14 and 18 show that the constellation design is
somewhat constrained in order to have even brief moments of cross-plane connectivity. Additionally, the constraint
that these must be within 220 km for connection means that the 4000 km distance between the Iridium style
constellation (case 2) cannot establish leader-follower connections for this set of transmitter and receiver. This is the
least demanding of the cases. This means the transmitter and the receiver are not sufficiently powerful and sensitive
respectively for either constellation design. Recalling equation 8 and holding all other parameters constant, in order
for a leader-follower connection to be possible, the transmitter power must be 330 times higher, at roughly 1 kW.

A potential constellation concept could involve cross-plane connections that only occur at the poles. However,
the link distance for leader-follower connections must be short enough for sustained connection through the entire
orbital plane. If it is insisted that the optics for these links stay the same as in Table 1, this requires the entire length
of the 45,000 km circumference orbit have satellites equally spaced less than 220 kms. This subsequently requires a
minimum of 205 satellites per orbital plane. For constellations of small satellites, this may be reasonable. These are
in fact the cases in which power or receiver aperture may be constrained in size. This illuminates a trade-off between
satellite size/power and number satellites per orbital plane.

Examining the implications on pointing control, Figures 5 and 9 show the angular velocity over time for Case 1
and 2 respectively. Figures 6 and 10 show angular acceleration over time for Case 1 and 2 respectively. To

determine the maximum required slew rate and accelerations, refer to 15 and 16 for case 1 and 19 and 20 for case



two. A direct correlation between maximum slew rate and acceleration should be noted. Easing one requirement also
eases the other. It should also be noted that essentially, the only difference between case 1 and case 2 from the
requirements perspective for cross-plane links is the ALAN. In comparing figure 15 (a case in which and 19, the a
shorter ALAN eases the requirements for slew rate and angular acceleration at the cost of more orbital planes. The
closeness of the neighboring planes also assists link margin by reducing the link distance. So it is clear that
increasing the number of orbital planes reduces every pointing requirement examined in the case study. It is clear
from this that relaxing the requirement for pointing control and link distance requires a substantial increase in the
number of satellites in the constellation.

A lingering question is what the technical possibility of maintaining pointing accuracy is. One provider of
CubeSat buses and attitude control systems is Blue Canyon Technologies. Their XACT integrated attitude control
system provides a pointing accuracy of 0.003 degrees, well below the 1 mrad (or 0.057 degrees) pointing tolerance
required in the trade studies [6]. It also produces a slew rate of over 10 deg/sec as well as providing torque and
momentum specifications for various reaction control wheels. However, it is not clear that the system can maintain

this pointing accuracy while also maintaining the slew rate, which is what is required for these optical links.

V.Conclusion

This study examined the pointing requirements of optical (laser) communications for networks of satellites. For
these optical connections, tolerance of pointing accuracy, angular velocity, and angular acceleration were quantified
for 2 different cases over the time frame of closest approach, with varying degrees of orbital inclination and anomaly
offsets. Two distinct categories of links were identified for these cases: leader-follower, and cross-plane. Leader-
follower connections were found to have little demand on angular velocity and angular acceleration due to their
constant angular velocity. This means that satellites within the same orbital plane and within required distances are
arguably the simplest feasible connection for satellite crosslinking of optical connections. Connecting one satellite to
another in a different orbital plane presented a challenge for the actuation of beam orientation due to varying slew
rates required to maintain pointing tolerance, though it was demonstrated how various constellation design
parameters can relax the requirements for these pointing dynamics. A preliminary examination of available CubeSat
attitude control systems showed the technology for these pointing requirements is already commercially available.

Though it still needs to be determined if the required pointing tolerance can be maintained while a transmitter slews



to track a receiver. In all cases, for a LEO constellation, the reduction of required angular velocity, acceleration, and
pointing tolerance, or transmission power requires an increase in the total number of satellites in the constellation.

This trade is essentially between the size/power of the satellites, or the number of satellites.

VI.Moving Forward

A. Pointing tolerance

The study treated beam flux as having a uniform distribution across the beam front. While this greatly simplifies
the analysis for calculating beam tolerance, it doesn’t answer the question for pointing tolerance of many practical
optical transmitters. Further research should address how various beam flux distributions affect the relationship of
beam tolerance vs. distance.

B. Data Rates

Ultimately, the goal of optical communication is substantially increased data rates. Data rates are not addressed
in this study, despite the previous research on dependence that potential data rate ultimately has on link distance and
power. This must be put in context of the pointing dynamics for networks of satellites.

C. Dual Pointing

Even in the constellations considered in this study, satellites must transmit to both a leader/follower, and a
neighboring orbital plane. Additionally, a ground link is required for continuous connection. This likely requires
pointing multiple beams from the same platform with sufficient pointing accuracy simultaneously. The challenge of
dual pointing must be addressed in regard to both transmitting and receiving signals on the same platform.

D. Other Network Designs

This study was limited in scope to a few cases. Easing some of the previously mentioned challenges may be
aided by the design of the satellite network itself. Consideration of multilayered systems that reduce or eliminate the
demands of dual pointing or atmospheric penetration may present an easier option than tackling these challenges

directly, while still preserving the high network capacity presumed by optical communication.
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