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Abstract

A dual fine tracking control system (FTCS) is developed for a single aperture
optical communication receiver to compensate for high frequency disturbances affect-
ing tracking of two incident laser communication beams. The optical communication
receiver resides within a payload module aboard a geosynchronous satellite, while
each laser communication transmitter is housed within a module aboard a high alti-
tude unmanned aerial vehicle (UAV). In addition to platform specific disturbances,
the impact of atmospheric optical disturbances affecting tracking error are investi-
gated. The system dynamics and FTCS are modeled and evaluated in MATLAB
and SIMULINK. An optimal controller is developed to mitigate these disturbances
and provide tracking errors commensurate with a bit error rate (BER) that does not

exceed 1076,

Based on the respective optimal state estimates of each beam, the dual control
technique regulates the fine tracking error for each beam by switching in time between
each state estimate and applying linear quadratic regulator (LQR) control to a single
fast steering mirror (FSM). Optical turbulence induced random beam wander effects
revealed limited impact to tracking error due to spatial separation between transmit-
ters, due to the defined communication architecture geometry. Moreover, simulation
results indicated that dual control did not achieve the tracking error limit; however,
single control of one beam at the cost of tracking error on the other beam, achieved

a sufficient temporal mean tracking error to meet the required BER.
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DuAL FINE TRACKING CONTROL
OF A

SATELLITE LASER COMMUNICATION UPLINK

I. Introduction

Satellite communication systems predominately operate within the radio fre-
quency (RF) and microwave frequency regions of the electromagnetic spectrum. Laser
communication systems operate at higher frequency regions, infrared (IR) to ultravio-
let (UV), which are capable of providing more bandwidth. On the other hand, due to
narrow beamwidth, laser communication systems are more sensitive to propagation
disturbances. Propagation disturbances cause degradation of incident beam energy at
the optical receiver, which adversely affects communication link bit error rate (BER)

performance.

The fundamental objective of this work is to design an optical communication
receiver fine tracking control system to compensate for disturbances affecting line of
sight (LOS) uplink beam propagation from two spatially separated aircraft terminals,
as shown in Figure 1.1. The design methodology encompasses four steps: define the
physical system and control requirements, develop a system model, design a controller,
and simulate the design. If successful, this method would provide a possible solution

as a multiple access scheme for satellite laser communications.
1.1 Dual Fine Tracking Control System

The receiver dual fine tracking control system (FTCS) is shown in Figure 1.2.
Each incident beam passes through a single telescope aperture and is transferred by
a fast steering mirror (FSM), denoted by F(t) subject to plant disturbance wy(t), to
signal and position photodetector sensors. The position sensor, known as a quadrant

cell detector (QD), converts the received optical power into azimuth and elevation



Satellite

Beam B
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Beam A
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Elevation Elevation
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Figure 1.1:  Laser Communication System Architecture
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Figure 1.2:  Dual Fine Tracking Control System

tracking error signals, and is subject to sensor noise v(t). Within the optical commu-
nication system (OCS), a signal sensor converts received optical power into electrical
signals for signal processing. Based on the measured states for each beam, m4(t) and
mp(t) respectively, the dual control technique regulates the tracking error for each
beam by switching in time between optimal estimates of each system state and com-
mands, via u(t), a single FSM to center the incident beam on the position detector
for maximum available received signal power. Tracking performance, depending on
internal and external disturbance rejection, is quantified by maintaining the residual

tracking error, E,(t), within the fine tracking error budget.

1.1.1 Internal Disturbances.  Control system internal disturbances are caused
by sensor noise, sensor bias, actuator nonlinearities, and satellite plant disturbances.
Sensor noise is caused by uncertainties in measured states due to quantum shot noise,
N,, and thermal noise, N,. Sensor bias, unique to each sensor, is a constant error
between the actual and measured state. In particular, dark current, Ny, is a bias

inherent to a photodetection devices. Plant disturbances are vibrations caused by



Transmitter Channel Receiver
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Figure 1.3:  Uplink Communication Block Diagram

platform structural loads. These internal disturbances, categorized as receiver effects

as shown in Figure 1.3, induce beam tracking loss, denoted as L.

1.1.2  External Disturbances.  Uplink propagation of each beam is adversely
affected by external disturbances, which attenuate the transmitted power, P;. Subse-
quent to propagation, the observed received power, P,, determines link margin and
BER performance, which are fundamental performance measures in digital commu-
nication systems. These external disturbances can be categorized as transmitter and

channel effects, as shown in Figure 1.3, and described below.

1.1.2.1 Transmitter Effects.  Transmission of a signal through a chan-
nel, the propagation medium, requires an antenna sized to the signal wavelength [29,
page 168]. Wavelength is inversely proportional to frequency; hence, laser commu-
nication yields a small antenna size and narrow beamwidth. Although a narrow
beamwidth, on the order of 10 urad, may reduce interference effects, any mechanical
disturbance adversely affects pointing accuracy [15, page 137]. Typical pointing loss
sources, L, are aircraft flight structural loads arising from control hardware, tur-
bulence, and unsteady aerodynamics. Unlike RF systems, laser communication sys-
tems encounter additional signal degradation due to aerodynamic-optical loss, L.
Aerodynamic-optical loss is caused by beam phase distortion, due to turbulent bound-

ary layer effects, during transmission from an airborne platform.



1.1.2.2  Channel Effects. The communication channel consists of the
Earth’s atmosphere and free space. Propagation through the atmospheric portion
produces three main disturbances: absorption, scattering, and optical turbulence [2,
page 1]. The atmosphere is a nonhomogenous medium in which atoms interact with
an incident electromagnetic wave, depending upon its wavelength, by either dissipa-
tive absorption or scattering [13, pages 86-87]. Optical turbulence produces index
of refraction fluctuations which induce beam spreading, random beam wander, and
beam scintillation upon a propagating optical wave. Based on relative atmospheric

conditions, these disturbances yield an overall atmospheric loss, L,.

As a function of propagation distance, z,, and wavelength, free-space diffrac-
tion affects an electromagnetic wave by increasing its initial beam waist radius, W,,
to a final waist radius, W(z,). In turn, the initial beam peak irradiance, I, is dis-
persed about the final waist radius to a decreased final peak irradiance, I,(z,). As a
consequence, the attenuation in transmitted power is defined as a path loss, L,. In
addition, optical background radiation, N,, affects photodetection sensitivity as an

independent parameter in quantum shot noise power.

1.1.8  Fine Tracking Error Budget. The fine tracking error budget is com-
prised of error sources arranged in a hierarchical relationship, as shown in Figure 1.4.
Disturbance error contributors are external and internal disturbance sources, as de-
fined above. Hardware error contributors are manufacture and assembly of system
components, which are assumed to be corrected or minimized during analysis, align-
ment, and calibration. Software error contributors are digital communication jitter,
estimation error, and control system sampling jitter. Sources of software error are
assumed to be corrected or minimized during real-time or off-line calculations applied
to the closed-loop control algorithm. Unforeseen error sources, arising during mod-
eling, simulation, or experimentation, will be analyzed and added to the appropriate

category.
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Figure 1.4:  Fine Tracking Error Budget Tree

1.2 Summary

This chapter presented the dual fine tracking control problem, which investi-
gates the feasibility of a single FSM to regulate tracking errors for two uplink beams.
Chapter II provides a literature review of common methods for laser beam pointing
and tracking control. Chapter III presents the underlying physics of laser beam up-
link propagation and development of the dual FTCS model. Chapter IV provides
simulation data analysis and performance results. Lastly, Chapter V summarizes the

research and contributions, and provides recommendations for future work.



II. Literature Review

Maintaining accurate beam pointing in the presence of disturbances has been a fun-
damental goal in satellite laser communication systems. Typically there are three
types of pointing: acquisition, coarse tracking, and fine tracking. Acquisition, uti-
lizing satellite ephemeris, beacons, or navigation data, establishes the initial line of
sight (LOS) communication link between the transmitter and receiver. Coarse track-
ing compensates for large angular deviations and low frequency disturbances, while
fine tracking compensates for high frequency disturbances. These functions are incor-
porated into a pointing, acquisition, and tracking (PAT) control system to maintain

LOS communications.

Much of the fine tracking control research focused primarily on high frequency
disturbance rejection, also known as jitter. The limiting factor is closed-loop con-
trol bandwidth versus disturbance bandwidth [30, page 569]. Closed-loop bandwidth
is determined by the cutoff frequency, which is determined by the -3 dB point of
the control system frequency response [21, page 572]. Ideally, 2 to 3 KHz control
bandwidth is desired [20, page 72]; with a tracking accuracy of 1 prad, due to the
narrow beamwidth of an optical link [8, page 252]. Several methods have been in-
vestigated for high frequency disturbance rejection: platform vibration disturbance
rejection, acoustic beam steering, nonlinear optics, and antenna gain optimization. A

discussion of each method will be presented.

2.1 Platform Vibration Disturbance Rejection

Tracking errors are normally caused by sensor noise, estimation error, noisy
actuators, and platform vibrations; however, platform vibrations are the dominant
error source [8, pages 252-253]. Platform vibrations, at either the transmitter or re-
ceiver, produce beam position fluctuations on the receiver position detector. On-orbit
spacecraft platform vibrations, characterized by measurement data from the European
Space Agency (ESA) OLYMPUS satellite, revealed high frequency disturbances above
100 Hz affecting an optical communication payload [36, pages 207-212]. In particular,



power in the frequency responses are observed approximately up to 500 Hz from solar
array actuators, 1 KHz from microwave switches, and up to 450 Hz from thruster

firings.

Through various studies, comparison of linear versus nonlinear tracking con-
trol methods yielded varied low frequency performance; however, nonlinear methods
achieved better high frequency performance. Assuming disturbances are zero mean
white Gaussian noise, adaptive direct feedforward control achieved approximately 9
dB greater jitter disturbance rejection than linear quadratic Gaussian (LQG) control,
at the cost of computation resources [25, pages 191-194]. An alternate design, incor-
porating a self-tuning feedforward control loop with linear feedback control, achieved
at least a 25 dB disturbance rejection, and without self-tuning, linear feedback con-
trol dropped to below 10 dB of disturbance rejection at frequencies above 300 Hz [31,
pages 572-574]. Investigation of frequency dependent noise, commonly referred to as
colored noise, disturbance effects revealed similar high frequency disturbance rejec-
tion results for LQG control compared with adaptive least mean squares (LMS) and
gradient adaptive lattice (GAL) algorithms, however, both adaptive control methods

resulted in added noise to the system response [33, page 16].

2.2 Acoustic Beam Steering

Acoustic beam steering relies on the acoustic optic phenomenon using sound
waves to change the index of refraction of the propagation medium. The simplest
form of this acoustic optical effect is Bragg diffraction: an incident optical beam is

diffracted by constructive interference based on [26, pages 801-806]

sin (05) = (;A) (2.1)
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Figure 2.1:  Bragg Diffraction

where ). is the carrier wavelength, A, is the sound wavelength, and g is the Bragg

angle. This condition is equivalent to the following vector relationship,

— — —

t — 7,+ s (22)

where Et is the transmitted optical wave, /gl is the incident optical wave, and /25 is the
sound wave. The vector magnitudes are determined by wave numbers k, = 27/, and
ks = 2w /X, for optical and sound wave vectors respectively. An optimum amplitude

reflectance occurs when ks = 2k, sin(6p) [26, page 805].

A common device used to implement acoustic beam steering is a Bragg Cell,
as shown in Figure 2.1 [26, page 801]. Utilizing a Bragg Cell and a position sensing
photodetector, a deflection angle can be calculated as [19, page 2209

Op = < A ) — 20 (2.3)

)‘sni

where n; is the index of refraction. Based on the measured deflection angle, used as
an error source, the sound frequency input to the Bragg Cell is adjusted, which steers

the optical beam in the desired direction for zero deflection.



2.3 Nonlinear Optics

Linear or nonlinear behavior of an optical wave is dependent upon the prop-
agation medium [26, page 738]. Free-space exhibits properties of a linear medium,
while a nonlinear medium affects the propagation of light due to a nonlinear relation-
ship between the polarization density and electric field [26, page 739]. Based on the
optical phase conjugation principle, wavefront aberrations can be removed from an
incident beam [26, page 761]. Using nonlinear optical receiver components, an adap-
tive laser beam tracking scheme reduced incident beam angular deflection, resulting
in better performance than classical tracking systems against milli-radian amplitude

disturbances at frequencies >100 Hz [9, page 72].

2.4 Antenna Gain Optimization

Disturbances on an incident beam degrade the received signal power, which
affects the communication system’s bit error rate (BER) performance. Depending
upon the tracking error statistics, transmitter or receiver antenna gain can be opti-
mized to improve system performance [8, page 252]. Following the approach of Chen
and Gardner, antenna gain optimization method relies on initial determination of the

theoretical received signal power and corresponding system BER.

2.4.1 Received Signal Power.  Received signal power, P,, is generally deter-

mined by the Friis transmission equation [23, page 110].
Pr = -PthLsG'r (24)

where P, is the transmitted signal power, G; is the transmitter gain, L, is the path
loss, and G, is the receiver gain. Path loss, depending upon carrier wavelength, A,

results from divergence of an electromagnetic wave as it propagates, which is denoted

by [29, page 254]
A 2
L, = z 2.
(47sz) (25)
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where z, is the propagation distance. Accounting for additional loss factors, similar
to RF communications, the transmission equation, also known as the link equation,

can be modified as [15, pages 94-105]

PT = (ntPthLtLao)(LsLa>(LrGr77r) (26)

where 7, is transmitter efficiency loss, L, is transmitter pointing loss, L,, is aerodynamic-
optical loss, L, is atmospheric loss, L, is receiver tracking loss, and 7, is the receiver

efficiency loss.

2.4.2 DBit Error Rate Performance. Elevation and azimuth angular errors,
denoted by = and y respectively, are assumed to be statistically independent Gaussian
random variables [15, page 100]. The probability density functions of these errors can
be used to determine signal loss and corresponding BER performance statistics [27,
page 296]. The angular error joint probability density function is expressed as [10,
pages 101, 208]

2 2
20z 20,

fxy(z,y) = 27ml - exp [_ (z = ms) ] exp [M] (2.7)

where m; and ¢? are respectively the corresponding mean and variance statistics
of the errors. Assuming the azimuth and elevation errors are caused by combined
disturbance effects, which yield similar behavior in either direction, error variances

are assumed to be equivalent [27, page 297].

In addition, the control system regulates error about a zero set point, thus mean
error is assumed to be zero. Based on both assumptions, the joint probability density
function can be modified as,

R e L e 29)

11
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Figure 2.2:  Coordinate Transformation

Performing a transformation into polar coordinates, as shown in Figure 2.2, a radial
error probability density function can be determined, since the transformed prob-
ability is approximately equivalent to the original [10, pages 227-230]. Hence the
probability density functions are related by,

fxy(z,y)dxdy = fre(p,0)dA (2.9)
where
x = pcos(0)
y = psin(0)
P R
A = area

Matching the derivatives to the transformation variables, a relation is given by the

12



transformation Jacobian [10, page 229

9z 0z 0) —psin(6
dgjy‘ = ) =det [ B | 2 geq | O o)
5 a0 sin(f)  pcos(0)
= p[cos®(f) + sin*(6)]
= p (2.10)

Substituting Equations 2.8 and 2.10 into Equation 2.9, the polar coordinate joint

probability density function is expressed as,

Tre(p,0) = [xv(z,y)J(p,0)

- (2:02) exp (—%) (2.11)

Assuming 6 is equally likely to be any value within [0,27], the polar coordinate

joint probability density function can be converted to a marginal probability density

function over p, which has Rayleigh statistics defined as [10, page 230]

fr(p) = /0% fre(p, 0)dd = (ﬁ) exp (—p—22> (2.12)

o2 20

A general expression for the average BER for a communication system is a function
of the signal modulation probability of bit error, P,,,q defined in Appendix A, and an
arbitrary radial error probability density function defined as [27, page 298]

BER = / " Pasafa(p) dp (2.13)

The domain of integration assumes the radial tracking error resides within [0, oc],
based on the Rayleigh statistics. However, receiver physical dimensions can limit the

domain to reside within the receiver aperture radius.

2.4.3 Transmitter and Receiwer Gain Optimization.  Minimizing BER as the

cost function, optimum gain can be determined by evaluating P,,,q as a function of

13



received signal power, P.. Assuming the incident beam behaves as a Gaussian beam,
transmitter gain, receiver gain, and corresponding transmitter pointing and receiver

tracking losses are defined as [8, page 253]

2
G — [2”W°] (2.14)
Ac
[ TDqp 2
G, = ( ", ) (2.15)
Ly = exp (—Gp}) (2.16)
L, =exp (—G,p?) (2.17)

where W, is the initial beam waist radius, D, is the receiver aperture diameter, p;
is the transmitter radial pointing error, and p, is the receiver radial tracking error.
The radial pointing and tracking errors, subject to the previously derived Rayleigh

statistics, are defined respectively as

fr(pd) = (U )exp (—%) (2.18)

&
2
t
2
fr(pr) = (%) eXp (_222) (2.19)

r

Incorporating Equations 2.6 and 2.18 into Equation 2.13, an optimal transmitter gain

is determined by [8, page 255]

dBER 9P,
—0= / < fr(pe)dp; (2.20)
0

th 8Gt

Solving Equations 2.6, 2.18, and 2.20 simultaneously for GG; and P, results in pointing
error variance being inversely proportional to maximum transmitter gain but pro-
portional to minimum received power [8, page 255]. Utilizing a similar method, an
optimum receiver gain can be determined by solving Equations 2.6, 2.19, and 2.20

simultaneously for G, and P,.

14



2.5 Summary

Several fine tracking control methods have been presented for an incident laser
beam. For the purposes of this study, the fine tracking control methodology will incor-
porate techniques from platform vibration disturbance rejection and the underlying
theory in antenna gain optimization. These methods were chosen to limit implemen-
tation complexity and take advantage of using a single fast steering mirror (FSM)
within the dual fine tracking control system (FTCS) described in Chapter I. Chap-
ter IIT will develop the dual FTCS model, based on LQG control, and apply received
signal power, radial tracking error, receiver tracking loss, and BER performance as

constraints on performance.

15



III. Dual Fine Tracking Control System

The laser communication system architecture, illustrated in Figure 1.1, consists of
two communication links, one from each aircraft transmitter to the satellite receiver,
commonly referred to as a terminal-to-satellite communication uplink. The proposed
method developed for this work investigates the performance of the receiver terminal,
using a single fast steering mirror (FSM) providing fine tracking control, to main-
tain line of sight (LOS) with two spatially separated transmitting terminals. The
control concept relies on quadrant detectors measuring relative tracking errors for
each incident beam, while the FSM corrects for these errors depending on controller
commands. Control requirements are driven by the maximum allowed radial tracking
error to maintain a communication bit error rate (BER) of 1075, which is a commonly

used performance limit in satellite communications [1, page 25].

The satellite is assumed to be a three-axis stabilized rigid-body platform, derived
in Appendix B, located in a geosynchronous orbit at 35,786 km altitude [16, page 117].
The receiver terminal module, mounted on the nadir panel and aligned with the yaw
axis, utilizes a Cassegrain telescope antenna with an assumed aperture efficiency, 7,,
of 0.8 [23, page 110]. The telescope, with arbitrarily selected specifications of 300 mm
primary mirror, 15 focal ratio, and 10 magnitude ratio, collects all incident optical
sources within its field of view (FOV) [13, pages 174, 221]. A 1.0 nm optical bandpass
filter is used to limit the amount of incident optical background radiation [5, page 680].
All receiver electronic components are maintained at a noise temperature of 400 K [23,

page 118].

Each aircraft platform is a high altitude unmanned aerial vehicle (UAV) loitering
within the satellite receiver field of view (FOVg) at 60,000 ft (18.3 km) altitude above
mean sea level under clear-sky conditions. The transmitting terminal is assumed to
be mounted above the aircraft center of mass (cm) within a dorsal module aligned
with the yaw axis, with a minimum 20 degree elevation angle. For the purposes of this
study, each UAV is assumed to be a three-axis stabilized rigid-body platform subject

to platform disturbances which induce pointing errors and aerodynamic-optical effects

16



on the uplink beam. The transmitter antenna aperture efficiency, 7;, is assumed to

be 0.8 [23, page 110].

3.1 Transmitter

3.1.1 Aurcraft Dynamics. Based on the geocentric latitude and longitude
of each aircraft, (¢;,\;), relative to the GCI frame as derived in Appendix C, the

respective position and velocity vectors, are determined by

i = T [cos()\i) cos(;)i + sin(\;) cos(¢;)] + sin(qﬁi)/%] (3.1)
io= Dogxr (3.2)

where r, = 18.3+ Rg = 6,396 km is the aircraft position magnitude, Rg = 6,378 km is
the Earth equatorial radius, and wj; is the angular velocity vector. Attitude dynamics

for each aircraft, as derived in Appendix C, are denoted by
& = LG + 1T (3.3)

where I; is the aircraft moment of inertia matrix, €2; is the angular velocity vector

skew symmetric matrix, and T, is the total torque vector.

3.1.2  Laser Source. — Each aircraft transmits an On-Off Keying (OOK) band-
pass modulated 100 mW near infrared (Near IR) laser beam, as derived in Appen-
dices A and D, with an initial beam radius of 40 mm, at wavelengths of 1510 nm
and 1550 nm respectively. The data rate from each transmitter is 100 Kbps, which
equates to a signal bandwidth of 200 KHz. Based upon theoretical uplink beam prop-
agation characteristics, derived in Appendices D and E, the initial beam radius and
transmission wavelengths were chosen to maximize transmission gain and minimize
the adverse effects of atmospheric loss. Assuming a lowest order transverse elec-
tromagnetic (TEM) collimated Gaussian beam, as derived in Appendices A and D,

each transmitted beam can be described by its optical field equation, diffractive beam

17



radius, and irradiance profile respectively as

t
s(t) = FE, [1 + &V)] cos(wet + @) (3.4)
2z 2
Wi(z) = We/l+ PRI [m] (3.5)
2P, 2p? 9
I(p., = |— — = W 3.6
o) = [y | o [y o/ 0
where
E, = signal amplitude
g(t) = modulation baseband waveform
V' = modulation voltage amplitude
w. = carrier frequency
¢. = carrier phase
W, = 1initial beam radius
z, = Dpropagation distance
k. = wave number
p. = radial distance from propagation axis
P, = transmitted power

As the beam propagates, its irradiance profile expands based on the diffractive
beam radius, W(z,). Hence, the received power, P, is calculated from the received
peak irradiance, [y(z,), as illustrated in Figure 3.1. Based on the FOVg geometry
defined in Appendix D, the transmitter elevation angle is limited from 77.3° to 90°.
Thus, as shown in Figure 3.2, the propagation distance decreases as elevation angle
increases [16, page 111]. Given the predefined laser source parameters and elevation

angle range, the theoretical uplink beam propagation characteristics are shown in Fig-
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Figure 3.1:  Beam Propagation

ures 3.3 and 3.4. In particular, an increasing elevation angle results in less diffraction

and higher irradiance, due to less propagation through the atmosphere.
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Figure 3.2:  Propagation Distance vs. Elevation Angle

3.1.3 Transmission Effects. For the purposes of this study, emphasis is
placed on the receiver tracking performance and it is assumed each UAV is a rigid

body in the steady flight regime and loitering within FOVR. Hence, attitude stabiliza-
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tion and constant flight parameters are controlled by an autopilot [39, page 307]. In
addition, since the transmitting terminal is aboard an aircraft, aerodynamic-optical ef-
fect is an additional phenomenon which degrades the initial beam propagation. These
adverse transmission effects, defined in Appendix C, are quantified by the transmit-
ter pointing loss, L; = —0.969 dB, and aerodynamic-optical loss, L,, = —1.549 dB.
Based on the associated transmitter antenna gain, this pointing loss creates indepen-
dent random azimuth and elevation pointing error, each assumed to have zero-mean
white Gaussian statistics, with a variance calculated in Appendix C respectively for

each beam as

(07) , =4.0274 x 107" [rad’] (3.7)
(07), = 4.2436 x 107" [rad?] (3.8)

3.2 Channel

As illustrated in Figure 1.3, the propagation channel, comprised of the Earth’s
atmosphere and free-space, produces three adverse effects: atmospheric loss, path loss,
and optical background radiation. As defined and modeled in Appendix E, theoretical
atmospheric loss and path loss for the given laser source parameters are illustrated
in Figures 3.5 and 3.6. A longer wavelength is inherently less susceptible to optical
turbulence; however, as shown in Figure 3.7, optical turbulence induces random beam
wander about the propagation axis, which is independent of wavelength but dependent
on elevation angle. Optical background radiation, as derived in Appendices D and E,
is modeled as additive white gaussian noise (AWGN) which adversely impacts optical

signal detection.
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3.3 Receiver

3.8.1 Satellite Dynamics.  As shown in Appendix B, the geocentric inertial

frame (GCI) satellite position and velocity vectors are determined as

7y = REFT,,, (3.9)

L drg
Vg =

= =Wy X T, 3.10
" : (310)
where 7, is the Earth centered fixed (ECF) frame satellite position, R is the ECF
to GCI rotational transformation, and J, is the satellite’s angular velocity vector.

Based on the predefined operational parameters, the position vector magnitude is

rs = Rg + R, = 42,164 km, where R, is the satellite altitude.

3.8.1.1 Field of View.  The satellite FOV, assuming a spherical Earth,
is the visible circular area about the subsatellite point (SSP) [16, page 161]. Based

on the operational parameters for satellite location and aircraft transmitter mini-
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mum elevation angle, as calculated in Appendix B, the satellite FOV is determined
to be FOVg = 16.34° [0.285 rad], which covers a circular area £61.82° [£1.078 rad|
along the Earth’s surface about the SSP. The receiver FOV, as calculated in Ap-
pendix D, is determined to be FOVy = 3.82° [0.066 rad], which covers a circular area
+10.81° [£0.189 rad]. The relationship between satellite FOV and receiver FOV is
depicted in Figure 3.8.

3.8.1.2  Satellite Attitude Dynamics.  Assuming small attitude motion,
as shown in Appendix B, satellite orientation is defined by Euler angles: roll angle,
¢s, pitch angle, 0,, and yaw angle, ¥s. Applying attitude kinematics, the satellite

angular velocity vector is defined by

Wy ¢s - wows
=1 w, | =| 6s—w, (3.11)
W, U + Wos

where w, is the orbital angular velocity. However, due to the geosynchronous orbit, the
orbital period is equivalent to the Earth’s rotational period, which is wg = 7.289x107°
rad/s. Hence, satellite attitude dynamics is defined by linearized Euler’s equations of

rotational motion as,

I, I,
.. T
0, = [—y (3.12)
. . T,
% - _wo¢s+I_Z

where I, and I, are the mass moments of inertia of the axisymmetric satellite body

and T, T,, and T are the total torques about each principal axis.

3.3.2  Optical Communication System. The optical communication system

(OCS), as derived in Appendix A, performs OOK demodulation by direct detection
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of the received optical signal power, P,. Received power is used to determine com-
munication link BER, a fundamental performance measure for digital communication

systems. As a function of radial tracking error, P, is defined as
P.(p;,) = (a,G,)L, = (a,.G,)exp (—Grpz) (3.13)

where p, is the radial tracking error, o, incorporates a priori known parameters of the
Friis transmission equation, G, is the receiver gain, and L, is the tracking loss. The
received optical signal power is converted by an avalanche photodiode (APD), with a

multiplicative gain of 20, into a received current signal, defined as

Uy = lgetin

= RuP +i, [A] (3.14)

where 74, is the detector DC current, R, is the detector responsivity, and i, is the
detector noise. After filtering, the received bit energy to average noise power spectral

density ratio Ej/N,, as derived in Appendix A, is determined as

E
Fb — [KrarGT exp (—Grp?")]

o

2

(3.15)

where K, is a function of R,, and noise power. Based on the previously defined
transmitter, channel, and receiver parameters, the relationship between E,/N, and
pr is shown in Figure 3.9. In particular, the longer wavelength, less affected by

atmospheric loss, has a slower attenuation rate as p, increases.

The associated probability of bit error, as defined in Chapter II, is determined
by [27, page 298]

Py — BER = /0 " Pouafa(p)] dps (3.16)
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where P, is the modulation BER and fg(p,) is the radial tracking error probability
distribution function, defined in Chapter II by Equation 2.19. After incorporation of
the OOK modulation BER, defined in Appendix A by Equation A.38, the probability

of bit error becomes

P = /OOOQ [KrarGr exp (—Grpz)} fr(pr)dp, (3.17)

where @Q[x] is the complementary error function. Based on the previously defined
transmitter, channel, and receiver parameters, the theoretical probability of bit error
as a function of radial tracking error is shown in Figure 3.10. In particular, in order
to maintain a BER = 107% the maximum radial tracking error for Beam A (1510
nm) is approximately 1.68 prad and Beam B (1550 nm) is approximately 1.74 prad.
Thus, for the purposes of this study, 1.68 prad will be the tracking error performance

limit.
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3.3.83  Receiver Effects.

3.3.3.1 Platform Disturbances. Since attitude disturbances are the
primary concern, it is assumed the satellite structure and associated ADCS adequately
compensates for expected environmental disturbances. To account for common on-
orbit internal disturbances, as described in Appendix B, a zero mean Gaussian noise
power spectral density (PSD) model was developed by the European Space Agency
(ESA) OLYMPUS satellite experiment as [36, page 206]

Ssf) = Tygs Irad®/H:) (3.18)

3.3.3.2  Detector Noise. As derived in Appendix D, photodetector
noise is comprised of three independent noise sources: quantum shot noise, thermal

noise, and dark current. As such, the equivalent current noise power within a pho-
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todetector is defined as [1, page 154]

in = ogy + it + 2qeiaqn BWy [A?) (3.19)

n

where igsh is quantum shot noise current power, %, is thermal noise current power, g,
is the electronic charge, i4, is unmultiplied dark current. BW), is the detection band-
width, which is a function of the null-to-null signal bandwidth, BWyy = 200 KHz,
determined as [17, pages 943-944]

BW,; ~ 0.886BWyy = (0.886)(200)

Q

177.2 [KHz] (3.20)

Thus, as shown in Appendix D, the the maximum theoretical detector equivalent
noise power occurs within a range of 3.9162 x 10718 A2 to 3.9164 x 10~!8 A2 based

on wavelength and elevation angle.

3.4 Dwual Fine Tracking Control System Model

Derived from Figure 1.2, the dual fine tracking control system (FTCS) model is
presented in the closed loop diagram shown in Figure 3.11. Plant disturbance signals,
wd(t) and wdp(t), are caused by transmitter, channel, and receiver effects. F(t) is
the FSM output x-axis and y-axis angle used to steer the incident beams. Residual

tracking error, for each beam, is determined respectively by

[ wda(t) — Fu(t)

Era(t) = wda(t) — F(t) = (3.21)
| wday(t) = Fy(t)

Erp(t) = wdg(t) — F(t) = widgs(t) — Fo() (3.22)
i wdp,(t) — Fy(t)

Each quadrant detector (QD), assumed to have an identity gain matrix transfer func-

tion, measures the respective beam centroid azimuth (x-axis) and elevation (y-axis)
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Figure 3.11:  Dual Fine Tracking Control System Closed Loop Diagram

tracking error. After corruption by zero-mean white Gaussian noise, denoted by v4(t)

and vp(t) respectively, the measured states are determined by

Era(t) +va(t) =

E?”B(t) + UB(t)

Ery, (t) + Vag (t
)

ETAy(t + vyt
t) + vpL(t)
| BTy t) 4+ vpy(t)

) (3.23)
)

Eer(
( (3.24)

A Kalman filter is used to estimate the system states, £4(t) and Zp(t) respectively

for each beam, based on the noise corrupted measured states and control signal, u(t).

Based on an as yet to be determined switching time, Tj,, the controller switches

between the estimated system states and generates the control signal based on the

linear quadratic regulator (LQR) algorithm, which commands the FSM.
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3.4.1 Plant Disturbance.  Plant disturbance is comprised of the transmitter
pointing error, satellite internal disturbances, and optical turbulence induced random
beam wander. Transmitter point error and beam wander are assumed to be zero-mean
white Gaussian noise inputs. However, satellite disturbance is a frequency dependent

zero-mean Gaussian distribution, hence nonwhite noise, also known as colored noise.

3.4.1.1 Colored Noise Source. A shaping filter, combined with a unit
spectral density white noise source, is used to model colored noise, defined as [7,

pages 78-79]

br

GSF(S) - S+ ap

(3.25)

where the filter parameters, ar and bg, are determined from the filter output power

spectral density as [25, page 190]

b2 1 21\ 2
Ssr(w) = whfa% - (1+f2) (%)

(2m)?
_ 2
w? + (27)? (3:26)
Thus, the shaping filter transfer function is defined as
2
G - 3.27
sr(s) s+ 2m ( )

The associated satellite disturbance white noise source, defined by zero mean Gaussian

statistics, has a power spectral density defined by [25, page 190]

Ss(f) = ? =80 x 107 [rad®/H?| (3.28)

3.4.1.2  White Noise Sources.  Transmitter pointing errors and optical

turbulence induced random beam wander, are assumed to be frequency independent.

Thus, an equivalent white noise power spectral density for each noise source is deter-
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mined respectively as

[S:(f)]4 = (07) , = 4.0274 x 107" [rad®/H 2] (3.29)
[S:(f)]g = (07) , = 4.2436 x 107"* [rad®/Hz] (3.30)
Sy (f) = [rms(bw)]? [rad®/Hz] (3.31)

3.4.1.8 Total Plant Disturbance. The total plant disturbance white
power spectral density, for azimuth and elevation tracking error, is defined respectively

for each incident beam as

[Sw(F)la = Ss(f) + [5()]a + w4
(80 + 4.0274) x 107'% + [rms(bw) 4)* [rad®/H 2] (3.32)

[Su(Hlp = Ss(FIf) + SNl + [Seu (g
= (804 4.2436) x 1072 + [rms(bw)p]* [rad®/H ] (3.33)

where rms(bw) for each beam is determined by its spatial location within the receiver
FOV. Thus, based on the previously determined random beam wander profile, the

satellite disturbance is the dominant plant disturbance source.

3.4.2  Measurement Noise. Measurement noise is caused by the QD noise,
assumed to be zero-mean white Gaussian noise. However, QD SNR is inversely pro-
portional to the azimuth and elevation error variance, as derived in Appendix D [15,
page 182]. Thus, based on the predetermined maximum theoretical detector noise

power and assuming a unit signal power, the measurement noise power spectral den-
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sity, is defined respectively for each incident beam as

[Su(f)], =~ 3.9163 x 107*® [rad®/H?] (3.34)
[Su(f)]lp ~ 3.9164 x 1078 [rad®/H ] (3.35)
3.4.3 Plant. The FSM is a linear mechanical device subject to rotational

motion about two orthogonal axes, commonly referred to as tip (x-axis) and tilt (y-
axis) axes. Assuming uncoupled dynamics, motion about either axis is modeled by a

second order transfer function as [21, page 226]

w2

G = Gy = “ 3.36
Y 82 4+ 2w s + w? (3:36)

where w,, is the natural frequency and ( is the damping ratio. For the purposes of
this study, each axis is assumed to have the same natural frequency and damping
ratio, defined respectively as w, = 5000 rad/s and ¢ = 0.5, based on experiment and
analysis of a Newport Corporation FSM [33, page 3]. Thus, the FSM transfer function
is defined as

Goo 0
Grsy = (3.37)

0 Gy

Since ( < 1, each axis behaves like a single-input to single-output (SISO) under-
damped system. Hence, the FSM poles are complex conjugates and lie in the left-half
s-plane, calculated as |21, pages 225-226]

pi,ps = —2.544.3301i (3.38)

p3,pa = —2.51+4.3301¢ (3.39)
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Thus, each FSM axis is a stable SISO system with an initial oscillatory transient

response. The associated damped natural frequency is determined as [21, page 227]

wg = wp/1—-2¢? (3.40)
= (5000)y/1 — (0.5)2 = 4330.1 [rad/s] (3.41)

3.4.3.1 Time Response.  Applying the MATLAB Control System tool-
box step response algorithm, the FSM step response is shown in Figure 3.12. Transient
response characteristics for each FSM axis, rise time, maximum percent overshoot,

and 2% settling time, were calculated respectively as [21, pages 231-233]

I e
t, = (wd) tan (Cwn> = 0.0003 [sec] (3.42)
MP% = exp|—7m(Cwy)/wa] x 100% = 16.3 % (3.43)
4
ts = = 0.0016 [sec] (3.44)

3.4.3.2  Frequency Response.  Since the tip and tilt axes are uncoupled
and have the same response behavior, applying the MATLAB Control System toolbox
Bode algorithm, the FSM frequency response for one axis is shown in Figure 3.13. The
FSM bandwidth, based on the —3 dB cutoff frequency, is determined approximately

as

FSM. = 6.36 x 10° [rad/sec] (3.45)

= 1.012 [KHy] (3.46)
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Figure 3.13:
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3.4.3.8 State Space Model. The plant state space representation is
defined as

X(t) = AX(t)+ Byu(t) + Bywd(t) (3.47)
m(t) = CpX(t)+uv(t) (3.48)

X(t) = | FE(t) E(t) F,(t) E,t) (3.49)

Thus, the control, plant disturbance, and measurement noise input vectors are defined

respectively as

u(t) = :um(t) uy(t)r (3.50)
wd(t) = :wdx(t) wdy(t)]T (3.51)
u(t) = :vx(t) vy(t)]T (3.52)

Based on the system state vector, input vectors, and FSM transfer function, the linear

time-invariant state matrices are defined as

0 1 0 0

—2.5 x 10" —5000 0 0
A=

0 0 0 1

0 0 —2.5 x 107 —5000

0 0 0 0
2.5 x 107 0 10

u = ) B, =
0 0 0 0
0 2.5 x 107 01
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1 000
0010

3.4.4 Kalman Filter. Since the LQR algorithm requires full state feed-
back, an estimator is required to estimate the tip and tilt slew rate, F,(t) and Fy(t)
respectively. Based on the measured states, subject to independent plant noise and
measurement noise being white, a Kalman filter is the optimal estimator [7, page 231].
However, the plant disturbance is nonwhite noise, thus the plant model must be aug-
mented with a shaping filter state model [7, page 266]. The Kalman filter is designed
based on the augmented plant model, with the filter gain being determined using

algorithms available in MATLAB.

3.4.4.1 Augmented Plant State Model. — The shaping filter state space

model is defined as

Xrp(t) = ApXp(t)+ Bpw(t) (3.53)

wd(t) = CrpXp(t) (3.54)

where wq (t) is a unit spectral density two input matrix, and the shaping filter state

vector is defined as
T
Xe(t) = | wd,(t) wd,() | (3.55)

The resulting shaping filter matrices are defined as

Ap =—ap ; Bp =bp ; Cp =
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Thus, the augmented plant model is defined as

Xg(t) = Ang(t> + Bllcﬂt(t) + BwGw1 (t) (356)

m(t) = CmgXg(t)+v(t) (3.57)
where the augmented state vector is defined as
' T
Xat) = | X(t) @ Xp(t) ] (3.58)

Based on the augmented state vector and input vectors, the time-invariant state

matrices are defined as

A : B,Cr B, O4x2

Osxsa :  Ap 0252 Br

CmG:<—Cm : CF)

The augmented output matrix is chosen to yield a tracking error, defined as
Er(t) = ( —C,  Cp ) o | = —Ca X () + CrXR(D)

= (3.59)

3.4.4.2 Steady-State Kalman Filter. Although the plant 2% settling
time is 0.0016 seconds, the fine tracking control system (FTCS) is envisioned to
operate over a longer time period. Thus, the Kalman filter is designed to operate

over a time period longer than the plant settling time. Hence, a steady-state Kalman
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filter will be used to estimate the states for each beam, which is nearly optimal when
estimating states over a long time period [7, page 256]. The steady-state Kalman filter,
defined by the predictor/corrector form, is implemented for each beam respectively

as [7, page 257]

Xa(t) = AgXa(t)+Bugu(t) + Ly [mA(t) - CmGXA(t)] (3.60)

Xp(t) = AgXp(t)+ Bugu(t) + Ly [mB(t) - cmGXB(t)} (3.61)
where the state estimate vectors are defined respectively as

Xalt) = [X(t) L wd g (t) u}dAy(t)]T (3.62)

A . A A T
Xp(t) = [ X(t) © wdpe(t) wdpy(t) ] (3.63)
L4 and Lp are the steady-state Kalman gains, defined respectively by [7, page 242]

Li = [Z.(00)]aCm&(S,) (3.64)
Lp = [(00)]sCmg(S,)5" (3.65)

where [¥.(00)]4 and [¥.(c0)]p are the steady-state estimation error covariance matri-
ces respectively for each beam and (S, )4 and (S,) g are the respective positive definite
diagonal measurement noise spectral density matrices. Each steady-state estimation
error covariance matrix is computed by solving for the steady-state solution of the

algebraic Riccati equation defined as [7, pages 243]

0 = Xe(00)AL + AgEc(00) + [Bwg] [S,] [Bwg]
— X.(00) [Cm{] [S; ] [Cmg] Te(00) (3.66)

v

where S,, is the associated positive definite diagonal plant disturbance noise spectral

density matrix.
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3.4.5 Controller. As determined for the Kalman filter, the dual FTCS is
designed to operate over a longer time period than the transient response; hence, the
LQR controller is designed as a steady-state controller [7, page 196]. However, the
control system must regulate the tracking error occurring from both beams. Thus,
with only a single FSM, the controller is designed to switch between the estimated

states from each filter.

3.4.5.1 Linear Quadratic Regulator Control.  Since the linear plant is
driven by random conditions and random disturbance inputs, a stochastic regulator
is the optimal controller, which is designed to minimize a cost function defined as [7,
pages 218, 221]

Jsg = %E { / N Er' (OZEr(t) + uT(H)Ru(?) (3.67)

0

where Z is the tracking error weighting matrix and R is the control weighting matrix,
in which both are initially assumed to be identity matrices. However, due to being
in steady-state, the stochastic regulator gain equals the steady-state LQR gain [7,
page 221]. Thus, in terms of the state estimates, the controller cost function is defined

as

&

{ /0 T B ZE ) + uT(t)Ru(t)}

&

/000 [CmGXG(t)}T Z [CmGXg(t)} + uT(t)Ru(t)}

&)
c\
8
>
QN
=
Q
=
QX
N
3
8,
e
Q
=
+
IS
S~
=
=
I
=
H,—/

E{ 0 Xg(t)QXG(t)—kuT(t)Ru(t)} (3.68)

where Q is the state weighting matrix. Based on the chosen state and control weight-

ing matrices, the optimal steady-state feedback gain is determined by [7, page 206]
K = (R") (Bu}) (P) (3.69)
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where P is the steady-state solution of the algebraic Riccati equation, which is defined

as [7, pages 206]
PA; + AP — P [Bug] [R™'] [Bu;| P+ Q=0 (3.70)
Thus, the control input to the FSM is defined as [7, page 187]

u(t) = —K - X(t) (3.71)

3.4.5.2  Switching Time.  Since the dual FTCS regulates the tracking
error for each beam by switching in time between each state estimate, the system can
be considered a switched system. Assuming a time period defined by an arbitrary

number, T, the full-state feedback estimate is varied based on a time interval defined

by
t € [T, (n + 1)Ty] C [0,TY] (3.72)

where n is an arbitrary nonnegative integer and Ty, is the switching time. Thus, the
control input is defined as
~K-X4(t) : n=1,3,5,...
u(t) = A (3.73)
-K-Xp(t) : n=0,2,4,...
Although, both subsystems are linear with quadratic cost functions, a closed-form
solution for an optimal switching time is still an open problem [38, page 2|. Ideally, a
switched system must not exhibit the Zeno phenomenon, defined by infinitely many
switchings in a finite time period [37, page 2684]. It is envisioned during the analysis

process to determine if the dual FTCS satisfies this criteria.

41



3.5 Summary

This chapter developed the dual fine tracking control problem. Based on the
presented theoretical uplink beam propagation characteristics, a maximum residual
radial tracking error of 1.68 urad is the performance requirement to achieve a commu-
nication BER of 1076, Since the plant is envisioned to operate longer than its settling
time and is driven by non-white disturbance noise, a steady-state Kalman filter is used
to estimate the plant states augmented with the disturbance noise for each incident
beam. Based on these estimated augmented states, linear plant, and quadratic cost
function, a steady-state LQR based controller is desired. However, due to two sets of
state estimates, the controller must incorporate some type of switching time sequence
to regulate tracking error on both beams. Appendix G shows the implemented dual

FTCS model designed in SIMULINK.
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IV. Analysis and Results

Analysis of FTCS performance is based on applying Monte Carlo analysis, taking
samples generated from multiple simulation runs, and computing an ensemble and
temporal average of the outputs. In order perform ensemble averaging, the system
model is converted to a fixed-step system using the SIMULINK Runge-Kutta solver
solution. After trial and error, a fixed time step of Ty = 5x107° sec was used to ensure
the solver did not encounter a singularity. Only ten Monte Carlo simulation runs were
performed to ensure against creating memory overloads, due to the small fixed time
step and final time selection, in processing the data in MATLAB. In addition, a rate
transition block, defaulted to act as a unit delay for continuous sample time, is used
on all plant disturbance and measurement noise inputs to ensure proper timing of
these inputs into the system. Correlation time for for the bandlimited white noise
blocks, due to SIMULINK requirements, is changed to a integer factor of the fixed
time step as t. = 207, = 0.001 sec.

As determined in Appendix F, simulation results reveal optimum regulator per-
formance is achieved with a state weighting scale factor of 10 and control weighting
scale factor of 0.1. In general, initial transients occurred at intervals of approximately
0.001 sec, due to the correlation time for the bandlimited white noise blocks. On
the other hand, neither candidate switching time case, defined in Appendix F, posi-
tively or negatively affected controller performance. Hence, for the purposes of this
study, the defined optimum regulator weighting parameters will be implemented with
a switching time of 0.02s, which allows the noise correlation time to remain an order

of magnitude faster.

In order to determine relative capability, dual FTCS performance was compared
to observed tracking error without control compensation and single fine tracking con-
trol of either beam. Noise effects are characterized for measurement and plant distur-
bance inputs. In particular, UAV spatial separation affects upon plant disturbance

were analyzed against the observed tracking error. Disturbance rejection analysis was
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performed, for either control case, by comparison of each frequency response function

(FRF).

4.1 Noise Effects

Noise affects on tracking error were observed for each axis, based on a 5 second
simulation time. Each noise source was modeled by a SIMULINK bandlimited white
noise block with a correlation time of 0.001 sec. Since the satellite plant disturbance is
a colored noise source, a shaping filter is applied after the associated equivalent white
noise source block. The output variance of each block was scaled to a unit variance
and multiplied by a corresponding gain to yield the desired noise variance, as defined
in Chapter III. Each block is assigned a unique random seed value which is reset
every simulation case. Frequency responses were calculated for the measurement and

plant disturbance noise.

4.1.1 Measurement Noise. The measurement noise time response, within
a 1 second time domain, is shown in Figure 4.1. In particular, the modeled sensor
noise, exhibits similar behavior about each axis. Based on the time response, the cor-
responding power spectral density (PSD) was calculated and illustrated in Figure 4.2.
Up until approximately 1 KHz the PSD is relatively flat, which is consistent with the

chosen noise block correlation time.

4.1.2  Plant Disturbance. As defined in Chapter III, plant disturbance is
a function of the transmitter pointing error, satellite disturbance, and optical tur-
bulence induced random beam wander. Satellite disturbance is modeled as colored
noise, while pointing error and beam wander effects were modeled by zero-mean white
Gaussian statistics. However, as determined in Appendix E, beam wander increases
as propagation distance increases, which is a function of decreasing transmitter eleva-
tion angle. Elevation angle changes based upon either changing transmitter altitude

or Earth central angle (ECA), as shown in Appendices B and D. Since, transmission
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altitude is assumed to be fixed, plant disturbance will vary due to changing ECA,

which manifests as a changing spatial separation between aircraft platforms.

4.1.2.1 Spatial Separation Effects.  Assuming UAV, is located at the
subsatellite point (SSP), corresponding to an elevation angle of 90°, as UAVy closes
spatial separation between aircraft, its elevation angle increases, as determined for 13
arbitrarily chosen elevation angles within the receiver field of view (FOVR) illustrated
in Figure 4.3. In particular, the corresponding rms beam wander decreases as the

aircraft elevation angle increases, due to less atmospheric propagation.
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Figure 4.3:  Elevation Angle Affects on Spatial Separation and Beam Wander

Based on simulation final time, Ty = 1 second, the ensemble average mean and
standard deviation data were calculated over the 10 Monte Carlo runs for tracking
error and control input subject to changing rmsy, resulting from each arbitrarily
chosen elevation angle. Figures 4.4 thru 4.6 show a magnified view of the statistics

on the time response data for each of the 13 elevation angles. Specifically, Beam
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Figure 4.4:  Beam Wander Ensemble Average Mean Tracking Error Response for
13 Elevation Angles

B is regulated from 0 to 0.02 sec resulting in reduced mean and standard deviation
values. Similarly, Beam A is regulated from 0.02 to 0.04 sec resulting in reduced
mean and standard deviation values. Control input response shows similar behavior
for each FSM axis, which is due to uncoupled dynamics and each axis modeled by the
same SISO system. In particular, both tracking error and control input response data
exhibit transients 0.001s, due to noise source correlation time, which behave as random
amplitude step inputs. The data indicates similar controlled system performance at
all 13 elevation angles. This is clearly illustrated by taking a temporal average of
the ensemble averaged mean and standard deviation data for each elevation angle.
Figures 4.7 thru 4.9 reveal that each rmsy, associated with each elevation angle yields
relatively similar temporal mean and standard deviation results for each beam. In
addition, temporal mean and standard deviation statistics of control input exhibits
a similar trend. Based upon these results for the range in elevation angles within

FOVR, spatial separation does not adversely affect FTCS performance.
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4.1.2.2  Plant Disturbance Power Spectral Density.  Based on the max-
imum theoretical beam wander, plant disturbance noise time response over a 1 second
time frame is shown in Figure 4.10. In particular, the modeled plant disturbance, ex-
hibits similar behavior about each axis. Based on the time response, the corresponding
power spectral density (PSD) was calculated and is illustrated in Figure 4.11. As seen
with the measurement noise response, the plant disturbance noise PSD decays above

approximately 1 KHz, due to the noise block correlation time.

4.2 No Control

Using a 5 second simulation time, tracking error data was observed for each axis
and the associated radial tracking error, as derived in Chapter II as p = \/m
Figures 4.12 thru 4.13 illustrate a magnified view of the tracking error time response
ensemble average (10 runs) mean and standard deviation data. Clearly, without

regulation, the tracking error has a similar time response as the plant disturbance.
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Figure 4.12:  No Control Ensemble Average Mean Tracking Error Time Response

In terms of radial tracking error, the associated ensemble average mean and standard

deviation is shown in Figures 4.14.

4.3 Single Fine Tracking Control

As determined in Appendix F, optimum regulator performance was achieved
with a state weighting scale factor of 10 and control weighting scale factor of 0.1.
Using the same simulation set up as described for the no control case, radial tracking
error time response data was observed for single tracking control applied for each
beam. In addition, based on the time response, the FSM frequency response was

calculated and analyzed for disturbance rejection capability.

4.3.1 Time Response.  As illustrated in Figures 4.15 and 4.16, the controller
regulates beam tracking error, subject to random amplitude noise inputs at intervals

of the noise correlation time. In either case, there is no apparent benefit in regulating
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Figure 4.15:  Beam A Control Only: Ensemble Average Radial Tracking Error Time
Response

tracking error for a single beam over the other. Any variation is simply due to the

random noise samples.

4.3.2  Frequency Response.  Based on the observed simulation time response
data, each signal is filtered by a Hann window, processed into a frequency spectrum
by Fast Fourier transform (FFT), and averaged 20 times to achieve an adequate linear
estimate of the frequency response data. As illustrated in Figures 4.17 and 4.18, the
frequency response function (FRF) was calculated for each single fine tracking control
scheme based on the single fine tracking control input and corresponding FSM output
response. In either case, the FSM achieved similar magnitude and phase distributions.
Thus, there is no apparent benefit in regulating tracking error for a single beam over

the other.

4.8.8 Disturbance Rejection. The corresponding disturbance rejection is

calculated and illustrated in Figures 4.19 and 4.20. Although the accuracy of this
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Figure 4.18: Beam B Control Only: Fast Steering Mirror Frequency Response
Function

data is suspect do the chosen noise correlation time, approximately 11.15 dB power
rejection is observed for either regulated beam tracking error. Thus, fine tracking

control does somewhat reduce line of sight beam propagation effects.

4.4 Dual Fine Tracking Control

Using the same simulation set up as described for the single fine tracking control
case, a switching time of 0.02s was implemented for dual fine tracking control of both
incident beams. The ensemble average tracking error time response data was observed
and used to calculate the associated FSM frequency response. Based on the observed
plant disturbance frequency response spectrum, disturbance rejection was calculated

for each beam.

4.4.1 Time Response.  As illustrated in Figure 4.21, the controller regulates

radial tracking error for both beams, subject to random amplitude noise inputs at
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intervals of the noise correlation time. Regulation is alternated between each beam,
based on the chosen switching time of 0.02s. Comparison with either single track-
ing control scheme, Figures 4.15 and 4.16 respectively, reveals dual tracking control

achieves a similar regulation performance, sharing the negative disturbance effects.

4.4.2  Frequency Response. The frequency response function, illustrated
in Figure 4.22, was calculated for the dual fine tracking control scheme using the
same approach discussed in section 4.3.2. In either case, the FSM achieved similar
magnitude and phase distribution. Although highly corrupted by noise at higher

frequencies, the dual control FRF exhibits similar behavior as single fine tracking

control.

4.4.8 Disturbance Rejection. The corresponding disturbance rejection is
calculated and illustrated in Figure 4.23. As revealed for single fine tracking control

scheme, the accuracy of this data is suspect due to the chosen noise correlation time.
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Assuming the observed frequency response is accurate up to a 1000 Hz, slight power

rejection is observed for each axis.

4.5 Bit Error Rate Performance

Taking a temporal average of the ensemble averaged radial tracking error data
for each control scheme, illustrated in Figure 4.24, yields remarkably different results
for each scheme. Without regulation compensation, the observed temporal aver-
age mean radial tracking error for both beams is approximately 7.268 urad. While
single control of either beam yields mean error of approximately 1.6 prad, the non-
controlled beam suffers a mean error of approximately 10.11 urad. Dual control
yields approximately 5.85 pyrad mean tracking error. In addition, standard deviation
statistics exhibit the same trend between each control scheme. Both statistics reveal
increased dispersion about the respective means for the regulated beams versus the

non-regulated beams. As shown in Figure 3.10, a radial tracking error greater than
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approximately 4.2 urad yields a BER of 1. Thus, only regulation of a single beam,
at the cost of the other beam, satisfies the tracking error requirement of 1.68 urad.
Chapter V will discuss a possible implementation scheme that could still exploit the

dual tracking approach.

60



Beam & Beam B
15

10 +

e
g}

=

Mean [ prad]

[} m
—e—

[} m
—p—

of A B A+B ) Of A B A+B

= o g

=

B + B +

=

=) iy it

S 4 + I 4 +

o 2 2

_E b .

= 0 1]

=

s

w2 ; : : : o) : - : .
of A B A+B Off A B A+B

Control Scheme Control Scheme

Figure 4.24:  Temporal Average of Ensemble Radial Tracking Error Performance
Off: No Control, A: Beam A Control Only, B: Beam B Control Only, A+B: Dual
Control

61



4.6 Summary

Dual fine tracking control system simulation data was observed and compared
to non-control and single fine tracking control simulation data. Based on Monte Carlo
analysis, ensemble average mean and standard deviation statistics were computed for
the time response and revealed similar tracking error regulation performance between
single and dual fine tracking control. In either case, regulation occurred at regular
time intervals due to the noise correlation time. However, the chosen time of 0.001s
appeared to affect the frequency response of the disturbance inputs. Hence, the

control system frequency response accuracy was limited.
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V. Conclusions
5.1 Thesis Summary

A conceptual dual fine tracking control system (FTCS) was designed and simu-
lated to evaluate the effectiveness of a single fast steering mirror (FSM) to compensate
for disturbances affecting line of sight propagation of two uplink laser communica-
tion beams. The optical receiver resided in a satellite in geosynchronous orbit while
each incident beam originated from two spatially separated unmanned aerial vehicles
(UAVs). Optical frequencies are desired for their low power, high bandwidth, and
narrow beamwidth characteristics. On the other hand, compared to radio frequen-
cies, optical frequencies are highly susceptible to propagation disturbances, which
attenuates received signal power. Degradation in received signal power adversely af-
fects communication link bit error rate (BER) performance, which is a fundamental
performance measure in digital communications. As defined in Chapter I, for the
purposes of this study, the primary parameter of interest for disturbances affecting

uplink beam propagation is residual tracking error.

Chapter II, provided a review of previous works covering various methods for
laser beam pointing and tracking control. In particular, optical power loss can be
modeled as a decreasing exponential function of radial tracking error and BER per-
formance is subject to tracking error probability distribution. Given this observation,
a dual fine tracking control system was designed in Chapter III based on a residual
radial tracking error limit of 1.68 urad, which yields a BER of approximately 1075.
This error limit was determined from the theoretical propagation characteristics of

each uplink beam.

Propagation of each beam was affected by transmitter effects, channel effects,
and receiver effects. Other than the power loss subject to propagation distance, the
greatest power attenuation occurred from atmospheric loss. To minimize atmospheric
loss, each transmitted beam was modeled with a wavelength of 1510 and 1550 nm
respectively. In particular, the largest source of atmospheric loss, approximately

between -4.5 to -5 dB, was attributed to random beam wander, which is caused
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by optical turbulence. Random beam wander varied as a function of propagation
distance, which was determined from the elevation angle of the UAV transmitter.
However, the defined satellite receiver field of view (FOVg) and UAV altitudes limited
the range of elevation angles between 76 and 90 degrees. This range in elevation angle,

corresponded to UAV spatial separation limited to +10.81° latitude/longitude.

Chapter IV characterized and analyzed dual FTCS performance. Based on the
respective Kalman filter state estimates of each beam, a linear quadratic regulator
(LQR) controller applied steady state regulator gain and switching time to compen-
sate for tracking errors upon each beam. Initial simulation results of various weight-
ing matrix combinations, revealed an optimum regulator performance achieved with a
state weighting factor of 10 and control weighting factor of 0.1. Modeled as zero-mean
white Gaussian noise and zero-mean non-white Gaussian noise respectively, measure-
ment noise and plant disturbance noise models were dependent upon their simulation
correlation time, which was required to be an integer multiple of the simulation step
time, due to simulation restrictions. Since various switching times, chosen as mul-
tiples of the FSM 2% settling time of 0.002s, did not yield any noticeable positive
or negative effects, a time of 0.02s was chosen for simulation purposes. Although,
switching control revealed slight disturbance rejection, the accuracy of the frequency
response data was suspect above a 1000 Hz. In addition, based on desired regulation

time duration, relatively large to infinitely many switching times can occur.

Temporal averaging of the radial tracking error time response data revealed dual
fine tracking control did not achieve the residual radial tracking error limit. Although
dual control obtained a better result than no control, on average, single control of
one beam achieved a temporal mean of 1.6 prad, which more than sufficiently meets
the required tracking error. However, this performance is achieved at the cost of

approximately 10.11 urad mean radial tracking error on the other beam.

An implementation that could exploit these results is to only utilize commu-

nication data from each beam during periods of applied control. This still would
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result in a single aperture system with data received in short bursts. In particular,
a time division multiple access (TDMA) scheme, a common communication resource

allocation method, could be the optimal solution.

5.2 Contributions

A dual fine tracking control methodology has been developed for propagation of
two satellite laser communication uplink beams. The concept incorporated common
uplink beam propagation disturbance sources with Kalman filtering and LQR control

to yield a dual fine tracking control system.

LQR weighting matrix identification methodology was developed based on track-
ing error performance. The concept entailed calculating the ensemble average and
temporal average tracking error statistics and evaluating the associated mean and

dispersion for each weighting.

Based on the defined geometry between the satellite receiver and UAV transmit-
ters, the optical turbulence induced random beam wander affects on plant disturbance
were investigated and revealed limited impacts to tracking error due to spatial sepa-

ration between transmitters within the receiver field of view.

5.3 Recommendations and Future Work

Based upon the software used, simulation of the control system required using
a fixed-step solver methodology, to analyze response statistics. This required a fixed
time step of 0.00005s and required large amounts of memory to collect and process
the data. However, this simulation was performed in the continuous-time simulation
environment. In addition, modeled noise sources required a correlation time as an
integer multiple of the fixed-step time. Although, an arbitrarily chosen correlation
time may simplify time response analysis, it may be inadequate for accurate frequency
response data. A possible remedy to this would be do simulate the system in a

discrete-time environment.
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Future work should include developing and implementing a TDMA communi-
cation scheme within the simulation environment to determine impacts to system
performance. In addition, the simulation model should incorporate modulation and

demodulation models to determine corresponding bit error rate performance.

A higher level fidelity model of aircraft attitude dynamics is required to in-
vestigate disturbance affects on transmitter pointing error. In particular, this could
be applied to a two-way communication link between the satellite and transmitter
to incorporate the necessary pointing commands in the transmitter attitude control

system.

Experimental level evaluation is recommended in order to validate the adequacy
of this approach. This would require optical hardware and software components
assembled in a controlled vibration environment. Propagation disturbance could be

induced by either filtering, adaptive optics, or fast steering mirrors.
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Appendiz A. Optical Communication System
A.1 Data Transmission

During transmission, all user information (UI) is converted into digital informa-
tion binary digits (bits), which are formatted into message bits, b;. Pulse modulation
converts these message bits into a nonreturn-to-zero level (NRZ-L) pulse code modu-
lation (PCM) baseband waveform, g(t), as shown in Figure A.1. For a given message
bit rate, R;, the baseband waveform data rate and symbol duration are determined

respectively by

e

The message sequence is inherently a random sequence of bits, in which it is
assumed the occurrence of a 1 or 0 is equally likely within the symbol interval, Ty,
and independent of all other intervals [12, page 247]. Channel symbols 1 and 0
are denoted by bipolar pulses of amplitudes +V and —V respectively, which occur
with equal probability, P(+V) = P(—=V) = 1/2. Hence, the NRZ-L. PCM baseband

waveform, g(), is a sample of a binary random process denoted by
Glt) = S (A.3)

for nT, <t<(n+1)T, n=0,1,2,3,...

A.1.1 NRZ-L PCM Baseband Waveform Statistics. The mean and au-
tocorrelation functions of a random process are the two moments of interest for a

communication system [29, page 23|. The mean is determined by [10, pages 334]

me(t) = E[G(t)] = / " folg)dg (A4)

o0
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Figure A.1:  PCM Baseband Waveform: (a) Channel Symbol Sequence, (b) NRZ-L
PCM Waveform.

where fs(g) is the probability density function (pdf) of G(t). Since G(t) is either
+V or —V for all ¢, its pdf is determined by the sum of delta functions denoted
by [18, pages 58, 195]

falg) = P(HV)i(g—V)+P(=V)i(g+V)

- (%) [6(g—V)+d(g+ V) (A.5)

Thus, the mean is calculated as

ma(t) = / " falg)dg

[e.e]

1

_ (5)/_Zg[5<g—v>+6<g+vndg
= (3) 1+ v
0

The autocorrelation of G(t) is determined by [10, pages 335]

Raltity) = E[G(h)C(t)] = / ) / " 010 ercalon 92) dndgs (A7)
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where fa1.g2(g1,g2) is the joint pdf of G(t1) and G(t2), and ¢, and t, are arbitrary
time constants. Similar to the pdf derivation, the joint pdf is determined by the sum

of delta functions denoted respectively by [18, pages 72, 79, 195]

fere2(91,92) = forc2(91, g2lty) f, (tg)
= [Plar=4V,02=4V)é(g1 = V.2 — V)
+ Plgr=4V,20=-V)d(g1 —V.g2+V)
+ Pl =-V,92=+V)i(g1 + V.. = V)

+ Plgr=-V,2=-V)o(g1 +V, 92 + V)| fr,(ty) (A.8)

where ¢, is a uniform random variable in the interval [0, 73], which accounts for the
unsynchronized realizations of G(t), and fr,(t,) is the associated pdf defined as [12,
page 248]

1/Tb 0 S t S Tb
fr(ty) = ! (A.9)
0 :  elsewhere

If |t — t1] = |7| and |7| +t, > T}, G(t1) and G(t2) occur in different pulse intervals

and are independent. Thus, the joint conditional pdf is determined by [18, page 195]

fara2(g1, 92lty) = Plgr=+V)P(g2=4V)d(g1 —V,92 = V)
+ Pl =4V)P(g2=-V)d(g1 = V.32 +V)
+ Plg1=-V)P(ga=4+V)o(1 +V, g0 — V)
+ Plg1=-V)P(g2=-V)d(g1 +V, 92 + V)
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which implies an autocorrelation function defined as

Ra(ty,ta) = / / / Q192 far,62(91, 921tg) [, (tg)dgrdgadt,

1 Tpy—|7| poo (9]
= | = / / / G192 fc1,a2(91, 92|t ) dgrdgadt,
Tb 0 —00 J —o0
1 T, — |7 o[
= i ’ | l / / 91925(91 =V, 92 — V)dgldgz
4 Ty —00 J —00

+ / 1926(g1 — V, g2 + V)dg1dg,

8
8

88
88

+ / 9192(5 1 + V gs — V)dgldgg

-

(5 17 ) V) + V) + (V)0 + (-V)(-V)

_ (i) (1 - Z') 2V — 212 =0 (A.11)

However, if |7|+t, < T}, G(t1) and G(t2) occur within the same pulse interval. Thus,

88
88

91920(g1 +V, g2 + V)d91d92}

8

the joint conditional pdf is defined by [18, page 195]

fare2(91, 92lty) = Plga=+V|g =+V)P(g1 =+V)d(g1 = V.92 — V)
(92 ==V]g1 =V)P(g1 =V)é(g1 =V, 2+ V)

+ Plga=+4V|gr=-V)P(g1 =-V)d(g1 +V, 92 = V)
(
)

+ P(g2=—V|g = -V)P(q V)§(gr+V, g2+ V)

- (1 (%)5( ~V, g5 — ( )6 ~ Vg2 +V)

+ (0)(%)5(91—1—‘/92 ()591—1-‘/924—\/)

_ G)Wﬁ—%m—W+&m+%m+W] (A12)
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which implies an autocorrelation function defined as

Rea(ty,t2) = / / / 9192 far,62(91, 921tg) fr, (tg)dgrdgadt,

1 Tpy—|7| poo 9]

= | = / / / G192 fc1,62(91, 92|t g)dgrdgadt,
Tb 0 —o0 J —0
1 |7 S

= = - 91925(91 -V, g2 — V)d91d92
2 Ty —00 J —00

+ / / 91920(g1 + V, go + V)dgldgm}

- v2( _%l) (A.13)

Therefore, the autocorrelation function is

V2 —|7|/T,) : |t|<Ty
Rg(t1,t2) = Ra(1) = (A.14)
0 : ’T‘ 2 Tb

In particular, based on the mean, mg(t) = 0, and the autocorrelation function,

Re(t1,t2) = Re(7), the autocovariance of G(t) is defined as [10, page 335]

Colti,ta) = E[{G(t) —ma(t) HG(t2) — ma(ta)}]
= E[{G(t)) — 0}{G(t2) — 0}] = E[G(t1)G ()]
= RG(tl,tQ) = Rg(T) (A15)

Since the mean is constant and the autocovariance is a function of 7 =ty — t1, G(t)

is a wide-sense stationary process (WSS) [10, page 359].

A.1.2 NRZ-L PCM Baseband Waveform Power Spectral Density.  The base-

band waveform power spectral density (PSD), determined from the Fourier transform
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of Ra(7), is derived as [10, page 404]

o

Sa(f) = F{Ro(r)} = / Res(r) exp(—j2n fr)dr

—00

= (V'T) {—Sm;;gb)} 2

= (V*T)sinc®(fTp) (A.16)

Based on the Chapter III defined data rate, R, = 100 Kbps, NRZ-L. PCM wave-
form PSD is shown in Figure A.2, scaled for unit amplitude. The average power is

determined by [29, page 25]

Rg(0) = V? <1 — —) = V? (A.17)

—
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Figure A.2: NRZ-L PCM Baseband Waveform PSD
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A.2 Optical Receiver

A conceptual OOK optical receiver is illustrated in Figure A.3. After optical
signal processing as defined in Appendix D, an avalanche photodiode (APD) detects
and converts the the received optical power into an amplified current signal, i,.(t). A
matched filter maximizes the signal-to-noise ratio (SNR) prior to sampling a current
test statistic, z(7p), for the decision circuit. Due to noise, N,, distortion effects
inherent within the received signal, the decision circuit observes the received signal
and determines whether s; is sent, denoted by hypothesis Hy, or s, is sent, denoted
by hypothesis Hy [6, page 534]. After symbol decision, based on the threshold ~,, the
estimated received symbol is assigned to its corresponding estimated message bits, Z;i,

which in turn are formatted back into user information.

A.2.1 Receiwed Current.  The received current signals, based on the unipolar
transmitted signals within the interval ¢ € [0, T3] defined in Appendix D, are defined

respectively as

i) = ige+in(t)
= RuP +in(t) [A] (A.18)
ir(t) = 0+in(t)
= in(t) [A] (A.19)

Vlﬂ Sample

(t=Ty)

Beam
Matched
. Filter

i (t)

Clock

Figure A.3:  OOK Optical Receiver

73



where ¢4, is the dc current, R, is the photodetector responsivity, P, is the received

optical power, and 7,, is the current noise.

A.2.2 Matched Filter. In order to maximize the SNR for sampling and
detection, the received current signal is filtered by a matched filter. The maximum
output SNR is defined by the ratio of the input signal energy and noise power spectral
density, defined as [29, page 127]

svR, — )= Ei®]y _ 28, )

where Ej is the input energy difference signal, o2 is the output noise variance, and
N,/2 is the two-sided power spectral density of the input noise. N, is associated
with thermal noise and is the dominant photodetector noise source, as determined in
Appendix D. Thermal noise is characterized as a zero-mean additive white Gaussian
noise (AWGN) and is used to model communication system noise [29, page 33]. Thus,

based on the noise statistics, the matched filter output SNR is determined as

2 9E
SNRy = ZL;: — (A.21)

The ideal energy difference, based on noiseless unipolar input current signals within

the time interval [0, T};], assuming a unit Ohm resistance, is determined as [29, page 128|

Ty Ty
Eo = [ { Eli®)] - Elis(t)] Y2t = / (R P)dt
0 0
= (RuP)*Ty [J] (A.22)
A.2.8 Symbol Detection. Assuming symbol synchronization is maintained

for optimum demodulation, the symbol detection goal is to determine whether the

sampled current test statistic from the matched filter output, z(7}), satisfies either
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hypothesis H; or H, determined respectively as

Hi ¢ 2(Ty) = ige + in(T}) (A.23)

Hy @ 2(Ty) = in(Th) (A.24)

Since z(7}) is a function of i,(7}), a zero-mean Gaussian random variable, it is also
subject to Gaussian statistics. Thus, the corresponding conditional pdfs for either

signal being sent are denoted respectively by [10, page 113]

p(zls1) = (0\1/%) eXp{—%} (A.25)

p(zls2) = (0\1/%) eXp{—%} (A.26)

Assuming the transmitted unipolar signal waveforms have an equally likely a priori

probability, P(s;) = P(sy) = 1/2, the conditional pdfs are symmetric, as shown in
Figure A.4. Thus, the decision criterion, to estimate which symbol was sent, is based

on the maximum likelihood criterion as [29, page 110]

2(Ty) > v, = symbol 1 (A.27)

2(Ty) < 7, = symbol 0 (A.28)

where 7, is the optimum decision threshold. The optimum threshold is determined
from the minimum error criterion, which is a function of the means of each conditional
pdf denoted by [29, page 182]

Z'dc
= = A2
Yo B (A.29)

A.3 Probability of Bit Error

Based on the maximum likelihood criterion, there are two ways a symbol detec-

tion and estimation error can occur for a binary system: false detection and missed
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Figure A.4:  Gaussian Conditional Probability Density Functions

detection. The probability of error is calculated by the summation of the probabilities
of these two occurrences [29, page 1044]. False detection, also referred to as false
alarm, occurs when the sampled voltage exceeds the voltage threshold when s, is sent.
Conversely, missed detection, referred to as probability of fade, occurs when s; is sent
but the sampled voltage does not exceed the voltage threshold. Thus, the probability
of symbol error, Pg, is defined as [29, page 1044]

PE - P(Sl)PFCLde + P(SQ)PFalse (ASO)

Since OOK modulation is an orthogonal binary signaling set, the probability of bit
error is equivalent to the probability of symbol error, denoted by [29, page 551]

Pg = Pg = P(51)Prade + P(52) Praise (A.31)

A.3.1 Gaussian Communication Channel. Assuming the communication

channel, defined in Appendix E, behaves as an AWGN channel the corresponding
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false alarm and fade probabilities are determined respectively by [29, page 1044]

Prose = / p(2]s2) di (A.32)
’Y(:Yo
Proge = / p(z]s1) di (A.33)

Thus, the probability of bit error is determined as

Pg = P(51)Ppage + P(52)Praise
= pe| [Tl pe) | [Cptsa] as

—0 Yo

Since both symbols are equally likely to have been sent and symmetry of the condi-

tional pdfs, the probability of bit error simplifies to [29, page 121]

o = Q] Q)
_ [:Op(z|52)dz

L) g 3

Let
z
u=— — o,du=dz
Oo
Yo
YVo<z<0 = —<Su<o0
Oo
Yo Z-clc
Xr = — =
O, 20,
Thus

Py = /:O (\/%) exp {—“ﬂ du = Q () (A.36)

where Q(x) is the complementary error function [29, page 1044]. Figure A.5 illustrates
the relationship between @Q(x) and an arbitrary x € [0, 6], commonly referred to as

the error curve. Substituting in the predetermined matched filter output SNR, the

7



Figure A.5:  Complementary Error Function Curve

arbitrary Q-function parameter becomes

N RIS
B \@: \/% (A.37)

where E, is the average energy per bit, defined as E, = FE4/2 for orthogonal sig-

nals [29, page 132]. Thus, the probability of bit error for OOK modulation, shown in

Figure A.6, is determined as

Ey

PB - Pmod == Q ( F) (A38)

A.3.2 Fading Communication Channel: Non-Ideal Tracking.  Assuming the
incident beam irradiance, defined in Appendix D as I(p;, z,), fluctuates at a slower

rate relative to the sample time interval, T, the average received optical power, P, is
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Figure A.6:  OOK Modulation Theoretical BER Curve

constant [3, page 268|. However, tracking errors, quantified by the tracking loss L,,

attenuates the received power. Thus, the random tracking error fluctuates incident

beam irradiance about the propagation axis, Zz,, creating a fading effect within the

communication channel.

As defined previously in Chapter II, P, is determined from the Friis transmission

equation by [15, pages 94-105]

Pr = Pt(nthLtLao)(LsLa)<LrGT77T)

where P, is the transmitted power, 7, is transmitter efficiency, G; is the transmitter
antenna gain, L; is the pointing loss, L., is aerodynamic-optical loss, L, is the path
loss, L, is atmospheric loss, L, is the tracking loss, G, is the receiver antenna gain,

and 7, is the receiver efficiency loss. Let

Qp = Pt(nthLtLao) (LsLa)(nr) (A39)
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Assuming «, and G, are known a priori, P, can be defined as a function of the radial

receiver tracking error, p,, denoted by
P.(p.) = a.G.L. =G, exp (—Grpf) (A.40)

As defined in Chapter II, the receiver tracking error is subject to Rayleigh probability
distribution, denoted by

frlpr) = (%) exp (—2[;’"2> L >0 (A.41)

T

Since P, is an exponential function of a Rayleigh random variable, the probability of an
event involving P,, defined on the interval (0, a,.G, ], is equivalent to the corresponding

event involving p,, defined on the interval [0, 00) [10, page 120]. Thus
PSP <aGl=Po= [ falpr)dn (A2
0

Hence, the probability of fade and false detection, assuming p, and i,(t) are indepen-

dent random variables, are determined respectively by [10, page 209

PFade = P{pr > 0N [Z<Tb) < 70|31]}

= Plp, > 0|P[2(T}) < 7ols1]

_ {/ falpr dpr} {/Oo <z|sl>dz}

= [ el ol dz dp (A43)

PFalse = P{pr > 0N [Z(Tb) > 70|52]}

= Plp, > 0|P[2(T}) > 7o|s0]

- ([ s { [ s

- / / (=152) frlpr)] d= dp (A.44)
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The probability of bit error is determined as

PB - P(Sl PFade + P SQ)PFalse

{/ / (2ls1) frlpr)] dzdpr + / / (2[s2) fr pr)]dzde}

[ vt / p(els2)d | Fnlpr) o
/Ooo {2/:19(432) dz} Frlpn)dp,
[

) z|32>dz}fR<pr>dpr

1
2
1
2
1
2

r
| P st (A15)

where the modulation probability of bit error is determined as
B Eb . Ed - chTb
Pmod - Q(U >_Q< 2NO)Q(\I2N )
P (Rpn)> 1Y°
ph pr ph
- =Q{ || Pip,
< ( N, Ry ) “ { om0

2 1/2
P (p )} = Q{K.P(p;)}

= [KT Gexp (=G.p2)] (A.46)

Thus, the probability of bit error for a fading communication channel, due to tracking

loss, is defined by

Py = /OWQ[KraTGTexp( Gor?)] Frlpn)dp, (AAT)
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A.4 Link Margin

Comparison of the detected received signal power with receiver sensitivity, Rz,

determines the system link margin, denoted in dB by

Link Margin = P, [dB] — Rz [dB] (A.48)

A.J.1 Receiwved Optical Power. The parameters used to determine the de-
tected received signal power are determined from the Friis transmission equation, and

the avalanche photodiode (APD) gain as

PT = (PtnthLtLao)(LsLa)(LTGT‘nT‘)Gd (A49)

where G4 is the APD gain defined in Appendix D. Based on the Chapter III defined
operational parameters, the theoretical detected received optical power for each beam
is shown in Figure A.7. Although, a larger wavelength is less susceptible to atmo-
spheric loss, at higher elevation angles the shorter wavelength achieves slightly better

power performance.

A.4.2  Receiwer Sensitivity.  Since the noise statistics are Gaussian, in addi-
tion to the optimum decision threshold, the complementary error function provides
an estimate of the the receiver performance [1, page 42]. Thus, the receiver sensitiv-
ity is determined as the minimum received power required to maintain the desired
system BER, for a given message data rate [1, page 43|. For the purposes of this
study, the minimum received power which produces a system BER of 107%, common

for free-space communications, will be the receiver sensitivity.
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Figure A.7:  Theoretical Detected Received Optical Signal Power

Based on the complementary error function curve, as shown in Figure A.5, the

receiver sensitivity is determined as [1, page 246]

Q(z) = 10° = 2~ 4.753

Rz, — (22) (R%h) (2)72 (W] (A.50)

where 42 is the total equivalent noise power at the APD. Thus, for each transmitted

beam, the receiver sensitivity is shown in Figure A.8.

A.4.8 Link Margin. Based on the detected received optical power and
receiver sensitivity, for a transmitted symbol 1, the system link margin is shown in
Figure A.9. Thus, within the receiver field of view (FOV), the longer wavelength
achieves approximately 0.1 dB greater link margin performance. In either case, both
beams achieve a positive margin above 1.5 dB, assuming no tracking loss effects, which

will satisfy the required system BER performance [29, page 265].
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A.5 Summary

This appendix presented the fundamental communication theory aspects, prob-
ability of bit error and link margin, of the laser communication architecture. Proba-
bility of bit error, commonly referred to as bit error rate (BER), provides a measure of
communication system performance, which is dependent upon received signal power
and radial tracking error statistics. In addition, based on the modulation scheme,
the system BER is used to determine the receiver sensitivity and link margin, which

determines if adequate signal power is available for communications.
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Appendiz B. Satellite Dynamics
B.1 Satellite Position

The relative satellite orbital motion about Earth can be described by the two
body problem equation of motion [34, page 50]

& _ (“) 7, (B.1)

dt? 73

This relation satisfies both conservation of energy and angular momentum per unit

mass denoted by [34, pages 50-52]

1 7
E = - = B.2
3% T (B.2)
H = 7, x7, (B.3)

where 77 is the satellite position vector, U, is the satellite velocity vector, E is the
energy per unit mass, H is the angular momentum vector, and p= 3.986 x 10> km? /s

is the Earth’s gravitational constant.

B.1.1 Orbit Location. Orbit orientation relative to a geocentric inertial
(GCI) reference frame, defined by unit vectors i, 7, and k as shown in Figure B.1,
and satellite motion within the orbital plane are determined by the following classical

orbital elements [34, page 60]:

e = eccentricity
a = semimajor axis
1 = inclination
T, = time since perigee passage

= right ascension of ascending node

w = argument of perigee
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Figure B.1:  GCI Frame Satellite Orbit

Orbit energy and angular momentum magnitude are determined by [34, page 56]

E = —% (B.4)
= na (1 — 62) (B5)

A circular orbit assumption implies e = 0 and w can not be determined. How-
ever, an alternate orbital element, known as the argument of latitude, u, , is used
to determine relative orbital position from the line of nodes, n, also referred to as
the nodal unit vector [16, page 134]. Within the equatorial plane, 2 determines the
angular position of the nodal vector from the vernal equinox, ¢, as shown in Fig-
ure B.1. Using conic section geometry, based on the GCI frame, the nodal unit vector
is [34, page 62]

~

SR cos()i + sin(Q)) (B.6)

>
I

TH | I
X | x
| T
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Figure B.2:  ECF Frame Satellite Orbit

Accounting for Greenwich sidereal time, 05(t,), angle between vernal equinox and
Greenwich meridian at epoch, satellite longitude location, \,,, and the orbital angular

velocity, w,, the argument of latitude over time is determined by [28, page 43]

Uo(t) = wo(t —t,) + Oc(to) + Aa — Q2 (B.7)

B.1.2  Satellite Location. In terms of the Earth centered fixed (ECF) ref-
erence frame, defined by unit vectors z, y, and 2 illustrated in Figure B.2, relative

position from Greenwich meridian, & = 05(t,), is determined by [16, page 100]

Tuyz = @ [COS(Agz) COS(der)T + Si(Agz) cOS(Per)y + sin(¢er) 2] (B.8)

where )\, is the azimuth, also referred to as longitude location, and ¢,; is the eleva-

tion, also referred to as latitude location. The satellite GCI reference frame position
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vector, 77, is related to the ECF reference frame position vector, 77,., by the following
rotational transformation:

e = RECT, (B.9)

where

RFG = Ry(uo(t)) Ry (i) Rs(R2) = (REF)" (B.10)

The corresponding direction cosine matrices, for positive counter clockwise rotations,

are determined by

1 0 0
Ri(a) = 0 cos(a) sin(a)
0 —sin(a) cos(a)
cos(a) 0 sin(a)

Ry(a) = o 1 0
—sin(a) 0 cos(«)
cos(a) sin(a) 0
Ri(a) = —sin(a) cos(a) 0
0 0 1

Thus, GCI position and velocity vectors are determined as

d_)S — —
Uy = c;t = Wy X Ts (B.12)

where W, is the satellite angular velocity vector.

B.2 Satellite Attitude Dynamics

As illustrated in Figure B.3, satellite attitude within orbit is defined about either
the orbit reference frame or satellite body reference frame. Vectors z,, 9,, 2, represent

the orbit reference axis frame: Z, is the negative unit vector of 7, Z, is the unit vector
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satellite

Figure B.3:  Satellite Attitude

of U, and g, is normal to the orbit plane. Unit vectors Z,, 7s, 25 define the satellite
body axis frame. Attitude motion of the satellite platform about its center of mass

(cm) is defined by Euler’s rotational equation of motion as [28, page 95]
he + &y X hy =T, (B.13)

where ES is the satellite body angular momentum vector and T; is the total torque
vector acting on the satellite body. Assuming an axisymmetric rigid body about the
Zs axis and alignment with the principal axes of inertia, the satellite body angular

momentum vector is determined by

I, 0 0 W Lw,
hey=L&,=| 0 I, 0 w, | =1 Lw, (B.14)
0 0 [z Wy Izwz
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where I is the satellite moment of inertia matrix. Thus, attitude equations of motion

can be represented by the following nonlinear equations:

Wy = — Wyw, + —
I, Y I,
: T,
w, = —
I,
B.2.1 Attitude Kinematics. Applying attitude kinematics, &y is defined
as [28, page 102],
('_Js = (Dso + C_‘joz's (B16)

where Wy, is the satellite body relative to orbit frame angular velocity vector and J,;s
is the angular velocity vector of the orbit reference frame relative to the GCI frame in
satellite body coordinates. Satellite attitude with respect to the body axis reference
frame, as shown in Figure B.3, is defined by Euler angles: roll angle, ¢, about the
T, axis, pitch angle, 6, about the 7, axis, and yaw angle, 1, about the Z, axis.
Assuming a yaw, pitch, and roll order of rotational transformation, s, is determined

as [28, page 103]

0 0 s
Gso = R1(¢s)Ra(0s)Rs(vs) | 0 |+ Ru(ds)Ra(0s) | 6, [+Ru(ds)| 0 | (B17)
s 0 0
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For small Euler angles, where cos(a) ~ 1 and sin(«) &~ «, the rotational transforma-

tion matrices are approximated respectively by

1o 0,
Ri(¢s)Re(0s)Rs(vs) = | v, 1 o, (B.18)
0s —os 1
1 0 6,
Ry (¢s)Ra(0s) = 0 1 ¢ (B.19)
—0s —¢s 1
1 0 0
Ri(gps) = [0 1 ¢, (B.20)
0 —¢s 1
Thus,
&5
oo = | 6, (B.21)
s

To determine &,;, angular rate of change of each orbit reference frame axis, as shown

in Figure B.4, respectively is determined by,

dz, di,dy .

at  dydt R
dz, dB .
T oapar
dy, dyo doc
dt  dadt
dyody
- d’}/ % = —ToWwW3
dz, dz,df
at  dpdt 2
Az, do
= do % = —YoW1
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Figure B.4:  Orbit Reference Frame Rate of Change

After performing a dot product between each rate of change and associated orbit

reference frame axis, the respective angular velocities are [28, page 106]

dz,

dt

dyo

dt
dz,

dt

~dj,
dt

B dz,
dt

B dz,

dt

Yo = |Zow1] |20 cos(0) = wy

“ Ty = |QOW3’ |§0’ COS<O) = Ws

(B.22)

2o = |Towal| |Zo] cos(0) = wo

Substituting in the predetermined GCI coordinates for each respective orbit reference
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frame axis

dz, . d (-7, Ty X Us 1 dr, (7. % 7)
wi = ——— Y ="\ 37" = S = - “\Ts X Us
! a7 dt \ |7 |7 X U] s [rsvs sin(90)] dt
1
= <r§vs) (Us) - (T x Ug) =0
dz, 1Y\ dr Uy -1 . —
— . AO — —_—— . — s VUg) = O = —Wp
2 at " ( 7“5> dt (|ﬁ5|> TsUs (9% - %) Ts cos(0) “
dz, . 1Y\ du, Ty X U 1 d*7, (7. X 7.)
W, = Yo = | — . - - == N \Ts Vs
3 dt 4 ve ) dt |7s X U] vs [rsvs8in(90)] dt?

AN N
B (TS'UE) (rg ) Ts: (rs X Us) = (7“3’1}3) s+ (/r's X Us) = O

Thus,
w1 0
C‘_joi = w2 = —Wy (B23)
Ws 0

In terms of the satellite body axis reference frame, for small Euler angles,

Jjois - Rl (¢3)R2 (98)R3 (ws)b_‘joi

1 s b 0
= | ¥ 1 & —Wo
0, —o¢s 1 0
—Wolhs
- —w, (B.24)
WoPs

Thus, the satellite angular velocity vector is

Wy 9253 - Wows
G = | w, | = 0, — w, (B.25)
W, Vs + Wos

94



Substituting into the nonlinear attitude dynamic equations, accounting for small Euler
angles where adv ~ 0 and & ~ 0, satellite attitude motion is defined by linearized

rotational equations of motion as,

b = wo [1+ Lok) I””)} Vs +wj {—(IZ;I“)] b+ 2

I, I,
. T
b = 7 (B.26)
. ) T,
% - _WO¢5+I_Z

B.2.2  Satellite Field of View. The satellite FOV geometry, as shown in
Figure B.5, is determined by [16, page 108]

pp = sin ' (Rg/r,) (B.27)
pPo = 90°—pp (B.28)
Dg = Rgtan(p,) (B.29)

where pg is the radial distance of Earth visible from orbit, Rg is the Earth’s radius, p,
is the radial distance of Earth from the Earth’s cm, and Dp is the Earth horizon dis-

tance, also referred to as slant range. Based on the satellite’s operational constraints,

Satellite

A
v

Figure B.5:  Satellite Field of View Geometry
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defined in Chapter III, these parameters are determined as,

pp = sin~!(6,378/42,164) = 8.7° [0.152 rad] (B.30)
po = 90°—8.7° =81.3° [1.419 rad] (B.31)
Dp = (6,378)tan(81.3) = 41,679 km (B.32)

Due to the aircraft’s operational constraint on minimum elevation angle, defined in

Chapter IIT as 20°, the actual satellite FOV is determined by,
FOVg = 2n, (B.33)

where 7, is the nadir angle, radial distance from SSP to aircraft visible from orbit. The
angular relationships between aircraft and satellite longitude and latitude locations,

(Aaz, Per) and (Aq, ¢q) respectively, are defined as [16, page 111]

Pas = cos ' [sin(¢e) sin(pg) + cos(ger) cos(da) cos(|Aaz — Aal)]
Aas = cos ' [sin(¢g) — cos(pas) sin(ger)/ (Sin(pas) cos(der))] (B.34)

w = o (50)

where p,, is the radial distance from SSP to aircraft along the Earth’s surface, defined

as the Earth central angle, A, is the azimuth direction from SSP to aircraft, and 4,
elevation angle from aircraft to satellite. The satellite azimuth direction from the

aircraft, measured from true north, is determined by

0° < Ags < 180° => Ay = 180° + Ay (B.35)

180° < Ags < 360° = Ayq = Ags — 180° (B.36)
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For a given aircraft position, 7,, the nadir angle and maximum range are determined

by [16, page 111]

Na = 90° — Pas — Esa (B37)
= sin~! [sin(p.) cos(gsa)] (B.38)
I V)

D, = 14 [Sm(m) } (B.39)

where D, is the maximum range between the satellite and aircraft. Thus, for the
predefined operational constraints, the maximum nadir angle, satellite FOV, Earth

coverage, and maximum range are determined as

Na = sin~![sin(8.7) cos(20)] = 8.172° [0.143 rad] (B.40)
FOVs = 2(8.172) = 16.343° [0.285 rad] (B.41)
Pas — 90° — Na — €sa

— 90° — 8.172° — 20° = 61.828° [1.079 rad] (B.42)
sin(61.828)

Do = (6396)Lm(8.172)

} — 39,668 km (B.43)

B.3 Disturbance Environment

Orbit perturbing forces are considered negligible; hence, attitude disturbances
are the primary concern. The satellite structure is the primary load path and de-
signed to compensate for expected minimum stiffness requirements for rigid body
purposes [35, page 2]. Due to alignment with the positive yaw axis, +z,, platform
disturbances creating roll and pitch attitude errors affect receiver pointing. Assum-
ing the attitude determination and control system (ADCS) adequately compensates
against expected external environmental platform disturbance torques, maintaining
three-axis stabilization, satellite internal disturbances affect pointing error. In par-
ticular, common internal disturbances are cm uncertainty, control hardware misalign-
ment or output error, liquid fuel sloshing, rotating machinery, and thermal shock [16,

page 355].
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Spacecraft structural loads are comprised of structurally transmitted vibration,
shock, and thermal stress [11, page 417]. Vibration and shock induced structural
loads result from translational and angular accelerations produced by control hard-
ware. Thermal stress, due to differential heating or cooling, results in structural

deformations.

Control hardware misalignment or output error and cm uncertainty, produce
disturbance torques during both translational and rotational motion [16, page 355].
These disturbances are modeled as constant disturbance torques during thruster fir-
ings. Liquid fuel sloshing and rotating machinery effects are modeled as sinusoidal
disturbance torques. Thermal shocks arise from thermal stresses on solar arrays when
the satellite enters or leaves eclipse [16, page 355]. Assuming each solar array behaves

as a cantilever beam, thermal shocks are modeled as impulse disturbance torques.

B.} Summary

This appendix presented the fundamental satellite orbital and attitude dynam-
ics principles which impact the dual FTCS design. Location of the satellite geosyn-
chronous orbit maximizes the field of view (FOV) coverage area over the Earth’s
surface and determines the relative uplink beam propagation distances. It is assumed
the ADCS provides three-axis stabilization against expected environmental distur-
bances, which limits the platform disturbances to be from internal sources. These
internal disturbances are considered to be random torque inputs defined in the lin-
earized rotational equations of motion. Although not explicitly implemented in the
simulation, these equations of motion are the basis for the plant disturbance noise af-

fecting motion about the x-axis and y-axis, as shown in Chapter III and Appendix G.
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Appendiz C.  Awrcraft Dynamics
C.1 Aircraft Position

As illustrated in Figure C.1, aircraft attitude is defined about either a true North
reference frame or aircraft body axis reference frame. Based on aircraft location, true
North reference frame is defined by unit vectors Z,, 9., Z,: @, aligned with true
North, ¢, faces due West, Z, local unit vector of 7,. Unit vectors Z,, Ua, Z4, roll,

pitch, and yaw axis respectively, define the aircraft body axis reference frame.

Since the UAV is operating within the satellite receiver field of view, defined in
Appendix D as FOVR, and assuming a spherical Earth, the geocentric longitude and

latitude over time are

Ma(t) = wolt —to) + Oc(to) + SAa(t) (C.1)
Ga(t) = ¢er+ 0a(t) (C.2)

where d\, () is the longitude displacement and d¢,(t) is the latitude displacement.
In terms of the GCI frame, defined by unit vectors ¢, 7, and /Ac, the relative position

and velocity vectors are denoted by

Py = T4 |cos(Ag) cos(dq)i + sin(Ag) cos(¢q)s + sin(gba)l%] (C.3)
v, = (i;a =Wy X T, (C4)

where r, is the position vector magnitude and &, is the aircraft angular velocity

vector.

C.2 Aircraft Attitude Dynamics

C.2.1 Attitude Dynamics. Attitude dynamics about the aircraft cm is de-

fined from Euler’s rotational equation of motion as

Ro + Bo X hg =T (C.5)



Figure C.1:  Aircraft Attitude
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where ﬁa is the aircraft angular momentum vector and T’a is the total aircraft torque
vector. Only one aircraft body axis, y,, is aligned to a principal axis; thus, the aircraft

body angular momentum vector is defined by [39, page 374]

]11 0 Il3
}_ia = Iaaja = 0 I O Cva (C6)
[31 0 [33

where 1, is the aircraft moment of inertia matrix. The aircraft angular velocity vector,
Wg, 18 equivalent to the sum of the body axis and true North reference frame angular

velocity vectors defined respectively by

W = Wya = (Dab + (‘_‘jnb (07)

where Wy, is body axis reference frame angular velocity vector and &, is the true

North reference frame angular velocity vector in body axis coordinates.

C.2.2 Attitude Kinematics. Heading angle, (,, and angle of attack, a,
determine body axis reference frame orientation relative to true North reference frame.
Attitude with respect to the body axis reference frame, as shown in Figure C.1, is
defined by Euler angles: roll angle ¢y, pitch angle 8, and yaw angle 1,. Both reference

frames are related to the GCI frame by the following rotational transformations

RNA

RNG

Ry (180) Ry (=) R3(—fa)

= Ri(da)Rs (=90 = Ad))
RAG _  RANpRNG _ ( RNA)T RNG

where RV4 denotes the rotational transformation from the body axis reference frame

to the true North reference frame, RV® denotes the rotational transformation from
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the GCI frame to the true North reference frame, and R4“ denotes the rotational

transformation from the GCI frame to the body axis reference frame.

Incorporating the corresponding direction cosine matrices, V4 and RV¢ are

determined as

RNA o

R1(180) Ry (—arg) R3(—13)

1 0 0 cos(a,) 0 —sin(ay,) cos(fB,) —sin(B,) O
0 -1 0 0 1 0 sin(B,)  cos(Ba) 0
0 0 -1 sin(ag) 0 cos(ag) 0 0 1
10 0\ [ cosan) cos(B) — cos(an)sin(8) — sin(a)
0 -1 0 sin( () cos(fa) 0
0 0 —1 )\ sin(as)cos(8) —sin(o)sin(B.)  cos(an)
cos(a) cos(B)  — cos(a) sin(B.)  —sin(a)
—sin(3,) ~ cos(6) 0 (©3)
—sin(a) cos(B,)  sin(ag)sin(B,)  — cos(a)
= Ri(¢a)Rs (=190 — Ad])
10 0 cos(hg — 90)  sin(A, — 90) 0
= 0 cos(ds) sin(¢y,) —sin(A, —90) cos(A, —90) 0
0 —sin(ga) cos(cn) 0 01
1 0 0 —sin(A,)  cos(A,) 0
= | 0 cos(éa) sin(@a) || —cosha) —sin(rg) 0
0 —sin(¢a) cos(da) 0 0 1
—sin(\,) cos(Aq) 0
= | —cos(@) cos(ha) —cos(@a)sin(Aa) sin(éy) (C9)
sin(ge) cos(ha)  sin(,)sin(\)  cos()
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Assuming a roll, pitch, and yaw, order of rotational transformation, the body axis

reference frame angular velocity vector is defined by

QZBb 0 0
Gap = R3(p)Ra(0)Ri(n) | 0 | +Rs(e)R2(0) | 6, | +Rs(ths) | 0 (C.10)
0 0 Uy

The true North reference frame angular velocity vector is determined by,

@, = RY90g
—sin(A\,) cos(A,) 0 0
= —c08(g) cos(Ag)  —cos(¢g)sin(A,)  sin(dy,) 0
sin(ga) cos(Xa)  sin(¢a)sin(Aa)  cos(¢a) W
0
= | wesin(6,) (C.11)
wr €0S(Pa)

where &g is the Earth’s angular velocity vector and wgp = 7.289 x 107° rad/s. In

terms of the aircraft body axis reference frame, the true North angular velocity vector

becomes
G = RA9G5 = (RN RN9G, = (RV)' @,
cos(as) cos(B,)  —sin(f) — sin(ag) cos(5) 0
= | —cos(@a)sin(fa) —cos(fa)  sin(aa)sin(Sa) wg sin(¢q)
— sin(a,) 0 — cos(a) wp cos(6a)
—sin(/a) sin(¢a) — sin(aa) cos(fa) cos(¢a)
= wp | —cos(B,) sin(@a) + sin(an) sin(B.) cos(ea) (C.12)

— cos(ag) cos(q)
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Thus, aircraft attitude equations of motion can be represented as
G = 1 'Q 1,3, + 1T, (C.13)

where €2, is the angular velocity vector skew symmetric matrix defined as,

0 Wza _wya
Q=] —w.e 0wy (C.14)
Wya Wea 0

C.3 Transmitter Module

It is assumed that all transmitter components are housed within a telescope
mounted on a gimbaled platform, as shown in Figure C.2. The telescope body behaves
as a cylindrical axisymmetric rigid body, defined by 4, ¥, Z; principal axes and body
rates ét, %. The outer gimbal is aligned with the Z, axis for azimuth control, while
the inner gimbal is aligned with the ¢, axis for elevation control. The transmitted

beam is aligned with the Z; axis.

C.3.1 Transmitter Position.  In terms of the GCI frame, the relative trans-

mitter position and velocity vectors are denoted by

T
io= R0 0] (C.15)
UV = d—tt:wtxrt (Cl6)

where RT is the rotational transformation from the transmitter principal axis frame

to the GCI frame and &; is the transmitter angular velocity vector.

C.3.2  Transmitter Attitude Dynamics.  Attitude dynamics about the trans-

mitter cm is defined from Euler’s rotational equation of motion as

Et +(Dt X Et - j_—i (Cl?)

104



Figure C.2:  Transmitter Platform
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where Fbt is the transmitter angular momentum vector and ft is the total transmitter

torque vector.

C.3.83 Transmitter Attitude Kinematics.  Transmitter attitude relative to the

true North, aircraft body axis, and GCI reference frames are determined respectively

by,

RNT = Rg()\sa)RQ(an) (018)
RAT _ RANRNT _ (RNA)T RNT (C.19)
RIG _ RTNRNG _ (RNT)T RNG (C.QO)

where RN¥T denotes the rotational transformation from the transmitter principal axis
reference frame to the true North reference frame, R47 denotes the rotational trans-
formation from the transmitter principal axis reference frame to the aircraft body axis
reference frame, and RT¢ denotes the rotational transformation from the GCI frame

to the transmitter principal axis reference frame.

Incorporating the corresponding direction cosine matrices, R¥7 is determined

as,

RNT = R3 (/\sa)R2 (55(1)

cos(Asa)  sin(Ag) O cos(sa) 0 sin(eg,)
= —sin(Ag,) cos(Ag) O 0 1 0
0 0 1 —sin(es) 0 cos(esq)

c08(Asq) COS(5a)  sin(Agq)  €08(Agq) Sin(g5a)

= —sin(Ag) cos(sa) €08(Agq)  —sin(Ag,) sin(egq) (C.21)

—sin(egq) 0 cos(€sq)
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C.3.4 Transmitter Attitude FEquations of Motion. Transmitter angular ve-

locity and angular momentum vectors are determined respectively by

. T
W = Wyt Wyt wzt]
- 1T
= |04 6,9 -3 | +R™5,+RGE

- 1T
— 0% 6,9 v -2 | + (BT RVG, + (RNT) RNGy

r . . 1T
— {0-2 6-9 vp-2 | +(B) BTG, +(RV)' '3, (C22)
Le 0 0
he = Lai=| 0 1, 0 |& (C.23)
0 0 I,

where I, is the transmitter moment of inertia matrix.

Thus, transmitter attitude equations of motion can be represented as
S -1 — -1
Wt = _It QtItwt + It Tt (024)

where €2; is the transmitter angular velocity vector skew symmetric matrix defined

as,
0 Wi  —Wyt
Q=1 —w,; O Wat (C.25)
Wyt  —Wat 0

C.4 Disturbance Environment

Aircraft perturbing forces are defined by external disturbance forces from two
flight reference regimes: steady and unsteady flight. Steady flight is classified as
nonaccelerated and nonrotating flight dynamics, while unsteady flight is classified as
rotational flight dynamics [39, pages 222-223]. For the purposes of this study, emphasis
is placed on the receiver fine tracking performance and it is assumed each UAV is a

rigid body in the steady flight regime and loitering within FOVg. Hence, aircraft
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attitude stabilization and constant flight parameters are controlled by an autopilot

(39, page 307].

C.4.1 Pointing Loss.  Assuming the autopilot compensates for low frequency
external disturbances while the transmitter gimbal system maintains coarse pointing,
high frequency disturbances, also referred to as jitter, are the primary concern for this
study. Previous work has shown, for a direct detection system, pointing jitter induces
optical power losses of -1.8 dB [0.66] and -0.1 dB [0.98] respectively for 1 prad and
0.2 prad radial pointing error [8, page 256,259]. Thus, based on the tracking error

requirements defined in Chapter III, it is assumed the pointing loss is
L; ~ 0.8 [—0.969 dB| (C.26)

At the satellite receiver, this pointing loss is assumed to create random beam wander,
assumed to have zero-mean white Gaussian statistics, within the receiver field of view
(FOV). As such, the variance of the radial pointing error can be determined, from

the pointing loss and antenna gain equations in Chapter II, as [8, page 253]

~In(L;)  In(0.8)
G, G,

— _1n(0.8)<27$/0)2 [rad?] (C.27)

2 _
oy =

Assuming the azimuth and elevation errors have equal variances, the corresponding

azimuth and elevation variance respectively is determined as

9 9 af In (0. Ae 2 9
(@), = (o), = F =" (5) o (©.23)

Thus, the corresponding azimuth and elevation pointing error variance, based on the

Chapter III defined transmitter parameters, is calculated respectively for each beam
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as

In (0.8) /1510 x 1072\

(Da= =T (P ) aomxw et (o
In (0.8) /1550 x 1079\ >

(Uf)B:‘ng(wz)( 0.>(<)4 ) = 4.2436 x 107 [rad”] (C.30)

C.4.2 Aerodynamic-Optical Loss. Aerodynamic-optical effects are due to
turbulent airflow about an aircraft inducing air density fluctuations resulting in phase
distortion of the transmitted beam. Phase distortion affects on-axis gain, denoted
by the Strehl ratio, which relates the beam irradiance to an ideal Gaussian beam
irradiance. Thus, aerodynamic-optical loss can be approximated by the Strehl ratio
as [15, page 115]

Lqo ~ Strehl Ratio = exp(—k.a,)? (C.31)

where a. is the rms wavefront error.

For wavelengths from visible to infrared (IR), with an aircraft at 35,000 ft and
speed Mach 0.85, simulation revealed a severe strehl ratio, approximately 0.3 to 0.6,
for the visible spectrum, while IR suffered a minor strehl ratio near unity [32, pages 6,
11]. Based on the chosen laser source wavelengths and UAV operational parameters
defined in Chapter III, it is assumed the strehl ratio is 0.7 [32, page 11]. Thus, the

aero optical loss is determined as

Lao &~ 0.7 [~1.549 dB] (C.32)

C.5 Summary

This appendix presented the fundamental flight and attitude dynamics for the
UAV platform and transmitter telescope. Assuming the autopilot maintains steady-
flight conditions and coarse tracking is maintained by the transmitter gimbal mech-
anism, attitude disturbances are considered to be random torque inputs defined in

the transmitter attitude equations of motion. Although not explicitly implemented
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in the simulation, these equations of motion are the basis for the pointing jitter af-
fecting motion about the x-axis and y-axis, as shown in Chapter III and Appendix G.
As a result, pointing jitter induces a pointing loss of approximately 0.8, based on
zero-mean white Gaussian statistics. In addition, aerodynamic-optical effects impart

a power loss of approximately 0.7.
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Appendiz D. Optical Components
D.1 Transmatter

D.1.1 Laser Source. — Propagation of electromagnetic (EM) energy per unit
area per unit time, within a medium based on direction Z,, is described by the Poynt-

ing vector as [13, page 48]
S =% |E(Z,,t) x B(Z,,t) (D.1)
where

¢ = speed of light

Q

3 x 10® m/s

electric permittivity

™
Il

E = electric field vector
B = magnetic field vector
t = time

The electric and magnetic field vector functions are related by satisfaction of partial
differential equations, known as Maxwell’s equations [26, page 159]. In particular,
E, commonly referred to as the optical field, is used to define propagation, denoted
by [13, page 50]

E (Z,,t) = E, cos(wet + ¢.) [V/m] (D.2)

where F, is the amplitude, w, is angular temporal frequency, and ¢, is the phase.

Angular temporal frequency is defined by

2me

Ac

=2rf. [rad/s] (D.3)

We =

where A, is the wavelength and f, is the temporal frequency.
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Irradiance, equivalent to optical power per unit area, is proportional to the time

average of the Poynting vector and commonly denoted as [13, page 50]

I[=(S)r=—2 [W/m’] (D.4)

As the beam propagates, irradiance is subject to Fraunhofer diffraction as a function
of the propagation distance, z,, and radial distance, p., from the propagation axis,
Z,. Based on the defined operational parameters in Chapter III, the laser source is
assumed to be a lowest order transverse electromagnetic (TEMg) collimated Gaussian

beam. Thus, irradiance is defined respectively as [26, pages 85-86)|

1 1/2
Wi(,) = W, 1+(?)] (D.6)
s - ”KYOQ (D7)

where I, is the peak irradiance, W, is the initial beam waist radius, W (z,) is the
diffractive beam waist radius at z,, and z, is the half the depth of focus. Irradiance is
modeled as a Gaussian function of p, and has a peak value at p, = 0 [26, pages 83-85].

Hence, the irradiance mean, and variance are determined respectfully as

Ell(p)] = 1, {%} [ e [ i

- efwty] [
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VAR[I(p., Zp)] - [ Pz =p 2 — EI(p-, Zp)]z

?
i L WA e U
]|
1

I

- elw] [ -4 [
- {Im {W%zp)} (D)

Transmitted optical power is determined by [26, page 85]

1
Po= 35l (7WZ2) [W] (D.10)
Thus, in terms of transmitted optical power, irradiance is defined as
2P, w, 1 2?2
() = e
o) = ] [ o |t

As a function of propagation distance, the peak irradiance is denoted by

L) = 10.3) = || w D12)

Based on the Chapter III defined operational parameters for the communi-
cation uplink, where P, = 100 mW, W, = 40 mm, &, € [77.3°,90°], and h €
[18.3 km, 35786 km], Figures D.1 thru D.3 illustrate the theoretical free-space prop-
agation characteristics for a collimated Gaussian beam at arbitrary Near IR carrier
wavelengths, A. € [800 nm, 1100 nm, 1300 nm, 1500 nm|. Based on the satellite re-
ceiver field of view, defined later in this section, as the elevation angle increases the
uplink beam propagates through less of the atmosphere. However, shorter wavelengths

suffer less diffraction and achieve a higher free space peak irradiance.
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Figure D.1:  Propagation Distance vs Elevation Angle

dEI:I T T T T T T

400 - o
AN
T |
il
& 350+ B00nm |
o
= — ——1000nm
g ......... 1300nRm
2 — — - 1500nm
£ 300+ &
g | mmeesessggepss
!"l:l:

280 + .

EDD 1 1 1 1 | 1

7B 78 a0 a2 a4 a5 g8 a0

Elevation Angle [deq]

Figure D.2:  Diffractive Beam Waist Radius vs Elevation Angle

114



13 T T T T T T

12F -

1MF B00nm | o
— — — 1000ntm

—ar e 1300Rm | 1

(]

£ — — - 1500nm

= 9r |

(k)

()

& 8F -

=

fhe?

i 7E 1

=

(1]

(1)

(W B ]
aF _
4t i
3 1 1 1 1 1 1
7B 7 a0 a2 g4 s ad S0

Elevation Angle [deg]
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D.1.2 Optical Modulation. For the purposes of this study, binary ampli-
tude shift keying (ASK), also known as on-off keying (OOK), is the bandpass digital
modulation format. For RF systems, ASK is a continuous wave (CW) amplitude
modulation technique: varies carrier wave amplitude as a linear function of the base-
band waveform [12, page 114]. However, in optical communications the modulation
variable is optical power, which is assumed to be linearly proportional to an input
voltage [22, pages 149, 255]. Thus, the uncoded NRZ-L. PCM baseband waveform,
defined in Appendix A as a ¢(t) and shown in Figure D.4, pulses the laser either on
or off transmitting an OOK modulated waveform, s(t), derived from the optical field

equation as [12, page 114]

sty = E, [1 + @} cos(wet + ¢@c) (D.13)

Based on this waveform, we can assign a unique transmission symbol, which

has a corresponding channel symbol meaning, to each modulation type. Hence, two
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possible unipolar signal waveforms are transmitted within the interval ¢ € [0,7,],

denoted by

s1(t) = 2E,cos(w.t+ ¢.) == symbol 1
so(t) = 0 => symbol 0

Correlation of these two signals reveals

/0 ' s1(t)sa(t)dt = /0 ' [2E, cos(w.t + ¢.)] [0]dt =0

Thus, the transmitted signal waveforms are orthogonal [29, page 129].

(D.14)

(D.15)

D.1.2.1  Transmitted Optical Signal Statistics. Since s(t) is a linear

function of g(t), assuming ¢, is an independent uniform random variable distributed

in the interval [0, 27], the mean is calculated as [10, page 232]

mg(t) = E {E {1 + @} cos(2m fot + ebc)}

- E, [1 + w E[cos(2m fot + ®.)]
+

— B,[1+0](0) =0
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The autocorrelation of S(t) is determined as

Rs(ti,ta) = E[S(t1)S(t2)]
- E {E {1 + Ggl)l cos(2m foty + @)

x K, -1 + @} cos(2m fota + CI)C)}

ElG(t)] | E[G(2)] | ElG(t)G(t2)]
_ v Ty T }
cos(2m f.t1 + D) cos(2m foty + D.)]

= E? |1+

x F

—

[ R 1
— Eg 1+ ‘G/(;-)] E {5 cos(27 futy + P. + 27 fto + P.)

1
+ 3 cos(2m foty + ®p — 27 foty — @C)]

= FE? {1 + R‘C;(QT)] E B cos(2m f.(t1 + t2) + 29,)

b geos2nfi=)
_ (E_) [1 N RG“)} {0+ E [cos(2r f.7)]}

2 V2
— (E;) [1 + R‘G/(QT)} cos(2n f,7) = Rg(7) (D.17)

The autocovariance of S(t) is defined as [10, page 335]

Cs(ti,t2) = E[{S(t1) —ms(t1) HS(t2) — ms(t2)}]
= E[{S(t1) — 0}{S(t2) — 0}] = E[S(t1)S(t2)]
= Rg(tl,tg) = Rs(T) (D18)

Since the mean is constant and the autocovariance is a function of 7 =ty — t;, S(t)

is a wide-sense stationary process (WSS) [10, page 359].

D.1.2.2  Transmitted Optical Signal Power Spectral Density. The

power spectral density (PSD) is determined from the Fourier transform of Rg(7)
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as [10, page 404]

Ss(f) = (ecnW2) F{Rs(1)} = (eocnW?) /OO Rg(7)exp(—j2nfr)dr

(ecTW?) EQ} - {1 + R‘Cj'(;_):| cos(2m f.7) exp(—j2m fT)dT

e
- [E ”W2H( )7 = )+ 607+ 1)
(

%) ( ) 5~ 1) +5(f+fc)]}

(21,) WWQ][ (o F)48(F+ 1)+ (‘/12)[5‘@# £) 4 Sa(f + £)

{Tysine® [(f — fo)T) + Tysine? [(f + fo)Ty)

+ O0(f = fo)+(f+ fo)}

= P {Tysinc® [(f — fo)Ty] + Tisinc® [(f + fo)To)

+ O(f—f)+o(f+f)} [W/Hz] (D.19)

i
37

Based on the Chapter III defined operational parameters, an OOK modulated
PSD for a 1510nm beam is shown in Figure D.5, accounting for positive frequencies
and scaled to unit amplitude. The null-to-null bandwidth of s(t) is determined as [29,
page 49

BWyy = {Tib _ (-%)] (;) _9R, [Hi] (D.20)

The average power is determined by [1, page 63]

2

= (ecnW?) (é) [1 + R;g(”]

Rs(0) = (ecnW?) (E—2> {HRG—(O)] cos(0)

= (aW2)(L,) [1 + R‘G/(QO)]
_ P [1 + R;(O)} (D.21)
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Figure D.5:  Transmitted Signal PSD

Thus, for each transmitted binary symbol, the average power is either Rg(0) = 2P,
for symbol 1 or Rg(0) = 0 for symbol 2. Assuming transmission of either symbol is

equally likely, the average transmitted power is Rg(0) = P, [24, page 472].

D.1.83  Transmitter Antenna Gain.  As defined in Chapter 2, the transmitter

antenna power gain for a Gaussian beam is denoted by [8, page 253]

2
G, = P;Wo] (D.22)

Figure D.6 illustrates the theoretical relationship between antenna gain and near
infrared (IR) wavelengths. Larger W, yields a higher gain, however, shorter wave-
lengths achieve higher gain than longer wavelengths. On the other hand, as shown
in Appendix E, a larger waist radius suffers increased atmospheric loss from optical

turbulence.
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Figure D.6:  Transmitter Antenna Gain vs Wavelength

D.2 Receiver
D.2.1  Optical Signal Processing.
D.2.1.1 Cassegrain Telescope.  Based on telescope dimensions, the re-

ceiver FOV is determined from the effective focal length and primary mirror diameter,

fr and D,,, respectively, defined as [13, pages 171, 217]

FOVg = 2tan™! (12);;”) (D.23)

Focal length is determined from the telescope focal ratio, f/#, which is determined

as [13, page 174]
fr=" (D.21)
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Effective focal length and primary mirror focal length, f,,,, are related by the mag-

nification ratio, My, which is denoted by [13, page 221]

fo=M;fom (D.25)

Thus, given the Chapter III defined telescope specifications, 300 mm aperture diam-
eter, 15 focal ratio, and 10 magnification ratio, the remaining telescope parameters

are calculated as [15, pages 118-122]

D,,, = 300 mm
fr = Dpnf/# = 4500 mm
fom = fr/Mp =450 mm
Dy, = 0.25D,,, =75 mm
1

L = gfpm:150 mm

where, Dy, is the secondary mirror diameter and L is the length of the telescope.

Thus, the receiver FOV is determined as

FOVg = 3.818 deg [0.066 rad] (D.26)

The corresponding Earth coverage about the subsatellite point (SSP), defined
as the Earth central angle, is determined as [16, page 111]

Ar = 90° = 1oy — &1 (D.27)
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Satellite

Figure D.7:  Receiver Field of View Geometry

where 7,, is the nadir angle visible within FOV%, and ¢, is corresponding minimum

transmitter elevation angle, determined respectively as [16, page 111]

1
Nar = (5) FOVp = 1.909 deg [0.033 rad] (D.28)
e, = cos ! {Sl.nm")}
sin(pp)
4, [sin(1.909)
= T = 77.278 deg [1.349 rad D.2
c [sin(&?) 77.278 deg [1.349 rad] (D.29)

where pg = 8.7°, which was determined in Appendix B, is the radial distance of Earth
visible from the satellite orbit. Thus, as illustrated in Figure D.7, the Earth central

angle is determined as
A = 90° — 1.909° — 77.278° = 10.813 deg [0.189 rad] (D.30)

The corresponding maximum aircraft-to-satellite range, also referred to as propaga-

tion distance, is determined as [16, page 111]

zp(max) = 7, Eii;l&:))] — (6378) {%}

— 36,022 km (D.31)

where r,, determined in Appendix C, is the magnitude of the aircraft position vector.

123



D.2.2  Receiver Antenna Gain.  As defined in Chapter 2, the receiver antenna

power gain, calculated for each beam respectively, is determined as [8, page 253]

(G, = (ﬂl;i’m) - % — 3.8057 x 10 [W]  (D.32)
(Gr)p = [% = 3.6973 x 10" [W] (D.33)

D.2.3  Optical Signal Detection.

D.2.3.1 Photodetector. In order to determine the received power for
demodulation into the communication signal, each incident beam is directed to a cor-
responding avalanche photodiode detector (APD). A photodiode detector, commonly
referred to as a photodetector, detects and converts the received optical power, P,,

into an output dc current determined by [17, page 936]

i = RuP [A] (D.34)

where R, is the photodetector responsivity. Thus, in terms of the two transmitted
unipolar signal waveforms, within the interval ¢ € [0,7], the received current is
determined respectively as

1w = RuP.-+1, |[A] = symboll
L ph (Al Y (D.35)

io = ip [A] = symbol 0

where 4, is the equivalent noise current. The photodetector responsivity, R, is

determined by [17, page 937]

Ryn = Gdgej; [A/W] (D.36)
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where

G4 = detector gain
ne = quantum efficiency
¢e = electronic charge

= 1.602 x 107" coulombs
h = Plank’s constant
= 6.626 x 1073* joules - s

fa = detection frequency
¢

Ac

Responsivity is constant while operating within the photodetector’s linear dy-
namic range (DR): region between noise equivalent power (NEP) and saturation

power, Py, denoted by [17, page 942]

Psa
DR =10log (NE;) [dB] (D.37)

Photodetector noise equivalent power (NEP), defined as the minimum received power

for a SNR of unity, is determined by [17, page 938|

NEP = rms(iy) (:J;d) [W] (D.38)

Quantum shot noise determines the maximum capable received SNR for an optical

receiver, which defines the photodetector saturation limit as [1, page 64]

g
. (D.39)
quh

féat

where igsh is the quantum shot current noise power. Thus, based on the Chapter 111

defined operational parameters and assuming 7. = 0.8, the photodetector responsivity,

125



operating within the linear dynamic range, is calculated for each beam respectively

as

[Rph]A =

[Rph]B =

0 (37 )

(0.8)(1.602 x 10719) ]

20
[(6.626 x 10-34)(1.9868 x 10'4)
20[0.9735] = 19.4709 [A/W]

(0.8)(1.602 x 10719) ]

20
[(6.626 x 10-34)(1.9355 x 10'4)
20[0.9993] = 19.9867 [A/W]

where G4(0) is the dc multiplicative gain.

(D.40)

(D.41)

Additional photodetector response characteristics are rise time, ¢,, fall time, ¢y,

and 3 dB cutoff frequency, f,,. Rise time is the time response from 10 to 90% output
peak value, while fall time is the decay interval from 90 to 10% peak value. Cutoff
frequency, which defines the detection bandwidth BWj, is related to rise time and

signal bandwidth, BWyxy, respectively by [17, pages 943-944]

fph = BWd

Q

Q

0.35
t
(0.886)BWyy [Hz

(D.42)

Based on the Chapter III defined operational parameters, the photodetector gain

frequency response is calculated for each beam respectively as [1, page 108]

01 —1/2
w
Cal)]s = Cul0) 1+(2m)]
_— _1+ .« ¥ (D.43)
B i 1.2483 x 10% /) | '
- o1 —1/2
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Thus, based on the operational parameters defined in Chapter III, assuming
symbol 1 is sent within the detector bandwidth, the theoretical received optical power
for each beam is shown in Figure D.8. Although, a larger wavelength is less susceptible
to atmospheric loss, at higher elevation angles the shorter wavelength achieves slightly
better power performance. After photodetection and conversion to a current signal,
the theoretical received dc current for each beam is illustrated in Figure D.9. In
particular, a longer wavelength achieves a higher dc current due to greater detector

responsivity.

D.2.3.2 Quadrant Cell Detector. In order to determine the tracking
error, each incident beam is directed to the corresponding quadrant cell detector
(QD) field of view (FOVp). Similar to a photodetector, the QD detector absorbs
incident power from an optical signal and produces a corresponding current, denoted
by [17, page 936]

iga = RyaPr [Al (D.45)

where R4 is the quadrant cell detector responsivity. QD responsivity is determined
by [17, page 937]

Ry = Gﬁﬁ; [A/W] (D.46)

Divided into four equivalent quadrant cells, as shown in Figure D.10, current signals

from each cell are used to determine azimuth and elevation signal errors. In the
presence of random quadrant signal noise, n;, assumed to have zero-mean Gaussian

statistics, error signals are determined by [15, pages 180-181]

z'a—i-na—i-ib—i-nb—ic—nc—id—nd
z'a+na+ib+nb+ic+nc+id+nd
gt Ngtilct+n.—tp—Np—1g—"n

ye = Elevation Error = - i +, i b b 4 (D.48)
g +MNg + 2% +Np+ 1+ N+ 129+ Ny

(D.47)

2z, = Azimuth Error =

Assuming quadrant signal noises are independent of each other, the mean errors are
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determined by,

E[ia—l—na—l—ib—l—nb—z’c—nc—id—nd]

Eliq 4+ ng + iy + np +ic + ne + g + nyg

ia+ib—ic—id+E[na]+E[nb]—E[nc]—E[nd]

Qo + iy + ic +ig + E[ng + Elng) + Ene] + E[ng)

e il (D.49)
g T+ U 1+ e+ g
g + e — 1y — 14

Ely] = P (D.50)

Elz.] =

Assuming a large SNR and independent quadrant noises, azimuth and elevation vari-

ances are calculated as [15, pages 181-182]

o2 = E[2?] - Elx.)?

. . . . 2
(la + o +ip +1p — 1e — Ne — Gg — Ng)

— E
(ia 4 Na + iy + 1 + ic + N + 1g + ng)”

(ia+ib—ic—id)2

io + 1y + 1o + ig

. '((z'aﬂb—z'c—z'd)+(na+nb—nc—nd>>2 oty — o — ia)?
(ia+ib+ic+id)+(na+nb+nc+nd) (ia+ib+ic+id)2

(ia +ip — ic —ia)? + E[ni] + Elng] — En2] — Eni]  (ia + iy — ic — ia)?

(lg +ip + ic + 1q)? (ig +ip + dc + 1q)?
E[n] + E[nj] + E[n?] + En]
(1 + iy + ic + iq)?
o2+ ag + 0%+ 03
(g + 1p + ic + ig)?

_ g 1 (D.51)
-2y SNRy '
i 1
o, = S (D.52)

YT 2, SNRy

where 72, is the current signal power and 47, is the current noise power, also referred to
as current noise variance. Since azimuth and elevation error variances are equivalent,

the root mean square (rms) error is defined by

1

V/SNRy

rms(o,) = rms(oy) = Opps =

(D.53)
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In addition, quadrant detector noise imparts residual angular jitter, known as noise

equivalent angle (NEA), defined as [15, page 71]

1
NEA = Zrme

SF SF,/SNR,

where SF' is the slope factor. Thus, the accuracy of the QD sensor is inversely pro-

(D.54)

portional to SN R4, which affects the ability of the tracking control system to reject
platform and signal propagation disturbances [5, page 676].

D.2.3.3 Photodetector Noise. Three types of noise sources occur
within a photodetector: thermal noise, dark current noise, and quantum shot noise.
Thermal noise, also known as Johnson noise, arises from electron thermal motion
within dissipative elements and is modeled as a zero-mean white Gaussian noise pro-

cess [29, pages 30-31]. Thermal current noise power is denoted as [17, page 932]

VAR[ig) = i3,
_ T [A?] (D.55)
Ry

where o2, is the thermal noise power, and Ry, is the load resistance. The thermal

noise power is determined by [17, page 932]
oy = 4(kgTy)BW, [W] (D.56)

where kg = 1.38 x 107 joules/°K is the Boltzmann’s constant, and T? is the receiver
noise temperature. Thus, based on the Chapter III defined operational parameters

and assuming a 1000 Ohm load resistance, thermal current noise power is calculated

as
2 4(1.38 x 10723)(400)(0.886)(200 x 10?)
th 1000
= 3.9126 x 107'% [A?] (D.57)
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Due to the inherent nature of a photodetector, dark current is an additional
current source present whether or not the detector is illuminated. Consisting of two

components, dark current is modeled as [1, pages 146]
ik = gy + Ga(0)igm [A] (D.58)

where 44, is the unmultiplied dark current, ¢4, is the multiplied dark current, and
G4(0) is the DC photodetector gain. For the purposes of this study, it is assumed
both the unmultiplied and multiplied dark current within the APD are approximately
1 nA [1, page 116].

Quantum shot noise occurs within a photodetector due to quantum nature of
incident photons and charge carriers, background radiation, and dark current. Inci-
dent photons arriving upon a photodetector exhibit Poisson statistics [17, page 929].
However, assuming a high photon counting capability, photodetection statistics can
be approximated by a zero-mean white Gaussian distribution [1, page 240]. The vari-
ance, referred to as quantum shot noise current power, is determined as [17, page 931]

VAR[ign] = i

qsh

= (2eFp)[ige + Galiy + iam)| BWy [A?] (D.59)

where F, is the excess noise factor, i, is the background current, and i4, is the

multiplied dark current. The excess noise factor can be approximated by [1, page 143]

F, ~ G (D.60)

Background current arises from optical background radiation, which causes

background current flow, i,, determined as [5, page 679]

iy = (’;J‘;’d) o2 [A] (D.61)
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where o7 is the optical background noise power, defined in Appendix E. As such,
based on the Chapter III defined operational parameters and assuming 7, = 0.8, the

optical background current respectively for each beam, is calculated as

| (0.8)(1.602 x 10-19)
o = |

626 x 10734)(1.9868 x 1014)
= 1.2816 x 1071 [A] (D.62)

} (1.3164 x 10~ 4)

. B (0.8)(1.602 x 10719)
(i)s = [(6.626 » 10-31)(1.9355 x 1014)] (
= 1.2816 x 107" [A] (D.63)

1.2825 x 1071)

Thus, based on the operational parameters defined in Chapter III, previously defined
dc current, dark current and background current, assuming symbol 1 is sent within
the detector bandwidth, the maximum theoretical quantum shot noise power for each
beam is illustrated in Figure D.11. In particular, as the elevation angle increases,
which decreases the propagation distance, the noise power increases, due to the in-
creased dc current. In addition, the quantum shot noise power is at least three orders
of magnitude less than thermal noise power; hence, the detector is thermal noise

limited [17, page 933].

During normal operations, the photodetector equivalent current noise power is

determined as [1, page 154]

n

in = dogy + it + 2qeiaqn BWy [A?) (D.64)

Based on the operational parameters defined in Chapter III and previously defined
current noise sources, the theoretical maximum noise equivalent power, respectively
for each beam, is shown in Figure D.12, which inherits the elevation angle versus

power trend as quantum shot current noise power.
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D.3 Summary

This appendix presented the fundamental electromagnetic theory aspects, prop-
agation characteristics, and optical components of the laser communication architec-
ture. A near infrared (IR) on-off keying (OOK) modulated Gaussian beam is selected
as the transmitter carrier wave, which is subject to channel propagation effects de-
fined in Appendix E. Receiver optical components collect and detect each incident

beam for tracking error and communication signal processing.
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Appendiz E. Communication Channel

The communication channel, propagation medium between transmitter and receiver,
consists of Earth’s atmosphere and free space. Although a majority of optical dis-
turbances occur within the atmosphere, most of the propagation path occurs in free
space. Within free space, an optical signal is subject to free space diffraction, which is
characterized by path loss. In addition, optical background radiation from extraneous

sources attenuates the received signal power.

E.1 Atmospheric Loss

The atmosphere is a nonhomogeneous medium, which affects laser beam prop-
agation by absorption, scattering, and optical turbulence. These effects are found in
four types of atmospheric conditions: clear-air, clouds, rain, and fog [4, page 480].
Based on the operational parameters defined in Chapter III, clear-air atmospheric
condition is the primary concern for this study. For a direct detection system, clear-
air atmosphere produces the following optical effects: attenuation, beam spreading,
beam wander, and beam scintillation [2, page 22]. Attenuation, beam spreading and
beam wander contribute to an atmospheric loss to the received optical signal power,

while beam scintillation affects signal probability of fade.

E.1.1 Attenuation. Attenuation is caused by the interaction of a medium
with an incident electromagnetic wave. In particular, atoms within the medium in-
teract with an incoming wave, depending upon its wavelength, by either absorbing
or scattering incident photons [13, page 67]. A majority of this interaction occurs
up to 20 km above the Earth’s surface, however, some optical turbulence exists up
to 40 km [4, page 480]. Assuming absorption and scattering occur independently,
attenuation loss is defined by the Beer Lambert Bouguer Law as [14, page 25]

L= M) {— /0 K a(z)dz] (E.1)
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where I(p., 2,) is the observed irradiance, I,(z,) is the peak irradiance, p, is the radial
distance from the propagation axis Z),, 2, is the propagation distance, and a(z) is the
extinction coefficient. If the extinction coefficient is assumed constant, for a given

wavelength, \., attenuation loss becomes
Lo = exp [—a(\e) 2, (E.2)

Based on clear-air atmospheric conditions, which is a low attenuation environment,
optical and infrared (IR) laser beam propagation is predominantly affected by optical
turbulence [4, page 480]. Thus, for the purposes of this study, the attenuation loss is
approximated as

Lot ~ 0.9 [—0.46 dB] (E.3)

E.1.2 Optical Turbulence.  Optical turbulence is defined as atmospheric re-
fractive index fluctuations caused by temperature, which induces beam spreading,
beam wander, and beam scintillation upon a propagating optical wave. For the pur-
poses of this study, optical turbulence effects are based on the Kolmogorov power
law spectrum [4, pages 490]. The strength of optical turbulence is determined by the
refractive index structure constant, C?, which is assumed to be constant along a hor-
izontal path. However, for propagation along a vertical or slant path, the structure
constant varies as a function of altitude, commonly defined by the Hufnagel-Valley

(H-V5,7) profile model as [4, pages 480-481]

C2(h) = 0.00594(v/27)*(10~°h)* exp(—h,/1000)
+ 2.7 x 107 exp(—h/1500) + A}, exp(—h,/100) (E.4)

where h is the altitude, v = 21 m/s is the rms windspeed, and A;, = 1.7 x 10714 m~%/3
is the nominal value of C?(0) at the ground. Figure E.1 illustrates the structure
constant profile based on the H-V5,7 model. Due to operational parameters defined

in Chapter III, the altitude range being considered, h € [18.3 km, 40 km]|, results
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Figure E.1:  Refractive Index Structure Constant Profile
in an extremely small structure constant, as illustrated in Figure E.2 For a com-

munication uplink, C?(h) is used to determine the following optical turbulence con-

stants [4, pages 502,523]

hs
fo = / C2(h)dh (E.5)
= /fscg(m {@—@(}Z__};;)r/gdh (E.6)
pa = /3502<h><5>5/3dh (B.7)

o= ke [ ez (e fag i (1- 6907 - are Y an (e

h— h,
= ]_—
5 (hs_ha>

where h, is the aircraft altitude, and hy is the satellite altitude. Parameters O, ©,

and A are the output plane beam parameters, which where derived in Appendix D
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Figure E.2:  Relative Refractive Index Structure Constant Profile
as [4, page 489]

9,

© = Gix (E9)

O = 1-6 (E.10)
sz

= — E.11

FV2(e) (B11)

where z, is the propagation distance, W(z,) is the diffractive beam radius, and k.
is the wave number. Parameters ©, and A, are the input plane beam parameters,

defined in Appendix D as [4, page 488]

o
Il
—_

(E.12)

2
Ay = k;; (E.13)

SV

where W, is the initial beam radius at transmission.
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E.1.2.1 Beam Spreading. Optical turbulence produces additional
beam spreading, beyond normal diffraction occurring within free-space propagation.

Thus, for a Gaussian beam the effective beam radius is defined by [4, page 500]

W(z) [1+ (Do/rar)?®]"? . 0 < Dyfras < 1

We(zp) = 3/5
(2p) W(z,) [1+ (Do/m)s)/a} /

(E.14)
, 0< D,/ry < o0

where D? = 8W? and ry; is the atmospheric coherence width, defined as [4, page 492]
2 -3/5
ror = [0.42sec(Cos)k2pto) (E.15)

where (,, is the zenith angle, defined as the complement to the elevation angle. The
first condition satisfies the condition for weak irradiance fluctuations theory, while the
second condition satisfies strong irradiance fluctuation theory. As similarly derived
in Appendix D, the expected Gaussian beam irradiance profile, subject to We(z,), is

determined as [4, page 494]

where p, is the radial distance from the propagation axis. Comparison with free space

peak irradiance, defined in Appendix D, the beam spreading power loss is defined as

nee = oo bt ()] o

€

where the maximum power loss occurs on-axis, p, = 0, denoted by

putoe) = E502 [ oy [0 (i - )|

_ {%} (E.18)

Figure E.3 illustrates the theoretical irradiance fluctuation condition of beam spread-

ing at the satellite receiver, for a collimated Gaussian beam based on Chapter III input
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Figure E.3:  Irradiance Fluctuation Condition

parameters P, = 100 mW, W, = 40 mm, e, € [77.3°,90°], h € [18.3 km, 35786 km],
and arbitrary Near IR carrier wavelengths, A. € [800 nm, 1100 nm, 1300 nm, 1500 nm].
For a given initial beam radius, shorter wavelengths approach the strong irradiance
fluctuation regime, while long wavelengths are less susceptible to optical turbulence.
On the other hand, the corresponding beam spreading effects, shown in Figures E.4
thru E.6, share a similar trend with free-space diffraction effects revealed in Ap-
pendix D. Shorter wavelengths are less susceptible to beam spreading, which results

in a higher mean peak irradiance.

E.1.2.2 Beam Wander. Optical turbulence induces random radial
displacements, based on zero-mean Gaussian statistics, of the incident beam centroid
within the receiver boresight, commonly referred to as beam wander. For zenith angles
less than 60 degrees, optical turbulence is characterized by weak irradiance fluctuation
theory based on Rytov approximation [4, page 478]. As such, based on the previously

defined operational parameters, the beam wander displacement variance for an uplink
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propagation path is defined as [4, page 502]
1
VAR[ppw] = [7-25p0(hs — ha)? sec® (Cus) W, 3] [m?] (E.19)

2
Opw
After conversion to radians, py, = 0w/ 2y, beam wander power loss can be interpreted

as a pointing loss, determined by [8, page 253]
Ly = exp (—Gipp,) (E.20)

Figures E.7 and E.8 illustrate the observed theoretical beam wander effects. Although
beam wander is independent of wavelength, a similar trend results for increasing
elevation angle as previously shown for beam spreading. However, the power loss
is affected by the signal gain, which is a function of wavelength as illustrated in

Appendix D. Thus, shorter wavelengths suffer more power loss due to beam wander.
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E.1.2.3 Beam Scintillation.  Random index of refraction fluctuations,
caused by optical turbulence, produce corresponding irradiance fluctuations, known
as beam scintillation. Classified as weak, medium, or strong, irradiance fluctuations
are analyzed by the normalized variance of irradiance, commonly known as scin-
tillation index, denoted by o? [4, page 261]. Based on the previously defined uplink
communication operational parameters and ideal tracking, within the weak irradiance

fluctuation regime, o? is defined by [4, page 504]

U?(:Ora Zp) = 8.70(/13) (kz/6) (hs - ha)5/6 Secll/6<Csa)

¥ {5.95 (he = o sec(G) (220 )/
x {%FU(m—pbw)} (E.21)

where U (p, — ppw) is the unit step function.

Ideally, 02 < 1 satisfies the conditions for weak fluctuation theory [4, page 264].
Based on the previously defined parameters for the uplink beam, the tracked on-axis,
pr = 0, scintillation index is shown in Figure E.9. Sharing a similar trend for elevation
angle as other optical turbulence effects, transmitting from an altitude of 18.3 km,
results in a scintillation index roughly between an order of magnitude of 107*3% and
10~*28. Thus, optical turbulence induced beam scintillation effects can be considered

negligible beyond an altitude of 20 km [4, page 504].

E.1.3 Atmospheric Loss.  Atmospheric loss is comprised of power losses from

attenuation, beam wander, and beam spreading, denoted by

Lo = Lat + Lys + Ly, [dB] (E.22)

Based on the precalculated values, the maximum theoretical atmospheric loss is shown
Figure E.10. Retaining the trend in elevation angle and wavelength dependency,

longer wavelengths are less susceptible to power loss induced by atmospheric effects.
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E.2 Path Loss

As shown in Appendix D, the decrease in irradiance of an electromagnetic wave,
subject to free-space diffraction, is a function of propagation distance. As such, the

effective transmitted power loss, commonly referred to as path loss, is defined by [29,

page 254]

A 2
L, = < E.2
(47rzp) ( 3)

Based on the previously defined parameters for the uplink beam, the path loss is
shown in Figure E.11. Although wavelength dependent, clearly path loss is the largest

contributor to attenuation of transmitted signal power.
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Figure E.11:  Path Loss

E.3 Optical Background Radiation

Extraneous optical sources, such as the sun, planets, stars, and blackbody ra-

diation, are the main contributors of optical background radiation. Depending upon
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wavelength and the satellite receiver field-of-view (FOV), these sources are modeled
as additive white Gaussian noise (AWGN) for a direct detection optical receiver [4,
page 444]. However, optical filtering can restrict background radiation to a manage-
able level, at the cost of signal attenuation. For an Earth observing satellite receiver
in geosynchronous orbit (GEQO), optical background radiation is approximately 10
photons per second per Angstrom of optical bandwidth [1, page 151]. Depending upon
optical filter bandwidth, denoted as AAg, the observed optical background radiation
power is defined by [5, page 679]

op = (Ny)(AXp) [W] (E.24)
where
10* photons/s photon energy
Ny
1x 10719 m 1 photon
h
— (1 x10%) (A—C> [W /m] (E.25)
h = Plank’s constant

= 6.626 x 1073* joules - s
¢ = speed of light

3 x 10° m/s

Q

Ae = carrier signal wavelength
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Based on the operational parameters, defined in Chapter III, the optical background

noise power, respectively for each beam, is calculated as

6.626 x 10731)(3 x 10%)
2 — 1 1 14 ( 1 1 -9
(0p)a = (1x10 ){ 1510 x 109 (1>x107)
= 1.3164 x 107 [W] (E.26)

(6.626 x 10734)(3 x 10%) _
(62)p = (1x10') { TFe0 X 109 (1x107)

= 1.2825 x 107 [W] (E.27)

E.4 Summary

This appendix presented the channel propagation effects encountered within the
laser communication architecture. Assuming clear-air atmospheric conditions, path
loss is the greatest contributor to signal attenuation. However, optical turbulence
induces additional signal attenuation due to beam spreading and beam wander effects.
Optical background radiation creates an additional noise source for signal detection

processing.
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Appendiz F. Controller Characterization

As determined in Chapter I1I, the control system is required to regulate radial tracking
error within the error performance limit, 1.68 prad and 1.74 prad respectively for each
beam, to ensure the communication system meets a bit error rate (BER) of 107°.
On the other hand, due to a single actuator limitation of one fast steering mirror
(FSM), the controller must switch between state estimates for each beam. Thus, the
controller characterized by the weighting matrices and switching time which yields

the best performance.

Analysis of controller performance is based on applying Monte Carlo analysis,
taking samples generated from multiple simulation runs, and computing an ensemble
average of the outputs. In order perform ensemble averaging, the system model is
converted to a fixed-step system using the SIMULINK Runge-Kutta solver solution.
After trial and error, a fixed time step of T, = 5 x 107° sec was used to ensure
against SIMULINK processing errors. Only ten simulation runs were performed to
ensure against creating memory overloads, due to the small fixed time step and final

time selection, in processing the data in MATLAB.

In addition, a rate transition block, defaulted to act as a unit delay for con-
tinuous sample time, is used on all plant disturbance and measurement noise inputs
to ensure proper timing of these inputs into the system. Correlation time for for the
bandlimited white noise blocks, due to SIMULINK requirements, is changed to a inte-
ger factor of the fixed time step as t. = 2075 = 0.001 sec. The response signal means
and standard deviation statistics are computed to produce outputs for evaluating the

modeled fine tracking control system.

F.1 Weighting Matrices

Since each quadrant cell detector determines relative azimuth and elevation

tracking error, an initial state weighting matrix based on this tracking error is given

150



Z = (F.1)

As derived in Chapter III, the corresponding system state weighting matrix is denoted

by

__—100010T10 10 0 010
o0 -1001 01| 00 <1001
[ 10 0 0 -1 0|
00 00 0 0
I B o)
00 00 0 0
10 0 0 1 0
0010 0 1|

The fast steering mirror (FSM) is modeled as an uncoupled second order SISO system

for each axis, thus the control weighting matrix is defined by
1
R = (F.3)

In order to determine the relative LQR weighting matrix affects on controller perfor-
mance, the control system was implemented by varying Q and R independently and
evaluated against the tracking error performance limit with the maximum plant dis-
turbance due to maximum rms beam wander of 5.406 x 10~¢ yrad. The implemented
weighting matrices are shown in Table F.1, and the scalar coefficients of Q and R will

be referred to as the weighting scale factors.
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Table F.1:  Weighting Matrix Variables

State Matrix Ql | Q2| Q3 | Q4
Scale Factor 1000 | 100 | 10 1

Control Matrix || R1 R2 | R3 R4
Scale Factor 1 0.1 | 0.01 | 0.001

F.1.1 State Weighting Matriz Response. Based on simulation final time,
Ty = 1 second, and an arbitrary switching time based on the FSM 2% settling time,
Ty, = 0.4 seconds, tracking error and control input data was collected for each state
weighting matrix, associated with the chosen tracking error weighting matrix, paired
with a unit control weighting matrix. Figures F.1 thru F.3 show a magnified view
of the time response ensemble average mean and standard deviation data. Based
on the time interval illustrated, Beam B tracking error is regulated while the other
beam is unregulated. In particular, the standard deviation transient peaks, during
regulation of Beam B, are due to the noise correlation time. An initial comparison of
the response for each state weighting scale factor response reveals relatively similar
mean values. However, a larger state weighting matrix encounters more dispersion
as seen in the standard deviation plots. In terms of control input response, which
reveals similar behavior for each axis, a larger state weighting results in greater mean

control authority, but at the cost of increased dispersion.

Taking a temporal average of the ensemble averaged mean and standard devi-
ation data, illustrated in Figures F.4 thru F.6, reveals each state weighting matrix
yields relatively similar temporal mean tracking error values, but higher order weight-
ing has slightly greater dispersion. Analysis of the temporal standard deviation data
shows an increasing temporal mean trend for lower order weighting, but the disper-
sion decreases. A larger control weighting results similar in temporal mean control
and larger dispersion due to more regulation being applied. In addition, a decreasing

mean and dispersion trend in control standard deviation is seen for decreased weight-
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Figure F.1:  State Weighting Matrix Ensemble Average Mean Tracking Error Re-
sponse
ing. Based upon these results, the optimum state weighting matrix is Q3, due to

better overall standard deviation performance.

F.1.2  Control Weighting Matriz Response.  Applying the same method used
for determining the state weighting matrix, tracking error and control input data
was collected for for each control weighting matrix paired with a unit tracking error
matrix. Figures F.7 thru F.9 show a magnified view of the time response ensemble av-
erage mean and standard deviation data. In particular, a greater tracking error trend
is evident for decreased control weighting. Thus, lower control weighting increases
control authority, at the cost of greater deviation. Temporal average of the ensemble
averaged mean and standard deviation data, illustrated in Figures F.10 thru F.12,
reveals each control weighting matrix yields a relatively similar temporal mean track-
ing error response. However, comparison of the standard deviation response shows a

lower order control weighting has slightly less mean deviation at the cost of greater
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dispersion. As seen with the state weighting matrix data, each control weighting case
achieves a similar mean control input response, but smaller weighting results in larger
deviation due to less regulation being applied. Based upon these results, the optimum

control weighting matrix is R2, due to better overall standard deviation performance.

F.2 Switching Time

Applying a similar simulation approach to characterize switching time effects,
the control system was implemented, with the predetermined optimum weighting
matrices and Ty, was varied and evaluated against the tracking error performance
limit. The implemented switching times, based on multiples of the FSM 2% settling
time of approximately 0.002 seconds, are shown in Table F.2. Applying the same
method used for determining the weighting matrices, tracking error and control input

data was collected for each switching time over a simulation time of 5 seconds.
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Table F.2:  Candidate Switching Time Variables

Variable T1 T2 T3 T4
Tow 0.002 sec | 0.02 sec | 0.2 sec | 1.0 sec

F.2.1 Ensemble Average Tracking Error Response. Since each FSM axis
is modeled by the same SISO system, controlled independently, and yielded similar
weighting performance, the tracking error time response results are only given for
the X-axis, as illustrated in Figures F.13 thru F.16. Each figure shows the ensemble
mean and standard deviation results for the time domain propagated through to each
switching time. As time progresses, the controller switches tracking error regulation
between Beam A and Beam B. In either case, at time of regulation for each switching
time, an initial transient spike is seen in the mean response. In particular, each
standard deviation time response exhibits initial transients occurring at intervals of
the noise block correlation time. Based on these results, it is apparent that all of the

switching times have similar performance.

F.2.2  Ensemble Average Control Input Response. Comparison of the en-
semble mean and standard deviation of the control input, shown in Figures F.17 thru
F.20, reveals that all switching times generate a similar time response. As the time
domain propagates, regulation standard deviation is subject to the noise block cor-
relation time interval, as seen in the tracking error response. However, none of the

candidate switching times show noticeable benefits over other switching times.

F.2.3 Temporal Average Response.  Temporal average of the ensemble aver-
aged mean and standard deviation data, illustrated in Figures F.21 thru F.23, reveals
each switching time case yields relatively similar temporal mean tracking error re-
sponse. In addition the standard deviation share similar range of dispersion about
the mean. The slight increase at T4 in Beam A mean deviation, while Beam B de-
creases, is due to more Beam B tracking error regulation occurring over the 5 second

simulation. However, the range of dispersion about the mean deviation does not
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change. In terms of the associated control input, all cases once again exhibit similar
mean response. However, dispersion increases at shorter time cases for both the mean
and standard deviation control input responses, which is due to more instants in time

of control authority is being applied during the simulation duration.
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F.3 Summary

Controller characterization, based on weighting matrix and switching time, has
been examined using SIMULINK simulations. Simulation results show that an op-
timum regulator performance is achieved with a state weighting scale factor of 10
and control weighting scale factor of 0.1. In general, initial transients occurred ap-
proximately every 0.001s due to the correlation time for the bandlimited white noise
blocks. On the other hand, neither switching time case positively or negatively af-
fected controller performance. For each case, the controller adequately compensated
for the disturbance. Hence, for the purposes of this study, the defined optimum regu-
lator weighting parameters will be implemented with a switching time of 0.02s, which

allows the noise correlation time to remain a significant order of magnitude faster.
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Appendiz G. Dual Fine Tracking Control System Simulation Model

AN

[ErA] - :I (et hi%)
Colored Noise  @D_aA m_A
w72
N bl o—
o G_FShd —
o 4
4 - = Contraller Kalman
Optical Signal Fast Steering Minor Fitler
Frocessing
Colored Noise
m_B
[ErE] ;Im >,
Qo_B

w_B

@ fe time A
Cladk

Figure G.1:  Dual Fine Tracking Control System Simulation Model

i

168



”
Sl
wud A wd oy Q Ers
[F_+] et
()
[Fv]
wdBx >é
wd B u,ldEl'!.r e ErB
Figure G.2:  Optical Signal Processing Block

|
D
M m
Fointing_x
=
Bl [
1 —b-m]ﬁ h]]]] e Sw_F T
Satellite_x
|
| t
o
[ [
Beam andei s Fate Transition
[
> : > |t
+
I [
Faointing_y
H
K- i P Suwu_F
gl e ydit
Satellite_v

5 SO i~ I b < N i « N i + A i +

|
[y,
_ﬁ::>—*+|
[ [

Beam Wander_y

Figure G.3:

Plant Disturbance Noise Block

169

wadt)



[u]
xhat_a

[u]
xhat_B

Current Noize =
=
]“P“‘r ‘: Rate Transzition

Current Moise v

[

B.l
gt

Figure G.4: Measurement Noise Block

et

Beam A Fiy i
Kalman Filter

& _estH

Beam B R
Kalman Filter -

Figure G.5:  Kalman Filter Block

o
F
o= e

> Ta Zerol Generator

xhat_

] | @

2

Steady State ] hat B
xhat _|

o— [x_hatB] Multiport

Switch

Control
Switch

Figure G.6:  Controller Block

170



10.

11.

12.

13.

Bibliography

Alexander, Stephen B. Optical Communication Receiver Design. The Interna-
tional Society for Optical Engineering (SPIE) and The Institution of Electrical
Engineers (IEE), Bellingham, WA and Stevenage, Hertfordshire UK, 1997.

Andrews, Larry C. Field Guide to Atmospheric Optics. SPIE, Bellingham, WA
2004.

Andrews, Larry C. and Ronald L. Phillips. “Free Space Optical Communication
Link and Atmospheric Effects: Single Aperture and Arrays”. Proceedings of SPIE,
Free-Space Laser Communication Technologies X VI, volume 5338, 265-275. The
International Society for Optical Engineering (SPIE), January 2004.

Andrews, Larry C. and Ronald L. Phillips. Laser Beam Propagation Through
Random Media. SPIE, Bellingham, WA, 2nd edition, 2005.

Arnon, Shlomi, Stanley R. Rotman, and Norman S. Kopeika. “Bandwidth Max-
imization for Satellite Laser Communication”. IEEE Transactions on Aerospace
and Electronic Systems, AES-35, No. 2:675-682, April 1999.

Barkat, Mourad. Signal Detection and Estimation. Artech House Inc., Norwood,
MA, 2nd edition, 2005.

Burl, Jeffrey B. Linear Optimal Control. Addison-Wesley, Menlo Park, CA, 1999.

Chen, Chien-Chung and Chester S. Gardner. “Impact of Random Pointing and
Tracking Errors on the Design of Coherent and Incoherent Optical Intersatellite
Communication Links”. [EEE Transactions on Communications, COM-37, No.
3:252-260, March 1989.

Dudelzak, Alexander E., Alexander S. Kuzhelev, Daniel Gratton, Louis Hotte,
and Yoshinori Arimoto. “High Bitrate Free-Space Communicator Using Auto-
matic Nonlinear All-Optical Beam Tracking”. Proceedings of SPIE, Free-Space
Laser Communication Technologies X VII, volume 5712, 72-80. The International
Society for Optical Engineering (SPIE), April 2005.

Garcia, Alberto L. Probability and Random Processes for Electrical Engineering.
Addison Wesley Longman Inc., Reading, MA, 2nd edition, 1994.

Griffin, Michael D. and James R. French. Space Vehicle Design. AIAA, Reston,
VA, 2004.

Haykin, Simon. Communication Systems. John Wiley and Sons, New York, NY,
1983.

Hecht, Eugene. Optics. Addison Wesley, San Francisco, CA, 2002.

171



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Henniger, Hennes, Dirk Giggenbach, Joachim Horwath, and Christoph Rapp.
“Evaluation of Optical Up- and Downlinks from High Altitude Platforms Using
IM/DD”.  Proceedings of SPIE, Free-Space Laser Communication Technologies
XVII, volume 5712, 24-36. The International Society for Optical Engineering
(SPIE), April 2005.

Lambert, Stephen G. and William L. Casey. Laser Communications in Space.
Artech House, Boston, MA, 1995.

Larson, Wiley J. and James R. Wertz. Space Mission Analysis and Design. Mi-
crocosm, Torrance, CA, 2nd edition, 1992.

Liu, Jia-Ming. Photonic Devices. Cambridge University Press, Cambridge, MA,
2005.

Ludeman, Lonnie C. Random Processes Filtering Estimation and Detection. John
Wiley and Sons Inc., Hoboken, NJ, 2003.

Nikulin, Vladimir V., Mounir Bouzoubaa, Victor A. Skormin, and Timothy E.
Busch. “Modeling of an Acousto-Optic Laser Beam Steering System Intended for
Satellite Communication”. Optical Engineering, 40, No. 10:2208-2214, October
2001.

Nikulin, Vladimir V., Mounir Bouzoubaa, Victor A. Skormin, and Timothy E.
Busch. “Modeling of the Tracking System Components of the Laser Satellite
Communication Systems”. Proceedings of SPIE, Free-Space Laser Communica-
tion Technologies XIII, volume 4272, 72-82. The International Society for Optical
Engineering (SPIE), June 2001.

Ogata, Katsuhiko. Modern Control Engineering. Prentice Hall, Upper Saddle
River, NJ, 2002.

Palais, Joseph C. Fiber Optic Communications. Prentice Hall, Upper Saddle
River, NJ, 4th edition, 1998.

Pratt, Timothy and Charles W. Bostian. Satellite Communications. John Wiley
and Sons, Inc., New York, NY, 1986.

Roden, Martin S. Analog and Digital Communication Systems. Prentice Hall,
Upper Saddle River, NJ, 4th edition, 1996.

Saksonov, Avigdor, Shlomi Arnon, and Norman S. Kopeika. “Vibration Noise
Control in Laser Satellite Communication”. Proceedings of SPIE, Acquisition,
Tracking, and Pointing XV, volume 4365, 188-194. The International Society for
Optical Engineering (SPIE), August 2001.

Saleh, Bahaa E.A. and Malvin C. Teich. Fundamentals of Photonics. John Wiley
and Sons, Inc., New York, NY, 1991.

Schodorf, Jeffrey B. “A Probabilistic Mispointing Analysis for Land Mobile Satel-
lite Communications Systems with Directive Antennas”. IEEE Conference Pro-
ceedings, IEEFE 5jth Vehicular Technology Conference, volume 1, 296-300. IEEE

172



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vehicular Technology Society, Institute of Electrical and Electronics Engineers
(IEEE), October 2001.

Sidi, Marcel J. Spacecraft Dynamics and Control. Cambridge University Press,
New York, NY, 1997.

Sklar, Bernard. Digital Communications: Fundamentals and Applications. Pren-
tice Hall, Upper Saddle River, NJ, 2001.

Skormin, Victor A., Carl R. Herman, Mark A. Tascillo, and Donald J. Nicholson.
“Mathematical Modeling and Simulation Analysis of a Pointing, Acquisition, and
Tracking System for Laser-Based Intersatellite Communication”. Optical Engi-
neering, 32, No. 11:2749-2763, November 1993.

Skormin, Victor A., Mark A. Tascillo, and Donald J. Nicholson. “Demonstration
of a Jitter Rejection Technique for Free-Space Laser Communication”. I[IEEE
Transactions on Aerospace and Electronic Systems, 33, No. 2:568-576, April 1997.

Trolinger, James D. and William C. Rose. “Technique for Simulating and Evalu-
ating Aero-Optical Effects in Optical Systems”. 42nd AIAA Aerospace Sciences
Meeting and Exhibit, 1-11. American Institute of Aeronautics and Astronautics
(ATAA), January 2004.

Watkins, R. Joseph, Brij N. Agrawal, Young S. Shin, and Hong-Jen Chen. “Jitter
Control of Space and Airborne Laser Beams”. 22nd AIAA International Commu-
nications Satellite Systems Conference and Exhibit 2004 (ICSSC), 1-17. American
Institute of Aeronautics and Astronautics (AIAA), May 2004.

Wiesel, William E. Spaceflight Dynamics. Irwin McGraw Hill, Boston, MA, 2nd
edition, 1997.

Wijker, Jaap J. Mechanical Vibrations in Spacecraft Design. Springer-Verlag,
New York, NY, 2004.

Wittig, Manfred E., L. van Holtz, D.E.L. Tunbridge, and Herman C Vermeulen.
“In-Orbit Measurements of Microaccelerations of ESA’s Communication Satellite
OLYMPUS”. Proceedings of SPIE, Free-Space Laser Communication Technolo-

gies II, volume 1218, 205-214. The International Society for Optical Engineering
(SPIE), July 1990.

Xu, Xuping and Panos J. Antsaklis. “Optical Control of Switched Systems: New
Results and Open Problems”. Proceedings of the American Control Conference,
volume 4489, 2683-2687. American Automatic Control Council (AACC), June
2000.

Xu, Xuping and Panos J. Antsaklis. “Optimal Control of Switched Systems Based
on Parameterization of the Switching Instants”. IEEFE Transactions on Automatic
Control, 49, No. 1:2-16, January 2004.

Zipfel, Peter H. Modeling and Simulation of Aerospace Vehicle Dynamics. Amer-
ican Institute of Aeronautics and Astronautics (AIAA), Reston, VA, 2000.

173



Form Approved
REPORTDOCUMENTATION PAGE OMB No. Oroa-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering
and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
information, including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188),
1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any
penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.

PLEASEDO NOT RETURNYOUR FORM TO THE ABOVE ADDRESS.

1. REPORTDATE (DD-MM-YYYY) 2. REPORTTYPE ) 3. DATES COVERED (From - To)
14-09-2006 Master's Thesis Aug 2005 - Aug 2006
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Dual Fine Tracking Control of a Satellite Laser Communication Uplink

5b. GRANT NUMBER

5c. PROGRAMELEMENTNUMBER

6. AUTHOR(S) 5d. PROJECTNUMBER

Noble, Louis A. Maj

5e. TASK NUMBER

5f.  WORK UNIT NUMBER

7. PERFORMINGORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMINGORGANIZATION
Air Force Institute of Technology REPORTNUMBER

Graduate School of Engineering & Management

Department of Electrical and Computer Engineering AFIT/GSS/ENG/06-02
2950 Hobson Way, Wright Patterson AFB, OH 45433-7765

9. SPONSORING/MONITORINGAGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; Distribution unlimited.

13. SUPPLEMENTARYNOTES

14. ABSTRACT

A dual fine tracking control system (FTCS) is developed for a single aperture optical communication receiver to compensate for
high frequency disturbances affecting tracking of two incident laser communication beams. The optical communication receiver
resides within a payload module aboard a geosynchronous satellite, while each laser communication transmitter is housed within
a module aboard a high altitude unmanned aerial vehicle (UAV). In addition to platform specific disturbances, the impact of
atmospheric optical disturbances affecting tracking error are investigated. The system dynamics and FTCS are modeled and
evaluated in MATLAB and SIMULINK. An optimal controller is developed to mitigate these disturbances and provide tracking
errors commensurate with a bit error rate (BER) that does not exceed 1e-6.
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