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ABSTRACT

We describe modeling and simulation of long-range tefiadiser communications links between static and mobile
platforms. Atmospheric turbulence modeling, along withngiag, tracking and acquisition models are combined to
provide an overall capability to estimate communicatiamis performance.
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1. INTRODUCTION

The SATRN (®cure Ar-Optic Transport and Buting Network) project 2 at LLNL is pursuing a series of laser communi-
cation experiments between ground-based and airborrferpiat at long ranges. Modeling of these experiments reguire
combining pointing, tracking, and acquisition models witlodels describing the effects of atmospheric turbulence in
order to have a chance of reproducing the performance oftitmenuinications links.

One approach to modeling the communication link involvesusated propagation — via two-dimensional FFTs — of
coherent light through phase screens representing tumtalgers. This approach is very useful for evaluating tieboe
contributions to beam spread, and for estimating the dlaitidin index, aperture averaging factors, and the losgrired in
coupling turbulence-distorted light into single mode fioseThe approach is much less useful for extensive calculations
of communications link performance in terms of probabitifyfade or bit-error rate (BER); if the link is at all robust,
the fades and bit-errors occur in the distant wings of therisity probability distribution function (PDF). Additiaily,
coupling the phase-screen simulations to pointing anditmgaerror models is probably awkward.

Instead, our approach in this paper is to use a heuristiayHeoscintillatiorf-*! that has been extensively developed at
the University of Central Florida (UCF) by L. Andrews, R. Hips, and their collaborators. The virtue of this formidet

of scintillation is in the direct connection between twograeters describing the turbulence and the receiver apdttat
provides both an estimate of the scintillation index andxgression for the PDF of scintillated intensity, with andheiut
aperture averaging. This intensity PDF can be coupled tpdiging and tracking model to arrive (at least numeridally
at an overall PDF for power in the receiver aperture, and éiestimates of BER and fade probability.

In addition, atmospheric transmission values are calediaith FASCODE? 13and HITRAN 2008* 15 (the spectral line
database used by FASCODE).

2. THE UCF SCINTILLATION MODEL — A SUMMARY

The heuristic scintillation model appears in many formg,bdmgins with
0% =1.23C2kT/6 L1/ (1)

the Rytov variance for a plane wave in weak scintillationottye The parameter characterizing the receiver aperture
diameter — and hence aperture averaging effects — is
_ kD?
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*To be published in Proc. SPIE 5160 (2003).



The effect of strong turbulence is pictupéd terms of small-spatial-scale fluctuations modulatimgéascale fluctuations,
with the large-scale and small-scale fluctuations ste#illyi independent. The two scales are implemented matleatiat
by inserting heuristic spatial-frequency filters into weakbulence integrals for scintillation index. Approgsgascale
factors are then chosen to ensure the proper weak-turtaiamt asymptotic strong-turbulence limits. The contriuti
of large-scale fluctuations to the scintillation indekis denoted by, the small scale contribution tmyj and

(1?)

I—>271:(1+a§)(1+05)71. (3)
The quantities? andaj are obtained from the integral with large-scale spatiajdency filters?, , and the integral with
small-scale spatial frequency filterfhy. In terms of these last two quantities
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oy =e%me —1, o) = —1, and o} = exp(oj,, +0iy,) — 1. (4)

For the specific application here, we work with the spheneale model with aperture averaging modificatiSrisy
which two additional intermediate quantities appear inithegrals:

8.56
Ny = —————— (5)
1+ 0.1860.%/
and
ny = 9(1 +0.230,7/%) . (6)
In terms of these,
0.016027/°
0'121113 = 017},, (7)

(1+0.021d2n,)7/6
and

,  1.272025,°/°
Ty = 012 (8)
1+0.1d%7,

The PDF of intensity in scintillations is represented by arfgna-gamma” functichcharacterized by two parametets,

andg, with

2(ap)letB)/?
[(a)L(B)

The charm of the UCF scintillation model is that the two paggers in the gamma-gamma distribution are related to the
turbulence integrals through

P(I) = 192K, g [2(a8D)'2]  forwhich (1) =1. ©)

a:%, =L (10)

The disadvantage of this spherical wave model with apeeweeaging is that it is intended only to apply to propagation
paths with constart?, and does not account for any off-axis increase in scitiblieindex° At least as of this writing

(to the authors’ knowledge), a Gaussian-beam model withtageeaveraging corrections is not yet available, nor is a
variableC? model with aperture averaging.

With this model for scintillation and for the intensity PDE,js possible to choose a propagation path (preferably ap-
proximately constan€?) and a receiver aperture size and arrive at a workable fornnfensity PDF and a value for
scintillation index at the receiver.



3. PLATFORM MOTION MODELING

We have developed a 6-degree-of-freedom simulation to hbdelynamics of a platform-mounted two-axis gimbal in
order to evaluate the pointing and tracking performance.dimbal, in this case roughly modeled to represent Wescam’s
14" Skyball, is assumed mounted on (for the example consitleelow) two platforms; a mid-altitude aircraft (Sabrelin

at 30,000 ft and a high-flying aircraft at 60,000 ft. Skybaksifications were used to derive the properties of its activ
controller and passive isolation system. Each axis (aziprelevation) of both the active controller and passivesaitioh
system is represented by a second-order transfer fun&iqerimental vibration data is used to model the dynamibflig
response of the aircraft as arf™brder transfer function, where N depends on the aircratick Kalman filters are in-
cluded to enable automatic beam reacquisition followirsgdof-lock. Loss-of-lock conditions are defined as obdoma

of the line-of-sight (LOS) and are randomly imposed thraugtthe simulation on each path of the communication link.
Two pointing and tracking control algorithms have been stigmted: a) direct detection, and b) nutating. Variousagieg
ment geometries have been simulated in order to arrive a¢-aonensional Rician pointing error probability distrilaun.

The engagements vary from non-stressing to stressing penusitting an examination of tracking performance across a
range of LOS dynamics.

Each aircraft is modeled by the following 13-element stzmtam)on:
Xac = [ @1 Br Toxa Tysr | (11)
whereq'is quaternionyg is angular ratei’is position, andy is velocity.

Attitude and guidance closed-loop controllers are incilide that the aircraft will follow the desired flight plan (g.9
perform a figure with standard rate turns). Additionally gieraft angular body ratesi, are subjected to aerodynamic
disturbance torques that are modeled based upon the exgeahvibration data. These disturbance torques have the
effect of degrading the performance of the attitude corgystem, which ultimately are felt (act as a forcing func}ibn

the aircraft-mounted Skyball, thus affecting pointing@exy. Fig. 1 shows a sample frequency response of the Sabrel
disturbance torques for a given flight regiffe.
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Figure 1:Sample frequency response of Sabreliner aircraft

An Nt-order transfer function is chosen which approximates tise thiree resonant modes as well as matching the low
frequency response.



The skyball is a two-axis servo-controlled gimbal with pasgsolation. The active and passive control responses are
modeled with 2nd-order transfer functions, each with vagyparameters as specified by the manufacturer. The 8-elemen
skyball state vector is defined as

Xsp = ASTBAX] stz;,alx] . (12)
with A the active portion and® the passive.

The aggregate continuous-time 21x1 state vector of a syd¢soribing a skyball mounted on an aircraft frame is thesefo
defined as

% =T - T =T =T T p T
Xas = | Qix1 Wax1 Ta3x1 Vsxi ASB,4><1 PSB,4><1 ] (13)
Numerical integration of the state vector is done usindaotder variable-step-size Runge-Kutta integrator.

The target-track Kalman filter is implemented on each sidtheftwo-way communications link (e.g., one track filter
inside a skyball on the high-altitude aircraft tracking tBabreliner, and another track filtgr in a Sabreliner-madinte
skyball tracking the high-altitude aircraft). The 9-elerhdiscrete-time track filter state vectdéy r, is defined as

Xpp=[ AZL, AGTL, Adl, ] (14)

where the states are relative positiofi} (elocities (), and accelerationg). The filter is generic, yet useful for generat-
ing baseline metrics. Other filter implementations arelalséé and can be chosen depending upon the specific appiicati
The measurement inputs to the Kalman filter are the high acgurOS (measured by the Skyball and transformed to the
inertial frame).

The purpose of the track filter is to enable automatic reaitipm following some period of LOS obscuration or signal
fadeout. Provided that the dropout time is not too long, theking system should still have the target either a) wiitsin
narrow FOV telescope, or b) within its wide FOV camera, oreedbscuration passes or the signal fadeout ends. This
eliminates the burden of a time-consuming, and perhapscaassful, search and reacquisition phase. During a less-of
lock condition, the track filter propagates its state vetoward in time to provide an estimated pointing vector te th
tracking system.

Two variations of deriving a commanded pointing vector hla@en implemented: a) position sensitive (direct) detactio
and b) nutation (synchronous) detection. Both versionise@rcommanded pointing vector, and then pass this command
to a proportional-integral-derivative (PID) controll@ther controllers are available, but the PID implementaswiewed

as providing a standard baseline metric. Only direct dieteatill be discussed here: it is modeled as derived from the
linear position of the laser light’s incident position onntdimensional X-Y detector surface, and thus directlywdes

the pointing error. The primary potential benefit of the tiotzal method results from the fact that the nutated beam may
be synchronously demodulated, which may yield better $idgt@ction in the presence of optical background cluttenth
the direct detection methdd:*°

An example of tracking error derived from this model is shawiirig. 2 for 100-km propagation from the high-flying
aircraft to the Sabreliner. The high-flyer is modeled as aenstaible version of the Sabreliner. A four-second segment is
shown on the left, and a higher resolution (in time) segmarthe right.

4. LINK-PERFORMANCE MODELING

The pointing offset and jitter illustrated in Fig. 2 can bélied into scintillation modeling with a four-step procesgdlv-

ing three integrals of conditional probabilities to obtamintensity PDRP(I), varying with time, and a final integral over
P(I) to convert that to a probability of error, or instantaneoitlror rate. We treat the pointing trajectory of Fig. 2 as a
time-varying average pointing offset with a small pointjitter (Gaussian PDF with-0.5 urad rms)) superimposed. At
each positional offsdtc.., y.) at the receiver, there is a PDF for the actual radial offfedtm beam center given by

P(r) = /OO P(r|z)P(z) dz , (15)
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Figure 2:Modeled pointing error vs time for a high-flying aircraft torad-altitude aircraft

where
1 r—a.)2 /252
Pla) = Z——c (/2 (16)
and
P(r|z) = r o~ IT=a7)—ye]? 20} (17)

2n(r? — 2?%) o,

As the pointing of the (on average) Gaussian beam variesvérage intensityl) at the receiver varies correspondingly,
with a PDF for(I) of
2

P(I)) = P(r), (18)

wherer is determined by (r) = (I), andw, is the1/e?-intensity radius of the Gaussian beam after diffractivd an
turbulent beam spread.

Then, for instantaneous beam intensity in the presencertflktion,
PU) = [ PUDIPUD) I (19)
J0

whereP(I|(I)) is the gamma-gamma distribution of Eq. 9.

Finally, with this P(I) that folds in pointing offset and jitter as well as scintilém, a probability of bit error can be found
for a given average SNR frdhgfor on-off keying [OOK])

[ (SNR)I
P(E) = ./0 P(I) erfc {72\/?]) } di (20)

anderfc is the complementary error function.
5. ALONG-RANGE AIR-TO-AIR EXAMPLE
With the pointing error and jitter of Fig. 2, it is possibledapply the BER modeling to evaluate an example of communi-

cations link performance at the 100-km range of the figurg. & shows the resulting short-time average beam offset at
the Sabreliner.
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Figure 3:Beam offset and average normalized beam intensity at tasgéne over a one-second interval

At 1.55,m and with aC2 of 10"17 m-2/3 (typical of most average turbulence models at high-aléjuend for a collimated
beam from several transmitter diameters, the resultingagee(unscintillated but jittered) intensity at the tarngethown

in Fig. 3b. The intensity is normalized to the peak intenéitjth turbulent beam spread, but no jitter and no pointing
error) of the collimated beam from the 10" transmitter. Far tange an@’? used,o? ~ 1. For the spherical wave model
with aperture averagingy = 8.93 and = 6.71 in the gamma-gamma distribution.

The final instantaneous probability of OOK bit error is shawiirig. 4, for a SNR of 100 (20 dB) at the peak intensity
of the beam from the 10" aperture. At this very long range,\&itkl the pointing and tracking stability as modeled, only
short intervals — when the beam is pointed best — achievemaate levels of performance (low BER), and then only for
the larger transmitter apertures.
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Figure 4:Probability of bit error at the target vs time over a one-secimterval

6. DISCUSSION AND FUTURE WORK

The model we have put together is not yet complete. Potesdiaplications that have not been incorporated are

path-varyingC? for uplink or downlink paths,

inner and outer scale effects (and unknown inner and ouse s
aircraft boundary-layer turbulence effects,

statistics of coupling of received signal to fiber mode,

off-axis scintillation terms, and

the effects of adaptive optics, which are included in thedatlections.



Additionally, the fact that th€’2 profile, and both the inner and outer scales of turbulendenati be completely charac-
terized greatly complicates comparisons of the model wiffeemental data.

Nevertheless, the SATRN project is generating large ansoohtlata, and the focus of the modeling work will be on
bringing the integrated model into approximate agreeméthttive data.
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