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drawbacks of FSO is its susceptibility to scintillation. That is, turbulence and thermal
phenomena create localized fluctuations in the atmospheric refractive index. A signal-
carrying FSO beam passing through such fluctuations may be wholly or partially
deflected due to optical refraction. One consequence is that at the receiving end, where
the beam 1s focused onto an image spot, the image spot may wander in the image plane.

Moreover, FSO beams are typically generated as coherent laser beams. A
coherent beam initially has a uniform wavefront, i.e., a phase that varies slowly with
radial position over the leading face of the beam. A beam having a uniform wavefront is
desirable because at the detector, it will experience relatively little destructive self-
interference. However, a second effect of index fluctuations in the atmosphere is to
distort the wavefront of the FSO beam. The distortions cause time-dependent, destructive
self-interference of the beam at the detector, which leads, in turn, to fading of the
received signal.

Some of the known solutions to the problems related to atmospheric scintillation
use mechanical mirrors and adaptive optics to track the wandering beam and to correct
the distorted wavefront. However, such solutions require bulky hardware components.
Some of them also use a closed, iterative control loop of sensing and mechanical
actuation that limits their performance. These drawbacks are particularly severe in the
case of QAM and other advanced modulation methods for the FSO beam, for which
reception is relatively sensitive to the fidelity of the amplitude and phase of the received

signal.
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Brief Description of the Drawing

FIG. 1 is a simplified, partially schematic drawing of a transmitter according to
the invention in an embodiment.

FIG. 2 is a simplified, partially schematic drawing of a receiver according to the
invention in an embodiment.

FIG. 3 is a simplified, partially schematic drawing showing a detail of the optical
portion of a receiver in one embodiment. For simplicity of presentation, an optical hybrid
has been omitted from the view of FIG. 3. A hybrid would typically be used to achieve
phase diversity.

FIG. 4 is a simplified, partially schematic drawing of a FSO transmission system
transmitting through a propagation environment characterized by atmospheric turbulence.

FIG. 5 1s a simplified, partially schematic drawing of an exemplary FSO receiver

having multiple receive apertures.

Detailed Description

Turning to FIG. 1, an exemplary FSO transmitter includes a data encoder 10 for
producing coded electrical signals that are applied after amplification stage 20 to

modulate the optical output of two or more diode lasers 30. As seen in the figure, an
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1 will be apparent to those skilled in the art, using known techniques for data encoding,
known techniques for optical signal generation, modulation, and amplification, and
known arrangements for wavelength multiplexing and for telescopic arrangements for
projecting one or more FSO beams into space. For example, optical multiplexers
utilizing planar waveguide technology, such as arrayed waveguide (AWG) and multi-
mode interference (MMI) devices, may be useful in at least some cases. Likewise,
optical fiber amplifiers, such as erbium-doped fiber amplifiers (EDFAs) may be useful in
at least some cases.

Preferred methods of data encoding for optical transmission rates of 10 Gbps and
above include PSK, QAM, and OFDM. Additionally, it may be advantageous in at least
some cases to employ space-time block codes and the like, in which the coded
constellation symbols are arranged in space-time matrices or wavelength-time matrices,
or over matrices that extend in space, time, and wavelength. (A space-time matrix
distributes the signal over multiple output sub-apertures and multiple symbol intervals. A
wavelength-time matrix distributes the signal over multiple wavelength subchannels and
multiple symbol intervals.)

Turning to FIG. 2, an exemplary FSO receiver for the incoming beam 60 from the
transmitter includes a telescopic collection system 70, a wavelength demultiplexer 80,
diode photodetectors 90, analog-to-digital converters (ADCs) 100, and digital signal
processor (DSP) 110. As seen in the figure, demultiplexer 80 separates the incoming
beam into two or more sub-beams that occupy different wavelength bands. Each sub-

beam is converted to an electrical signal by one of photodetectors 90. At the ADCs 100,
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FIG. 3 also shows tapered fiber bundle 150 (not drawn to scale), which collects
light from demultiplexer 80 into a plurality of individual fiber endfaces and concentrates
it into a single output fiber for input to photodetector 90. By this means, a relatively

large optical aperture is provided for collecting the optical signal. Thus, for example,
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fibers, and that an alternative is to use a tapered single fiber having (initially) a relatively
large core. In at least some cases, the approach using a single tapered fiber may be the
most advantageous because the single fiber suffers less optical loss due to the cladding
covering part of the aperture. A single-fiber taper may also be simpler to fabricate,
because it is free of the exacting path-length tolerances that may need to be imposed on a
tapered fiber bundle in order to mitigate interference between the fibers that constitute the
bundle.
As noted above, both beam wander and wavefront distortion are undesirable
phenomena that tend to degrade the performance of the communication system.
Wavefront distortion becomes more damaging as data rates increase, because the
resulting spread in the propagating wavefront may become comparable to the spacing

between successive pulses in the modulated light beam.
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Furthermore, such electronics-based adaptive optics is more flexible than conventional
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When operated as a transmitter, such an arrangement is one possible source
(among various others) of signals carried in multiple, spatially diverse sub-beams.
Spatial diversity is most effective when the separation between the effective apertures for
the respective sub-beams (in either transmission or reception) is comparable to, or greater
than, a pertinent coherence length. For example, the pertinent coherence length may be
the coherence length of the distorted wavefront in the object or image plane, respectively,

of the transmission or reception telescope.



single transmt stream the matrix H reduces to a single row, and the
pertinent processing of the received signal is equivalent to the coherent
conbi nat w0 20f2/@0bm9vari ous versions of the signal recei pea/uScarmiosise2
respective receive apertures or subapertures. In theory, this corresponds
to the result that is sought using adaptive optics. However, our approach
can achieve this result vm'thout using a control loop, and it can adjust for

both th | ji.tud th
Furthermor e, Gaﬁ’e@&%ﬁ] SR BRAA Ty B biea hRR b BN P rrpeprrulel ay due

to the prdRAGRE HARLbSs iftEBLIchCABSial Whidh iv@sdRsddRIgy mbol duration. Such
cases are not adequately treated, in general, by traditional nethods of

adapti ve opt i Ebose skilled inptheantye] &B’Dretcmmfuirﬂ}@et'haif wetidchyassibynganbe ef f ecti ve

i nversion,of H.a adi g [equenc and t hey
may al so™BEVEpHT Fhah tEaBS%IBF"%%P& Rﬁ"fi%"é‘sbyd’eaé%‘%% %@@Sﬂ’é{tga arege“i‘ﬁg%&pu cal

M MO t eclhidth GHesSmARIPLd aﬁ@ﬁdﬂ@%&@ﬁﬁﬂ% foe e;admhe ad thenaraangelﬂeme)fm% engt h
channel, or in any nunb wave ength subchannel s. not ed above,

t he theowg) ot undepsteqdeifaialn Gychaasel thers e s @eomphes propagafian ?Qﬁfﬁﬁileetrhu nedi a

provi desyd o SATRARL o 01 ﬁfc%!rggm.ltgcp@gufe%ﬁa%@%& SRR TRES @(gfeﬁém{gh -

al so provi Jes Bfra fhe ‘cohérencd band
al so r ef plopaghtion casTichat epresaltad radpeaitve dﬁelﬁj’atlelh atlueandpindwideliat) FofFor
exanpl e, % t heoreti cal (c{al cul ati on .of the caoher en e bandw, géh for the case

of str on@l Geippitnrrpagetighdisanggsy g VRFOus Prpagatan goet %ts By afuBliNnd
Scat t er i i i RN A9 BdYeding, coyﬁg‘gﬂggoglﬁ\%?Zﬁ}he%gélre NaEnsf 5&%&%&18%}1

cal cul atlon for the case of we cintillation case is given in L. Andrews
and R. L. rePbivt hp@aireslanaN-BdaviiNPOapafgliaton.t hr ough Random Medi a (1998) 150-
152. Those skilled in_the art will appreciate that for effectlve

operation, thENGSHREIGHGOBEPHESISNSIFEN Pegﬁé&r?(&s%we&?@ fetestang oplistlgned to
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by the su - beans s&?;&eda[tl ie w.thin the ar}r]gl i fication bandw dth of the
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coherence bandw dth depends on the average wavel ength, the range (i.e., the
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whose entries are the propagation coefficients /;. Accordingly, the total optical signal
arriving at a given receive aperture, including the effects of optical fading caused by the
phase distortions described above, may be expressed as the vector product of x (if x is
taken as a row vector) times that column of H that corresponds to the given receive
aperture. The same is generally true at each of the multiple receive apertures.

One consequence is that if H can be effectively inverted, the distortions caused by
atmospheric turbulence (as averaged over each spatial sub-beam) can be corrected
through numerical processing, and in effect, the undistorted wavefronts can be recovered.
It follows that signal loss due to fading can be at least partially reversed, and a stronger
signal can be recovered.

In one example, a single transmit stream is transmitted. It may be transmitted

from a single transmit aperture or from multiple transmit apertures. In the case of a



Cl ai s 1. A nethod, conprising: collecting at | east one free space
optical beam denultiplexing the beam by wavel ength into two or nore

sub- beanmswodet2awsiong each of the sub-beans to produce amCeltseamioezb2 out put ;
and recovering a signal using conplenentary information fromat |east two
of the outputs. 2. The nethod of claim 1, further conprising receiving
pil ot signals on each of the sub-beans, and wherein the recovering step is

carried qut using the received pilpot signals. 3. e nmethod of claiml,
Further SBHpRSRg S dhe PRE L erp ot e Evgnd die ek PG PRSERS ¢ e
sub- beangr QatQ AR Jch@Ns €fui L H1BNntQb tHEXBeRRAS I ihMi AP £15uS YOIRAE bE €S;
and wherein the detecting step conprises separately detecting |ight

col | ect edheisignelaicheindd from thatsaprstiveressive apentusbyon sobpresderse In fheorye dih
wavel engt h-denul ti pl exe b-beam a nulti.-conponepnt electrical output
naving cr <o el Ta Bildh SRy Fr by BPRS Atbi e a S bR EAR
achieve this result without using a control loop, and it can adjust for both the amplitude
and the phase of the received signals.

Furthermore, our approach can be applied in cases where the time delay due to the
propagation is significant relative to the symbol duration. Such cases are not adequately
treated, in general, by traditional methods of adaptive optics.

A number of techniques for achieving an effective inversion of H are well known
in the field of radiofrequency MIMO, and they may also be applied to optical MIMO as
described here.

The optical MIMO techniques described here may be applied in a single
wavelength channel, or in any number of wavelength subchannels.

As noted above, the theory of two-frequency mutual coherence functions in
turbulent media provides a framework for calculating coherence lengths. The same
theory also provides a framework for calculating the coherence bandwidth (which is also
referred to as the correlation or decorrelation bandwidth). For example, a theoretical
calculation of the coherence bandwidth for the case of strong scintillation is given in

A. Ishimaru, Wave Propagation and Scattering in Random Media, Volume 2 (1978) 424-

426. A theoretical calculation for the case of weak scintillation case is given in L.
Andrews and R.L. Phillips, Laser Beam Propagation through Random Media (1998) 150-
152.

Those skilled in the art will appreciate that for effective operation, the spacing
between the respective wavelength bands assigned to the various sub-beams should be at
least the coherence bandwidth, so that wavelength-based decorrelation between sub-
beams can take place. Those skilled in the art will appreciate further that the total
bandwidth spanned by the sub-beams should lie within the amplification bandwidth of
the receiver. Accordingly, the amplification bandwidth imposes an upper limit on the

wavelength spacing.
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4. Apparatus conprising: an optical telescope; a wavel ength

denul ti pl exer arranged to separate |ight selected by the telescope into
sub- beanswocopwsavg di f f erent wavel engt h bands; a det ecPor/Gsb@gm4w62 anged
to convert each sub-beamto an electrical output; and a receiver in
receiving relationship to each of the sub-beam outputs and configured to
recover a signal using conplenentary information fromat |east tw said
sub- beam out put s 5. A nethod, conprising: col.lecting at | east one free
Space. opt 1 ca ttiahe dhetsoilira g SR eSS par SR hrdtls S at e
subaper t WreBsre WaVRIARN, I8 1aREOE. 0N SARNIRAAN difin&FChAIIMORPE Jrur e; detecting
each of the sub-beans to produce an electrical output; and recovering
a si gnal tuggilenge cothsl teamemisaiion pailf ohwat fooa gfveo mange aheé agbulengs loveltihes out put s.

advantageous to select the average wavelength such that the constraints described above

can be satisfied using appropriate optical amplifiers.
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6. The nethod of claimb5, further conprising receiving pilot signals on
each of the sub-beans, and wherein the recovering step is carried out using
t he receiweadopidoetodsi gnals. 7. The nmethod of claim6, RIEMS2L1OMES62
recovering step conprises, during each of a plurality of time intervals,

wei ghting the sub-beam outputs with respective weights derived fromthe
received pilot signals. 8. The nethod of claim7, wherein propagation
coeffici@gts are conputed fromthe received pilot signals, and the weights
are deri sing a procedure that effectively inverts a matrix of
propagat | oA nfeffdf t&heiMigs: 9. The nethod of claim5, wherein the collecting
step conprises collecting two or nore free space optical beans onto the
subapert ure a¢dkeptingwideast anelaedhspete optecabldanect ed beans represents one of

two or nore exit bapertures of a renotely. situated tical transmtter.
10. Appar at usCWBHEEERE e ety v S ud o Mo sublientS "o o o
nore spati al | yets@tiparcatiesr obiRbeRn st pagRIct Uh eRctrialCdutmal ghasubaperture
defining a respective sub-beam a detector stage arranged to convert each

sub- beam t o af¢ceyedLmasegnal viing cemplgmgntary information from at Teast two of the

outputs.

2. The method of claim 1, further comprising receiving pilot signals on each of the sub-

beams, and wherein the recovering step is carried out using the received pilot signals.

3. The method of claim 1, further comprising, after the demultiplexing step, directing
each of the sub-beams onto an array of two or more spatially separated subapertures; and
wherein the detecting step comprises separately detecting light collected in each of the
subapertures, thereby to produce, for each wavelength-demultiplexed sub-beam, a multi-
component electrical output having one component for each of at least two said

subapertures.

4. Apparatus comprising:

an optical telescope;

a wavelength demultiplexer arranged to separate light selected by the telescope
into sub-beams occupying different wavelength bands;

a detector stage arranged to convert each sub-beam to an electrical output; and

a receiver in receiving relationship to each of the sub-beam outputs and
configured to recover a signal using complementary information from at least two said

sub-beam outputs.

5. A method, comprising:
collecting at least one free space optical beam onto an array of two or more
spatially separated subapertures, thereby defining one sub-beam for each subaperture;

detecting each of the sub-beams to produce an electrical output; and
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a receiver in receiving relationship to each of the sub-beam outputs and
configured to recover a signal using conplenentary information from at
| east twowean/®edw9beam out put s. PCT/US2011/042562

recovering a signal using complementary information from at least two of the

outputs.

6. The method of claim 5, further comprising receiving pilot signals on each of the sub-

beams, and wherein the recovering step is carried out using the received pilot signals.

7. The method of claim 6, wherein the recovering step comprises, during each of a
plurality of time intervals, weighting the sub-beam outputs with respective weights

derived from the received pilot signals.

8. The method of claim 7, wherein propagation coefficients are computed from the
received pilot signals, and the weights are derived using a procedure that effectively

inverts a matrix of propagation coefficients.

9. The method of claim 5, wherein the collecting step comprises collecting two or more
free space optical beams onto the subaperture array, wherein each of the collected beams

represents one of two or more exit subapertures of a remotely situated optical transmitter.

10. Apparatus comprising:

an optical telescope;

an array of two or more spatially separated entrance subapertures, each said
subaperture defining a respective sub-beam;

a detector stage arranged to convert each sub-beam to an electrical output; and

a receiver in receiving relationship to each of the sub-beam outputs and
configured to recover a signal using complementary information from at least two said

sub-beam outputs.
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