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Anisoplanatism in airborne laser
communication

James A. Louthain and Jason D. Schmidt
Department of Electrical and Computer Engineering
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2950 Hobson Way
Wright-Patterson Air Force Base, Ohio 45433-7765

james.louthain@afit.edu

Abstract:  Airborne laser-communication systems require speciasiclon
erations in size, complexity, power, and weight. We redieevariability
of the received signal by implementing optimized multipl@asmitter
systems to average out the deleterious effects of turbeleve derive
the angular laser-beam separation for various isoplaaaticuncorrelated
(anisoplanatic) conditions for the phase and amplitudecesf In most
cases and geometries, the angles ordered from largest teshaae: phase
uncorrelated angle (equivalent to the tilt uncorrelategl@n tilt isoplanatic
angle, phase isoplanatic angle, scintillation uncoreelatngle, and scintil-
lation correlation angle€y, , > 6ra > 6o > 6y, > 6y.). Multiple beams
with angular separations beyofi, tend to reduce scintillation variations.
Larger separations such &ga reduce higher-order phase and scintillation
variations and still larger separations beydhyl, tend to reduce the higher
and lower-order (e.g. tilt) phase and scintillation effe@imulations show
two-transmitter systems reduce bit error rates for growndir, air-to-air,
and ground-to-ground scenarios.
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1. Introduction

Lasers offer tremendous advantages over RF in communichiadwidth and security, due
to the ultra-high frequencies and narrow spatial beamwadtlaser propagation. In addition,
optical transmitters and receivers are much smaller amdeighan RF versions and operate at
much lower power levels. Current airborne sensors areatolpdata at an ever-increasing rate.
With the advent of hyper-spectral imaging systems, thisdreill continue as two-dimensional
data is replaced by three-dimensional data cubes at finkitiess. Current RF communication
systems cannot keep up with this trend.

Unfortunately, laser propagation through the air is sdyesffected by clouds, dust, and
atmospheric turbulence, causing long, deep fades at tke/eecThe same atmospheric turbu-
lence effects that limit the resolution of optical systemd enake the stars twinkle can severely
reduce the amount of laser power received. The atmosplebiglence in the propagation path
causes the laser beam to wander, spread, and break up. Tteete @an cause the received
signal power to drop below the receiver’s threshold foriggitonds at a time. For a 10 Gbit/s
binary laser communication system (LCS), a milliseconcefateans millions of bit errors.
Since these optical power fades are often very deep, sirapiynig up the power in this case
would not be effective.

There are essentially two different ways to improve thisdition: increase the diversity of
the signal to average out the effects or compensate for theitaans of the turbulence in real
time. In the first case, the temporal and spatial statisfitkeoturbulence for the propagation
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are estimated and techniques are devised to overcome tfiests &y applying multiple un-
correlated realizations. In the second case, typicallyefvant sensors measure the real-time
aberrations of the propagation path, and a closed-looptiadagptics (AO) system applies a
correction to pre-compensate the transmitted beam inireal t

Multiple-transmitter systems increase the diversity @f signal and average out the delete-
rious effects of turbulence without bulky, complicated Agstems, making it an appropriate
choice for airborne laser communications. Through anaysd simulation, we determine opti-
mal configurations for a multiple-transmitter airborne LfoBvarious geometries and tracking
systems.

This research derives the requisite angular and paralpelragons for multiple-transmitter
systems for airborne and ground-to-ground laser commtioicaA majority of the previous
research on multiple transmitters has focused on satetlitemunications (in which the turbu-
lence is only present over a short part of the propagatiom) matconstant-turbulence-strength
paths. [1-7] Here, we present these angular separatiotigéerairborne geometries (air-to-air,
air-to-ground, and ground-to-air) through extended tlahee and determine practical config-
urations.

Previous research on isoplanatism has definethdsémum anglever which the variance of
turbulence effects between two paths is relatiwdhgilar. [8—10] These isoplanatic angles have
been determined for the tilt variance, higher-order phastmce, and scintillation (intensity
variance). This research is extended to determinertilmum angleat which the paths are
relatively different The less correlated the amplitude and phase perturbaiensetween the
paths, the better the averaging effect for multiple beams.

Then, we run simulations to explore how separation distatfect the bit error rate (BER)
for multiple-transmitter LCSs. We perform the simulatiam multiple scenarios and tracking
systems to determine how effective these multiple-tratismtiechniques might be for airborne
platforms.

2. Uncorrelated paths

In this section, we determine the separation required tratincorrelated turbulence effects
between two laser beam paths. To investigate this, it istiogte to determine when the paths
are relatively similar first. If a system effect is spaceainant, it is called isoplanatic. [11]
Therefore, if two laser beam paths are considered isoptaimatierms of any particular turbu-
lence effect, the effects of the two paths are highly coteela

Most AO systems have a beacon path to measure the turbul&emrsors at the imaging
system or laser transmitter measure how the turbulencetstffiee beacon. If the differences
between the phase effects (wavefront variations) of theggation path and beacon path are
negligible, the phase correction can potentially be im@etad effectively. That is to say the
phase effects of the paths are isoplanatic. The phase m&ifgangleb, is the largest angle
between two paths for which the wavefront variations in thepaths are relatively similar. [12]
If the effects of the paths are significantly different thkee paths are anisoplanatic.

There are three different types of isoplanatism of inteiretitis research: the tilér 5, phase
6o, and scintillation isoplanatiéy, angles. Tilt refers to the direction of propagation and sleal
with tracking a wandering beam or a jittering image. Phaserjporates both the tilt and the
higher-order phase aberrations. Scintillation corredpdn the variations in intensity over the
pupil. Typically, the tilt isoplanatic angle is larger théme phase isoplanatic angle, which is
larger than the scintillation isoplanatic angle. Usingstéhésoplanatic conditions as a starting
point, the anisoplanatic conditions are determined forghase and amplitude effects. The
isoplanatic anglédya for a constant turbulence strength profile and the phaseentience
angley, , are derived for the first time in this section.
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The refractive index fluctuations drive the phase and aogiitturbulence effects. For the
derivations in this section, we model these fluctuation it von Karman power spectral
density (PSD) of the refractive index fluctuations [12, 14]

0.033C3(z
®n(K,2) = (K2_~_K§n)(11)/67 1)
wherek is the 3-D radial spatial frequency ard = 2711/L. This PSD is the most appropriate
since it includes the outer scalg which limits the size of the large-scale phase effects (i.e.
turbulent eddies) which drive the phase anisoplanatic itiond. The refractive index PSD
used to derive the isoplanatic conditions consisted of tmynumerator in Eq. (1), since the
outer-scale does not affect the isoplanatic conditions.

2.1. Phase isoplanatism
Fried derived the phase perturbation structure functidk®®6 as [12, 13]

Dy(8x) = E{[Y(x) - y(x+ax)]*} 2
= 2My(0) —2ry(Ax), for stationary random processes, 3
— 2912 (Ax)%3 / "2z 4)
0

where E is the expectation operator dnis the auto-correlation. Thg term denotes the pupil
phase perturbation ai@h(z)? is the strength of turbulence along the path. It can be shoovn f
Eq. (4) that the phase structure function at the receivaxforpoint sources separated by angle
0 as viewed by the receiver is

Dy (6,L) = 2.91K2 [sin(G)]S/?’/c;L (L—2)%3C2(2) dz )

For this geometry, most of the literature has defined thelasapic angle to be the angle at
which the structure function is less than or equal to un8y1p, 14] Applying this condition

Dy(6o,L) = 1 rad (6)

and solving for the angle results in the familiar isoplamatigle relation defined by [8]

L -3/5
6= [z.gjkz /0 C22)(L—2%3dz| )

whereC2(z) is the structure parameter of the turbulence at locatiatong the pathl. is the
propagation path length, arld= 211/A is the optical wave number. It is important to note
which isoplanatic-angle definition is used. This definittmsumes the two point sources are in
thez= 0 plane. Many definitions in the literature define the 0 point as the location of the
receiver. [9,12,14] To adjust, let=L — zin Eq. (7).

2.2. Angular phase independence of two beams

Now, we apply these concepts to statistical independendetesmine the phase independence
angle. The phase structure function in Eq. (5) increasds séparation angle, approaching
a maximum value at two times the mean square phase@praz the two paths are placed far
apart. This time, we apply the condition for the maximum edhr the phase structure function
to defineby, , as the phase independence angle

Dy Oy L) = 205 . 8)
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Combining Egs. (6) and (8) allows us to solve &, ,, yielding

Opg = 20’%&0' Go. ©)

Using a geometrical optics plane-wave propagation appration, the phase variance for a
point receiver can be written as [14]

1%

4712k2/0L/0oo K®n(k,z)dk dz (10)

2
Oy.pl
L
— o078k / C2(2)dz (11)
0
For horizontal propagation (i.e. constaf) the independence angle simplifies to

By, , = 0.740/5Cr/3L~3/%k; %2, )

This relation for@y, ,, first derived here, defines the angle over which the phaseteff
between the propagation paths of two point sources areyneadorrelated. It follows that
the phase-independence separation distance can be defitgd a L8y, ,. As expected, this
independence angle increases with outer scale. At thislangeparation, the beams should
wander independently, and the higher-order phase pettonisashould be uncorrelated as well.
At this separation a fixed multiple transmitter LCS (e.gt-lade-type communications) could
be designed so that at least one beam with sufficient poweainsmn the receiver at all times
without the need for tracking. This independence angleghliiidependent on the outer scale,
which varies near the ground &g ~ 0.4h. [15] For example, two\ = 1.55um transmitters
would need to be separated 8y, , = 43 cm @y, , = 213 prad) for a 2 km path located 1 m
above the ground with a turbulence strengtlCof= 1.71x 10 4 m~2%/3, For a 4 km path, that
separation would need to approach 65 cm.

At high altitudes the effective outer scale is determinedh®yvertical outer scale and the
horizontal outer scale. The vertical outer scale typicadsies from 10 to 70 m, [16] while the
horizontal outer scale can be much larger. Aircraft measardgs have determined the horizon-
tal outer scale can be over hundreds of kilometers. [15] Baebntal propagation simulations
in our work at altitude, an infinite outer scale is used beediss> D. When a finiteLg is
needed with slant ranges, the effective outer scale isrdeted by taking a slice through the
vertical outer scale L

Overt
Lo= oSt (13)
wherelg,,,, is the outer scale for vertical propagations gnd the zenith angle. Both, the outer
scale and inner scalg vary with altitude. In this research, these bounds on thautance are
consistent with atmospheric data presented by Wheelon. [15]

2.3. Parallel path isoplanatism

Using Eg. (4) again, we determine the parallel path isopiamstance. Now, we look at the
phase structure function at the receiver for two point sesiseparated bfx. The structure
function for parallel path beams is

Dy (Ax,L) = 2.91K (Ax) %/ /0 "2z (14)

As we did for the isoplanatic angle condition, we determime $eparatiol\xg at which the
structure function is unity. The parallel isoplanatic diste is

L -3/5
Axo = {2.9118 / c2(2) dz} — 0.6611pp — 0.31480, (15)
0
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wherepy is the spatial coherence radius agds the coherence diameter. [12,14] For a constant
C2(2) path
Axo = 0.526%5/5C,%/5L-3/5 = 0.559_6,. (16)

Interestingly enough, this separation is sim(8y8)%/° times the separation for angularly sep-
arated paths. Similar to Eq. (8), the plane-wave indepenulesse separation distance is de-
termined by setting the structure function equal to the maxn value and solving for the
separation

L 2/5
DXing = 207 0% = 0.4109¢, >/ [kz / C2(2) dz} . (17)
' 0

For a constant? profile, it simplifies to
DXing = 0.410%*5Cy/°L%/°k, ** = 05556y, ,. (18)

2.4. Tiltisoplanatism

Sasiela developed relationships for the differentiaidtiance which can also be referred to
as the structure functioa?(x) = E[T(xq) — T(xy +X)]2 of the Zernike tiltT. We use the no-
tation used by Sasiela to allow the reader to follow this wankl refer back to Sasiela’s. [9]
From those relations, he determined a relation for thestilpianatic angle for an astronomical
seeing geometry. The refractive index PSD used here dogsalotle the outer scale. Sasiela
investigated the effect of outer scale on the tilt isopleretgle. The outer scale greatly affects
tilt variance, but does not appreciably affect tilt isotsm (especially when the outer scale
is much larger than the receiver aperture). [10] The diffaattilt (i.e. the difference between
the Z-tilts) consisted of two contributions: one fx < D (beams overlap) called the lower
contribution and the other fakx > D (beams do not overlap) called the upper contribution,
whereD is the receiver diameter. The differential tilt varianc#eais with each axis: the beam
displacement axis is denoted by the parallel symbol, angehgendicular symbol denotes the
other axis. This difference in tilt variance can be quitengigant [9, 17, 18], but oftentimes
these two orientations are added to determine the tota&rdiitial tilt. The total differential tilt

is the sum of the upper and lower contributions for each &jis [

o? o? o?
ot] = o, +<H], &
oy o1l 91y
Now, we derive a closed-form approximation for the diffeiaitilt for a constantC3 profile
or horizontal propagation, taking into account both thedp\Ax < D) and upper £x > D)
contributions. Starting withhx < D, one must only consider the lower contribution 6o&. D/L,

where6 = Ax/z. After performing the integration overfrom 0 to the propagation length
the differential tilt becomes

] - 7] - (e ()7 (5) - [2253(2) (£) +- ] o
a2 () B B (2]

whereBra < D/L. As 0 approaches zero, the differential variance approaches asrex-
pected. To define the tilt isoplanatic angle as Sasiela ldédfitst term of the infinite sum is set
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equal to one half of the diffraction-width angle,

6.08C2 2718 0.611 \?
of =of + 0% ~ Tﬁn X [1.755(?) (3” = (D> . (21)

Solving for Bra, we derived the tilt isoplanatic angle for horizontal prgagon as approxi-
mately [17]
0.323)DY6
GTA = 3/2 )
Cl¥

This straight forward equation for constant turbulencersith can be used to determine the
maximum angular separation between the beacon path anddpagation path fo6 < D/L
with a tracking system which is important for all our scenarexcept the ground-to-ground
scenario.

Now, for 8 > D/L, following Eg. (19) we must add the significant terms for tbeérand
upperportions to determine the overall differential tilt varén

) - s BB () |- (5)] e

Both portions of the tilt variance are added to determineotrerall tilt variance:

6 <D/L. (22)

2

6.
2 2., 2
O-T:O-H—i—O-LNDT

g D
/3

1/3
2L+O.3077% — 1.9935(6) |_2/3] 6>D/L. (24)

As before, one could solve fd, this time numerically, to determine the tilt isoplanatigée
for 8 >D/L.

2.5. Scintillation anisoplanatism

Stars twinkle, but the moon and even the planets do not teiimkthe night sky because their
angular extents are much larger than the scintillationpedeence angle. In weak turbulence,
the angle at which two point sources scintillate indepetigemas postulated by Fried to be
Bxis = 0.8(Lk)~%/2, [19] corresponding to a separation distancelgf, = O.8(L/k)l/2. This
relation is very similar to the correlation widgh defined as the /2 point of the normalized
irradiance covariance function. [14] Sinpg for weak turbulence varies between 1 to 3 Fresnel
zones(L/k)l/2 depending on beam size, we refer to it here in this work aslgifiig]

pe = Vi/k (25)

For strong turbulence#sph 2, 0.25) the scintillation saturates and the correlation width o
irradiance fluctuationp, is driven by the spatial coherence radpisand the scattering disk

L/ (kpo).
The spherical wave Rytov number is

L 5/6
Hepn = 0.563K/0 / cg(z)(L_z)%(E) dz (26)
JO
~ 0F  Aspn<0.25 (27)
> 0)  PRspnz 0.25 (28)

For weak turbulence the spherical wave Rytov nunigg is equal to the log-amplitude vari-
ance calculation using this Rytov approximation. Sincedtiatillation saturates with strong
turbulence, the Rytov number does not equal the log-angaitariance.
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The correlation widthp, is often used to describe the receiver size at which apeatteeag-
ing occurs as the receiver size increases. Here, we useitiogope of reciprocity to determine
the angular separation of the transmitters and refer te¢hasion as the scintillation correlation
angle asfy, = (Lk)*l/z. The values of this anglé,, for propagation lengths of 100 km and
29 km atA = 1.55 um are 1.57urad and 2.9Jurad, respectively.

2.6. Considerations of isoplanatic and anisoplanaticaffe

As mentioned in Section 2.2, the anisoplanatic conditiam lwa determined by analyzing the
structure functions of the effects. In previous work, Laithdetermined analytic log-amplitude
and phase structure functions for a horizontal path [22]

_ Lo\ /3= Kd 2m3 . /ALk? KdK
DX(d)—3089<r0) /0 |:1_J0<L0>:| |:1_/\LK2 Sln(2m3>:| (K2_|_4n—2)11/6’ (29)

and

B Lo\*? = kd 2m3 . [ ALk? Kdk
Dw(d) —3089([_0) A |:1_J0 <|_0>:| |:1+ALK2 Sm(zm%)] (K2+4n-2)ll/6’ (30)

whereJp is the zeroth order Bessel function of the first kind and the Karman PSD from
Eqg. (1) was used to model the turbulence. Here, we plot thgsatiens and the corresponding
isoplanatic and anisoplanatic distances in Fig. 1. S@stiith the phase effects annotated in
green, the isoplanatic angle occurs when the phase steufatuction is unity. As the separation
widens, the tilt effects are isoplanatic until the tilt isapatic angle is reached. The only signif-
icant difference in these phases is due to the higher-oftgsep Finally, at separations on the
order of 2y all of the phase effects including tilt are anisoplanatitneen the two paths. The
amplitude effects are shown in blue. At abogk 2he structure function reaches a maximum
and settles into a value of two times the mean square logHamdelvariance, as the amplitude
effects become uncorrelated. These separations are deterioy the Fresnel zong /k)/?
and are consistent with results for weak turbulence, i.¢éoRgumberZs,, < 0.25 mentioned
in Section 2.5. [14] For Anguita’s stronger turbulence grdio-ground propagation scenarios
whereZspn = 1.6 these uncorrelated separation distances were greafgokapately 60c)
due to the long correlation tail of the strong turbulencelfq

Now that we have the relations for isoplanatic and anis@ilareffects, we compare
these angles for different scenarios in Fig. 2. Horizontalppgation near the ground is
shown in plot (b). If we separate transmitters in the grotoxdround scenario by the phase-
independence angle, then tracking might not be requiretbrgsas there is a sufficient number
of transmitters, the beams would wander independentlyatildast one beam on the receiver at
any given moment. The fixed pointing angle could be deterchinyemaximizing the long-term
irradiance for each beam. The isoplanatic angle and theilkion correlation angle cross
at about 2.5 km. For propagations beyond the cross-ovet paintillation is more correlated
than phase effects. In plot (c), these terms cross, tootithésafter propagating about 100 km.
This also corresponds very well with Fig. 1 where the isoglenangle and the scintillation
correlation angle nearly coincide wiiy slightly smaller thanf,, for the 100 km air-to-air
scenario.

For a mobile transmitter (Tx) and/or receiver (Rx), the beanust be tracked. For these
tracked-beam cases in Fig. 2(c) air-to-air path, (d) agfmund path, and (e) ground-to-air
path, separations beyond the isoplanatic angle up to ajppataly the tilt isoplanatic angle
should average out the higher-order phase effects. Sepadarger than the tilt isoplanatic
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Fig. 1. The phase and amplitude structure functions are plotted for arbOfokizontal
propagation at 10 km altitude, with angularly separated beams. Thetstrigrbulence,
Lo/ro =286 and.3/(AL) = 23225.

angle will require separate trackers. This occurs for loqyepagations and near-transmitter
turbulence, since the phase tilt effects are large due tottgdever arm of the turbulence. Small
isoplanatic and tilt-isoplanatic angles occur for progige longer than 100 km in plot (¢) and
for the ground-to-air propagation shown in plot (e). In pld} describing the air-to-ground
scenario, the correlation angles get smaller as the prtipagayet longer, but as the altitude of
the transmitters gets above the turbulence at about 12 knartgles remain relatively similar.

3. Simulation set-up and validation

Next, we determined how much multiple transmitters imprB&R performance by conduct-
ing simulations for different scenarios and separatiotadises. The turbulence effects explored
subsequently in simulated scenarios were representechdpmaoptical field screens with the
correct statistics placed along the path. The layers farrisearch were chosen to simulate
the continuous model so that several low-order momentseofayered model match the con-
tinuous one. In this research, ten random phase screensusedeto model the turbulence
along varying-turbulence-strength paths and five scrdeng ¢he constant-turbulence-strength
paths. The layered analytic analytic planar and spherichéience diametearp, planar and
spherical Rytov number#, and isoplanatatic angi matched within 1% of the full path con-
tinuous atmospheric turbulence parameters. Table 1 suizesahe atmospheric parameters
for the simulations used to calculate the BER. In the sinmtatthat follow a Gaussian beam
with a 1/e field radiuswg = 2.5 cm propagates to the receiver aperture with a Fresnel ratio
of Ao = 2L/(kwg). Andrews and Phillips call beams withy > 100 approximately spherical
and/\o < 0.1 approximately planar. Therefore, the equations in pre/gections where a point
source or spherical wave are used are a reasonable apptiaxiy@specially for the air-to-air
propagation. Earlier, the vondman turbulence power spectrum was used to model the phase
effects.

Andrews and Phillips’ modified turbulence power spectruraged in the simulations per-
formed in this research because it includgsandlg, and gives the best agreement with col-
lected atmospheric data for phase amaplitudeeffects. [14] The Hufnagel-Valley turbulence
profile was used in this research with the parameters seteté1#t57 moderate turbulence
strength (i.e. turbulence at the groundiis= 1.7 x 10~ 1*m~2/3 and the effective wind at alti-
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Fig. 2. (a) Scenarios for plots b-e are shown pictorially. Phase isdftarayle @), scin-
tillation correlation angledy,), tilt isoplanatic angle &), and phase uncorrelated angle
(By,q) are shown for a receiver diameter Ok = 20 cm. (b) Horizontal propagation:
altitudeh = 1m,Lo=40cm,C? = 10 m 2/3, andL = 0 to 10 km. (c) Horizontal
propagation: altitud@ = 10 km, Lo = 100 km,C2 = 101" m~2/3, andL = 0 to 300 km.
(d) Air-to-ground path: Transmitter heighkrx = 4 to 20 km, zenith anglé = 70°, and
receiver heightrx = 0 km for HV-57 profile. (e) Ground-to-air pathttyx = 0 km, zenith
angleé = 70°, andHry = 4 to 20 km for HV-57 profile.
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Table 1. Atmospheric Parameters for the scenarios used in the BERatialas.

| Scenario roy (€M) ro (€M) Zp Zsph 6o (urad) 6ra(urad) Ao |
ground-to-ground 2.5 4.5 1.08 0437 35 11.7 3.2
ground-to-air 10 85 0.911 0.0461 1.2 11
air-to-air 23 41 0.384 0.155 1.3 3.0 79

tude isW = 21 m/s).

We used modal based Fourier-series (FS) phase screen timesance it allows for better
low spatial frequency representation than other techsiddg,20-23] This modal phase screen
is defined for all space and need only be evaluated at the giidispof interest. This approach
is particularly effective when calculating the fields of wig spaced beams over long periods
of time. Although, in this work random realizations of tuliice are used in the simulations,
since we assume the turbulence is an ergodic random prddess, logarithmically-spaced
frequencies are used, as recommended in an MZA report by dMageke advantage of the
modal-based representation. [18] The FS expansion of thegptan be approximated by [21]

. N-1 N-1 _ X ny
ox) = c? ,exp{12n< + > } , (31)
nzf%lfl) z ) o Dp  Dp

n=—(N-1

where the phase is represented in a square of dimems;jc&ndcr‘ﬁn, is the FS coefficient for
the spatial frequencly/= Xn/D, + yn'/Dy. The termsk andy are thex— andy—directed unit
vectors, anc andy are the components of the spatial vector

Split-step Fresnel propagations are performed fag & 2.5 cm collimated Gaussian beam.
Great care was taken to adequately sample the Fresnel ptapagetween the screens as well
as the turbulence effects as the beam propagates. We shfiafigpling constraints to avoid
aliasing in the beam as well as the quadratic phase term iRrgsnel propagation. [24] The
most restrictive constraint was satisfied by performingtipl@ partial propagations (i.e. split
step propagations) to propagate the full distance.

We validated the simulations to ensure the calculationsegreesentative of the diffraction
and atmospheric turbulence effects. For each of the prdijpagiengths, the irradiance and
phase of the Gaussian beams after propagating through amaoatched the analytical solu-
tion. The structure function of each of the phase screensisasonsistent with the theoretical
values. The scintillation index at the receiver for a sinedapoint source was consistent with
the Rytov approximation for scintillation. For each of thebulence simulations, the meas-
ured long-term spot size was consistent with the analytit size. These results confirmed the
simulation operated as expected and should adequatelyl thederbulence.

4. Modeling receiver noise sources

Modeling receiver noise sources is essential to accuratgiyesenting a communication sys-
tem. Two fundamental noise sources for optical receivezdteg signal-level-dependent shot
noise and the temperature-dependent Johnson noise. Sketisdundamentally a Poisson
random process as the photo-electrons are generated flmmaarrivals of photons. The num-
ber of photons per bit is well over 100 in all of the cases stddiere. Furthermore, as the
captured power approaches zero, the shot noise approagteemach faster than the signal.
Therefore, shot noise current statistics are well appratéchas a zero-mean Gaussian random
process [26,27]. The mean-square current due to shot rsojgeein by [28]

. . 2ng’PB

2 2

E {'shot} = Oghot = 2q IsB= hv (32)
#94855 - $15.00 USD Received 9 Apr 2008; revised 24 Jun 2008; accepted 27 Jun 2008; published 3 Jul 2008

(C) 2008 OSA 7 July 2008/ Vol. 16, No. 14/ OPTICS EXPRESS 10779



whereq = 1.602x 10~1° C is the elementary chargg,is the signal curren® is the electri-
cal bandwidthj is quantum efficiency (electrons/photo®)js optical power at the detector
(Watts),h = 6.626x 1034 Js is Planck’s constant, ands optical frequency (Hz). The product
hv gives the energy in joules of a single photon. The signaleniris assumed to be constant
during any given integration period corresponding to alsitit. Comparing the frequency of
atmospheric change<(kHz) with bandwidths studied MHz), this is a reasonable assump-
tion.

Johnson noise current is typically modeled as a zero-meass&a random variable, with
mean-square current determined by [28]

. 4KTB
E{lglec} = Uezlec: R ) (33)

whereK = 1.381x 10 22 J/K is Boltzmann’s constanf is temperature of the electronics
(K), andR is the effective input resistance (ohms). These are thegpyimoise sources in the
receiver.

There is also noise due to the type of amplifier or gain meaanin this research the
received optical signal is coupled into an erbium-dopedrfdmplifier (EDFA). The advantage
of the EDFA is the capability to achieve high gain at very higimdwidths. In addition, the gain
in an EDFA saturates, affording some gain control to redyatecal signal variation. EDFA
noise can be modeled as a signal-dependent amplified stediganission (ASE) noise source
given by [26]

. P
E{izse} = 40°nspNinNayG(G—1) v B

UgSE = 4nspNoutd(G — 1)isB, (34)

whereG is the gain,ni, and oyt are the input and output losses, ang is the spontaneous
emission factor. Other gain mechanisms like avalancheogtiotles (APD) are limited to about
100-200 GHz gain-bandwidth product, whereas an EDFA withNaghotodiode would be at
least an order of magnitude higher. [26] For lower bandvsidth APD is advantageous due to
a much higher coupling efficiency.

5. Simulation approach

The receiver consists of a 20-cm-diameter lens with a 1 ml fecgth focused onto a single-
mode optical fiber. The fiber core’s diameter wagr@ and the numerical aperture (NA) was
0.20, consistent with a commonly available EDFA. For the R@0propagation the collimated
Gaussian beam at the Rx is much larger than the aperture megrgi> D the spot size at
the focal plane of the lens is determined by4A f /D, limited only by diffraction. For the
ground-to-ground and ground-to-air cases the turbulémibeced spot size is approximately
2.44f ) /ro, sincerg < D for those cases. See Table 1 and Fig. 3.

For the angularly-separated-beam scenario, two Gaussemare displaced half the sep-
aration distance in opposite y-directions and a linear @lmgpplied to “aim” both beams at
the center of the receiver aperture. For the parallel-bease,c¢he two Gaussian beams are
displaced, and each beam remains off-axis by half the sipaudistance.

A coarse tracking system was simulated for the transmittdraceiver for the ground-to-air
and the air-to-air paths by implementing an ideal centn@dker and adding random tracking
system errors. The errors in the Tx tracker are driven bystiplanatismoZ, due to the point-
ahead angle, temporal errar$; in the controller, platform jitteU,EJ, and measurement error

o2, Therefore the total transmitter tracker error is
0f = Ofa+ 01 + 08y + OFy (35)
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Fig. 3. In turbulence whed > rq, the spot size is determined by42A f /ro. Where as
whenrg > D, the spot size is limited primarily by diffraction, leading to the tighter spot
size of 244A f /D.

measured in r&d The tilt anisoplanatic error is driven by how close the safian angle is

to the tilt isoplanatic angle. The temporal error is depahda the bandwidth of the tracking
system and the tilt measurement error depends upon thd sigmaise ratio (SNR) of the tilt

measurement. The platform jitter is driven by the residubtations of the transmitter and
receiver. The receiver tracker error includes the lasetkeems of Eq. (35).

6. Simulation results

We ran simulations using independent random realizatibtisecappropriate turbulence statis-
tics to determine the optimal separations for a two trartemgystem for three scenarios: a
ground-to-ground fixed transmitter and receiver 4 km linkhvé Rx and Tx height of 1 m, a
ground-to-air f = 1 m to 10 km) 30.2 km path with a zenith andle= 70°, and an air-to-air
100 km path at 10 km in altitude.

A number of performance measurements were calculatedh&differential irradiance vari-
ance between the two beamgrr = E{(Il - I2)2} —E{l1— |2}2 best indicated when adequate
averaging would occur. [2, 3, 7] The larger the differentieddiance variance, the less corre-
lated the irradiance fluctuations become. For uncorrelag¢edns this variance should approach
two times the irradiance variance of a single beam. If theukmgseparation is much beyond
this point, the power received at the detector or fiber is cedwue to the difference in the
angle-of-arrival (AOA) of the beams. As parallel beams mfaréher off-axis, power reduces
and the variability of the constituent beams increases &tfect increases the BER of the two-
transmitter system driving the performance below the oaesmitter case. As shown in Fig. 4,
beams approached uncorrelated irradiance variance at 8. for angularly separated
beams for both the air-to-air tracked system and the graosadr tracked system. In addition,
for the air-to-air scenario this the amplitude structunection has a peak before settling into
the asymptotic value of two times the irradiance varianddefsingle beam.

Then, we determined the BER for different scenarios, tragklystems, and separation dis-
tances. Plots are shown in Figs. 5-8. In calculating the BE® used the probability mass
function of the detected signal current (determined by tiseogram of the received signal)
and accounted for the shot, thermal, and ASE noise. Sincghthteand ASE noise are signal-
dependent, their variance changed for each independdiatén, while the thermal noise
variance was fixed. We solved for the optimal fixed threshaldl @etermined the probabilities
of missed detections and false alarms. The total power isitigle-transmitter system was 1
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Fig. 4. Differential irradiance variance for two angularly separateairise Irradiance is
taken from the center of the untracked beams, separately tracked tea@oha single com-
bined beam tracker. The solid blue line is two times the variance of on-aadiance of

a single beam. The differential variance approaches two times this vathe aeparation
increases. (a) Air-to-air path angular separation (b) Ground-toa#iirgngular separation.

Watt, and the total power in the double-transmitter systeam also 1 Watt (0.5 Watts in each
transmitter). For the BER charts, the gain of the EDFA reméiconstant at 30 dB. The signal
level differences shown in the plots vary due to differeringgopagation attenuation, coupling
efficiencies, transmitter levels, etc., but do not depenthergain of the EDFA.

First, we calculated the BER for the ground-to-ground patfsingle and double-transmitter
systems. No tracking system was used in this case, and timesb&alked off of the receiver
often. To quantify this, note that the standard deviatiothefbeam walk-off was 9.5 cm and
the short-term beam half-width was 8.3 cm. The differeniiiaéariance approached two times
the single tilt variance in the direction parallel to the agion for very small separations
(i.e. 3 cm), but for the perpendicular direction the requiseparation distance for uncorrelated
phase was about 14: or aboutdy, ,/2. This phenomenon is consistent with the differential
tilt relations presented by Sasiela. [9] Figure 5 showseheas slight improvement for the
double transmitter case over the single beam when the titaspropagated in parallel, but no
improvement for angular separations. Due to the inherer AgD angularly separated beams,
the peaks of the focal spots of both beams on average missbtire ieducing the coupling
efficiencies. If the fiber core is small, as in this case, thisld severely limit the coupling of
both beams. Whereas with the parallel beams, the focal spresan average on the center of
the fiber, allowing for much better coupling.

Next, we calculated the BER of a tracked ground-to-air séen&he BER charts in Fig. 6
show that there is an improvement afforded by using two tréttsrs of about 3 dB for the
ideal tracker. Interestingly, two transmitters also inya performance for the non-ideal case
for a tracker error objj = A /(4D). Parallel beams were used with a center tracker system. For
this case, Fig. 7 shows an improvement again for a trackistesy witha; = A /(4D). This
improvement reduces in both cases as the tracking systdorpance degrades.

Finally, the BER charts in Fig. 8 for the air-to-air 100 km Ipahows the best improve-
ment for a separation distance of 2 t@g3 This is consistent with the differential scintillation
measurements. The largest improvement (approximately)dod@urs for the finest tracking
system. As the tracking degrades, the improvement due tighel diversity decreases.
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Fig. 5. These plots show the BER for a ground-to-ground link. In plpth@ beams were
angularly separated and in plot (b) the beams were separated, faletravparallel.
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Fig. 6. Bit error rate for a ground-to-air link with angularly separatednhe with vari-
ous tracking systems (a) ideal centroid tracker,qp}= A /(8D), (c) o; = A/(4D), and
(d)oj = 3A/(8D).
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Fig. 7. Bit error rate for a ground-to-air link for parallel separatecrhge. Center
beam tracker. Various tracking systems (a) ideal centroid trackgrofb= A /(8D),
(c)oj = A/(4D), and (d)o; = 3A/(8D).

7. Conclusions

Knowledge of the isoplanatic and uncorrelated angles ofiquéar scenarios can enable
multiple-transmitter systems to be configured to optimtee averaging effects. For a group
of beams with one tracker, the optimal angular separatiost el less than the tilt isoplanatic
angle. In this regime, the scintillation and the higheresrghase effects can be averaged, and
the beams wander together so that the tracking system cajuaedy track all of the beams
at once. Beams separated beyond the tilt isoplanatic aragidev independently causing track
errors and reduced signal levels.

For a multiple-transmitter untracked system, the outelessad the mean-square phase play
a large role in determining an appropriate separation afigie likely application for an un-
tracked system is a ground-to-ground last-mile commuinicagystem, since the system is
stationary and the outer scale is small, allowing for reabtsseparation distances.

The optimal separation in terms of reducing BER corresponde-3 timesp.; for most of
the scenarios. In most cases, the BER improvement for aransihitter system reduced as the
tracking system degraded. For small focal-plane colledike a single mode fiber, AOA plays
a huge part in the received signal level. Not only is AOA vacean issue, the mean AOA can
be a concern if beams are angularly separated. Since ktiotil effects begin to decorrelate
for fairly small separations, the transmitters only needgseparated by approximatelg.Zor
most scenarios.

To illustrate the optimal separation only two beams wereluse the full impact of our ap-
proach has yet to be explored. Others have shown that foundyear instance, can be very
effective in a ground-to-ground link scenario. [7] This eggch shows great potential in per-
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Fig. 8. Air-to-air 100km path at 10km altitude. Various tracking systemgléal centroid
tracker, (b)o; = A /(8D), (c) o; = A/(4D), and (d)aj = 3A /(8D).

formance and simplicity of implementation, especially witembined with signal-processing
techniques. Accordingly, the next step in this researchheilto determine théemporalben-
efits afforded by multiple anisoplanatic transmitters. Wi iwestigate signal-fade properties
of using multiple beams and potential trickle-down effeaztscoupling multiple beams with
interleaving, forward error correction, and adaptive shiding.
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