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(57) ABSTRACT 

A free-space optical data transmission System, comprised of 
first and Second transceiverS Spaced a Substantial distance 
from each other having telescopes aimed at each other. Each 
transceiver has a light transmitter for transmitting data 
encoded light from its telescope to the other telescope, and 
a light receiver for receiving the data-encoded light from the 
other telescope. Each transceiver has a wavefront Sensor for 
determining the curvature of the wavefront of light trans 
mitted between the telescopes, which light wavefront may 
be distorted by atmospheric aberrations, a deformable cur 
Vature mirror operably connected to the wavefront Sensor 
and positioned in the path of the data-encoded light for 
modifying the wavefront curvature of the data-encoded light 
in response to the wavefront curvature determined by the 
wavefront Sensor. Preferably, each transceiver has an 
arrangement for distinguishing/separating the transmitted 
and received light waves for bi-directional data transmis 
SO. 
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ATMOSPHERC OPTICAL DATA TRANSMISSION 
SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a division of U.S. patent appli 
cation Ser. No. 09/892,913, “Atmospheric Optical Data 
Transmission System,” filed Jun. 26, 2001. The subject 
matter of the foregoing is incorporated herein by reference 
in its entirety. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to optical data trans 
mission System for transmitting data by light waves through 
the atmosphere and, in particular, to Such a System in which 
the changing atmospheric conditions are compensated for 
without the loSS of data transmission. 

0004 2. Description of the Related Art 
0005 There is a rapidly expanding need for data trans 
mission and an infrastructure to accomplish Same. While the 
use of fiber optics has increased the capacity and efficiency 
of data transmission, the expanding data transmission needs 
require continual additions to the fiber optics infrastructure 
at enormous expense and difficulty. While there have been 
experiments and attempts to augment the data transmission 
System by using light waves through the free-space of the 
atmosphere, the inevitable changes in atmospheric condi 
tions have frustrated the accuracy and reliability of Such 
atmospheric optical data transmission experiments and 
attempts. For example, dust, Smoke, fog and rain can inter 
fere with, or block the transmission of light waves from one 
point to another by Scattering and overall attenuation of the 
light beam, and other atmospheric conditions Such as wind, 
heat waves and the like will create aberrations that are 
constantly changing whereby the light wavefront that is 
received is adversely effected to thereby impair the quality 
of the data transmission. 

SUMMARY OF THE INVENTION 

0006. It is a principal object of the present invention to 
provide a novel free-space optical data transmission System 
that uses adaptive optics Systems for overcoming the afore 
mentioned problems. A further object of this invention is to 
provide Such an optical data transmission System with a 
wavefront curvature Sensor and deformable curvature mirror 
type adaptive optics System for overcoming the atmospheric 
aberrations encountered in the data-encoded light wave 
transmitting and receiving System. A Still further object of 
this invention is to provide Such a free-space optical data 
transmission System using a pair of telescopes with each 
telescope both transmitting and receiving data-encoded light 
and, in addition, with means for distinguishing between the 
data-encoded light transmitted from and received by each of 
the telescopes. Another object of this invention is to provide 
Such a free-space optical data transmission System using two 
telescopes Spaced at a Substantial distance from each other 
and with means for controlling the aiming of each telescope 
at the other telescope in response to Sensing the intensity of 
the light received by each telescope from the other telescope. 
0007 Another principal object of this invention is to 
provide a bi-directional free-space optical data transmission 
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System using a pair of transceiverS Spaced at a Substantial 
distance from each other for both transmitting and receiving 
data-encoded light with each transceiver having an adaptive 
optics System for compensating for atmospheric aberrations. 
A more detailed object of this invention is to provide 
adaptive optics Systems with each transceiver that compen 
sate for aberrations in both the transmitted and the received 
data-encoded light. A further and important object of this 
invention is the use of light diffraction to isolate the opera 
tion of the pair of transceivers in the free-space optical data 
transmission system of this invention. Still another object of 
this invention is to use conjugation of the deformable mirror 
of the adaptive optics System to improve the performance of 
the optical data transmission System. 
0008. Other and more detailed objects and advantages of 
the present invention will appear to those skilled in the art 
from the following detailed description of the preferred 
embodiments and modifications in conjunction with the 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009 FIG. 1 is a diagrammatic elevation view of a 
typical installation of a free-space optical data transmission 
System of the present invention wherein a variety of atmo 
Spheric conditions may be created between the pair of 
transceivers of the System by reason of the Surrounding 
Structures and activities. 

0010 FIG. 2 is a diagrammatic illustration of a pair of 
telescope transceivers in a preferred embodiment of a free 
Space optical data transmission System of the present inven 
tion, with an adaptive optics System provided with each 
transceiver for compensating for light aberrations in both the 
transmitted and the received light waves. 
0011 FIG. 3 is a diagrammatic illustration similar to 
FIG. 2 of a pair of telescope transceivers with a modified 
form of the adaptive optics System provided with each 
transceiver. 

0012 FIG. 4 is a diagrammatic illustration similar to 
FIGS. 2 and 3 of a pair of telescope transceivers but with 
an adaptive optics System provided with only one of the 
transceivers. 

0013 FIG. 5 is a diagrammatic illustration similar to 
FIGS. 2, 3 and 4 with the adaptive optics systems on each 
transceiver having a plurality of wavefront Sensors and 
deformable mirrors for accomplishing a plurality of aberra 
tion compensations at each transceiver. 
0014 FIG. 6 is a diagrammatic illustration of the optical 
System of a transceiver of the free-space optical data trans 
mission System of the present invention. 
0015 FIG. 7 is an optical diagram of another embodi 
ment of the optical System of a transceiver of the free-space 
optical data transmission System of the present invention. 
0016 FIG. 8 is a diagrammatic illustration of still 
another embodiment of the optical System of a transceiver of 
the free-space optical data transmission System of the 
present invention. 
0017 FIG. 9 is a diagrammatic illustration of still 
another embodiment of the optical System of a transceiver of 
the free-space optical data transmission System of the 
present invention. 
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0.018 FIG. 10 is a diagrammatic illustration of the opti 
cal System of a typical wavefront Sensor for use in the 
transceivers of the free-space optical data transmission SyS 
tem of the present invention. 
0.019 FIG. 11 is a diagrammatic illustration of an alter 
nate embodiment of the wavefront sensor membrane mirror 
and driver shown in FIG. 9. 

0020 FIG. 12 is a diagrammatic elevation view of the 
actuator pattern on the back Side of a typical deformable 
mirror for the adaptive optics System of the free-space 
optical data transmission System of the present invention. 
0021 FIG. 13 is a diagrammatic elevation view similar 
to FIG. 12 but illustrating another actuator pattern for the 
deformable mirror. 

0022 FIGS. 14A-14E are diagrammatic views illustrat 
ing an operating Sequence for controlled aiming of the pair 
of transceivers at each other in the free-space optical data 
transmission System of the present invention. 
0023 FIGS. 15, 16, 17 and 18 are diagrammatic illus 
trations of different embodiments of arrangements for Sepa 
rating and distinguishing the data-encoded light transmitted 
and received by each of the transceivers of the free-space 
optical data transmission System of the present invention. 
0024 FIG. 19 is an enlarged diagrammatic illustration of 
one possible, Simplified embodiment of a fiber optic element 
for transmitting and receiving the data-encoded light and 
Splitting the light for the wavefront Sensor and data receiver 
in the transceivers of the free-space optical data transmission 
System of the present invention. 
0.025 FIG. 20 is an enlarged diagrammatic illustration of 
one embodiment for physically Separating the transmitted 
and received data-encoded light beams by the use of an 
integrated optical wave guide. 
0.026 FIG. 21 is a diagrammatic illustration of the char 
acteristics of a diverging array of data-encoded light beams 
for illustrating the practical limits of data transmission 
distance for an array of light beams from a single telescope 
in a free-spaced optical data transmission System of the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0.027 Referring now to FIG. 1, the free-space optical 
data transmission System S of the present invention is 
diagrammatically illustrated as being used in an urban 
environment where a pair of transceivers, generally desig 
nated 10 and 10", of the system are located on the roofs of 
two buildings at Substantially Spaced locations but having a 
line-of-Sight 12 that is not obstructed by any permanent 
structures. Either or both of the transceivers 10 and 10' may 
be mounted in a building at a window for protection from 
weather conditions, as long as means are provided for 
cleaning and de-moisturizing the window Surfaces to 
thereby allow an unobstructed transmission of light between 
the transceivers 10 and 10' along the line-of-sight 12. For 
example, passing a thin wiperblade over the window Surface 
will not interfere with the data transmission and reception. 
FIG. 1 includes illustrations of buildings of different 
heights, automobiles, roadways, trees and a Smoke Stack on 
one building, which, in addition to weather conditions, 
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create different atmospheric conditions. Rain, fog, Smoke 
and the like lower the intensity of the transmitted light 
whereas conditions Such as Sun-induced and Structure-cre 
ated heat waves, air conditioning discharges, heat eXchanger 
discharges, automobile exhaust discharges, etc. create aber 
rations in the line-of-Sight 12 in addition to the normal 
atmospheric aberrations caused by weather conditions. Of 
course, even in a rural application of the free-space optical 
data transmission Systems of the present invention, the 
atmospheric conditions in a line-of-Sight 12 between the 
transceivers 10 and 10' will be influenced by the varying 
terrain, vegetation and lack of vegetation, as well as the 
weather conditions, thereby creating variable aberrations 
along the line-of-Sight 12. The free-space optical data trans 
mission Systems of the present invention mitigates these 
atmospheric conditions that otherwise adversely affect the 
transmission and reception of data-encoded light waves. By 
using adaptive optics in the transceivers of the present 
invention, more available data-encoded light is available 
(provided) to the receiving transceiver with a good image 
quality. Also, by using bi-directional light transmission, the 
incoming beam wavefront information may be used to 
pre-correct the transmitted light beam by the adaptive optics 
of that transceiver because the bi-directional beams are on 
the same path. 

0028. The transceivers 10 and 10' may be identical or of 
different constructions for various reasons, as will appear 
below. It should be noted that throughout the specification 
and drawings the same numeral(s) and letter(s) will be used 
to identify identical or Substantially similar components and 
that the components of one transceiver (10) will be identi 
fied with a prime () symbol to distinguish its components 
from those of the other transceiver (10). 
0029. Before describing the embodiments of this present 
invention in detail, Some of the features, principles and 
variations will be described briefly. FIG. 1 illustrates a 
Single free-space optical data link between transceiverS 10 
and 10' and, for economic and physical reasons, it is 
preferred that the link is bi-directional with a single objec 
tive lens in each transceiver Serving as both the transmitter 
and the receiver telescope. However, where appropriate one 
telescope may be used as only a transmitter and the other 
telescope as only a receiver, either continually or periodi 
cally, in a unidirectional System whereby each telescope will 
not literally be a “transceiver', i.e. bi-directional, but for 
convenience the term “transceiver' will be used herein to 
mean both bi-directional and unidirectional telescope 
devices of the free-space optical data transmission Systems. 
Even for Such a unidirectional System, a counter-directional 
probe beam will be used for the operation of the wavefront 
Sensor, as described more fully below, whereby light is being 
transmitted in both directions, and preferably that probe 
beam will be of a different wavelength than the data-encoded 
light beam. In each embodiment of the System of the present 
invention, the light beams transmitted in opposite directions 
are exposed to and Sample the Same atmospheric conditions, 
whereby the wavefront data Sensed at each transceiver is 
relevant to the data transmission. Also, it should be noted 
that the data-encoded light received by each of the trans 
ceivers 10 and 10' of this free-space data link may be 
processed or retransmitted in any convenient and conven 
tional manner, Such as, through fiber optics or another 
free-space data link of this or any other type. 
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0.030. In the bi-directional free-space optical data trans 
mission System of the present invention, at present it is 
preferred to use light of 1.55 um (microns) wavelength for 
both the data-encoded light transmission and wavefront 
Sensing, as described below, although different wavelengths 
may be used for data and wavefront Sensing, and other 
wavelengths may be used and even preferred under certain 
atmospheric conditions. For instance, the 1.31 um wave 
length may perform well with the present System in a Single 
wavelength or in WDM (wave division multiplexing) mode, 
but may present problems in a WDM mode due to the 
number of atmospheric (OH) absorption features. Further, 
the present commercial unavailability of amplifiers for 1.31 
tim at a reasonable cost, renders that wavelength less attrac 
tive. 

0.031 While the use of a single pair of transceivers 10 and 
10' normally will be used for a free-space data link of the 
present System for reasonable distances, i.e., 1 km to 2 km 
and perhaps beyond, it is also possible and within the Scope 
of the present invention for Significantly longer distances to 
use an arrangement of two or more free-space optical data 
transmission Systems operating Side-by-side to increase the 
reliability and, with Such an arrangement, it is preferred that 
the output apertures of the transceivers be placed close 
together and that the phase of the data Signals transmitted be 
maintained. In the case of using one or more adjacent 
apertures, the apertures should be close enough together that 
the images in the receiver telescopes should Sufficiently 
overlay so that significant energy from each telescope can be 
coupled to a single fiber. Alternatively the linkS can, for 
example, be placed far enough apart that there is no inter 
action between them (separation of a few arc-minutes or 
greater with the preferred embodiments) So that they can be 
operated completely independently. In the case where the 
transmitter telescopes are placed closely together Sufficient 
attention must be paid to the transmitter telescopes optical 
coherence to ensure that problems are not encountered due 
to Spatial or temporal interference. Data modulation signals 
from each of the transmitting telescopes should be in phase. 
However, it is important that the optical phase from each 
telescope should either be controlled to much better than a 
wavelength or be randomized to prevent interference effects 
at the receiver. The path length can be controlled actively, 
but requires a Second wavefront Sensor to determine the 
relative path length delays, or piston errors that occur 
between the disparate apertures. Interferometric piston Sen 
Sors are well known in the art and can be based on fringe 
tracking or a simple two arm interferometer. Optical phase 
randomization can be achieved using the same laser light, 
split to feed each telescope (possibly coherently amplified), 
provided that dissimilar path delays greater than the optical 
coherence length are introduced in each telescope, and 
provided Such delays are consistent with maintaining a 
Sufficiently consistent data Signal phase, relationship. Opti 
cal phase randomization may also be achieved by using a 
Separate transmitter diode or laser diode for each telescope, 
which also implies the use of optical-electrical-optical 
(OEO) conversion or an incoherent optical amplifier (optical 
transistor) to transfer the signal. In a similar way, careful 
attention must be paid to coherence issues if optical Signals 
from Several independent receiver telescopes are to be 
optically combined. The same Solutions of controlling the 
piston errors, or ensuing the Signal are incoherently com 
bined can also be applied to the receiver context. Whenever 

Aug. 12, 2004 

optical beams from Separate Sources are combined the 
optical bandwidth of the transmitter sources must be much 
greater than the bandwidth of the data Signal, to prevent 
unwanted temporal interference from adding exceSS noise to 
the combined signal. 
0032 Presently, it is contemplated that the most desirable 
light Sources for transmitting the data-encoded light by the 
System of the present invention is directly from an optical 
fiber. This may be a laser diode of any type which is bright 
enough and can be modulated at fiber transmission Speeds. 
If the data signal is electrical, then an electrical-optical (EO) 
conversion will be made. If the data Signal is optical but of 
a wavelength that is incompatible with the present System, 
then an optical-electrical-optical (OEO) conversion will be 
made, Such as from 1.31 um wavelength to 1.55 um wave 
length for the present free-space transmission System. 
0033. The minimum size of the light beam propagated 
between two Systems is Set by diffraction. ASSuming that the 
projected beam has a Gaussian profile of Standard deviation 
Ö (Sigma) and is projected a distance D, then the Standard 
deviation of the projected beam due to diffraction is D w/ to 
where w is the propagation wavelength. A characteristic 
propagation distance, which depends on Ö the width of the 
projected beam (which will be a fraction of about/3 to 4 of 
the objective lens diameter) can be defined. At and beyond 
the characteristic propagation distance, phase information 
from the projecting/transmitting telescope is converted to 
pure amplitude variations at the receiving telescope. The 
characteristic distance may be defined (somewhat arbi 
trarily) as the distance where D w/tö=6, that is where the 
beam diameter has expanded by a factor of the Square root 
of 2, then D=to/. Therefore, for example, with a 12.5 cm 
diameter telescope lens with a projected ö (Sigma) of 4 cm, 
then the characteristic range would be approximately 3 km. 
Beyond the characteristic range, the data Signal Strength will 
fall as the Square of the distance. For ranges less than the 
characteristic range, there will be increasing propagation of 
wavefront phase information between the two Systems. At 
Some point this propagation of phase information will cause 
instability in the two opposing adaptive optics Systems. 
However, geometric arguments would indicate that instabil 
ity should not be a Serious problem as long as 1>>ö. For 
distances significantly less than the characteristic distance, 
Some differential focus between the transmit and receive 
fibers may be necessary in order to ensure that the aperture 
of the receiving telescope is not significantly under filled. 
Also at these shorter distances pupil illumination may 
become non-uniform due to Fresnel diffraction, and adjust 
ing the transmit beam focus may also improve the pupil 
illumination in this case. 

0034) Referring now to FIGS. 2-5, four embodiments are 
illustrated of typical basic arrangements and components of 
the transceivers 10 and 10" but it is to be understood and will 
readily appear to those skilled in the art that various modi 
fications and combinations of those representative Systems 
may be used for particular applications or other reasons. 
Each transceiver 10, 10' is illustrated in the Figures as 
including a reflecting type telescope 14, 14 but it also is to 
be understood and will readily appear to those skilled in the 
art that other types of telescopes may be used, for example, 
as shown in FIGS. 6, 7 and 8. Each free-space optical data 
transmission System S of the present invention includes at 
least one adaptive optics System, as part of the transceiver 10 
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and/or 10'. While any form of adaptive optics system having 
a wavefront Sensor that is insensitive to light intensity 
variations acroSS the pupil may be used in the data trans 
mission System S to compensate for the aberrations in the 
light waves caused by the atmosphere, it is preferred to use 
a System having a differential, Self-calibrating, curvature 
wavefront sensor and a deformable curvature mirror for 
modifying the Sensed wavefront. Some examples of pre 
ferred wavefront Sensors and their operation are described in 
U.S. patent application Ser. No. 09/579,786, filed May 26, 
2000 and issued on Sep. 17, 2002 as U.S. Pat. No. 6,452,145, 
entitled “Method And Apparatus For Wavefront Sensing”, 
having the same inventors as herein, which disclosure is 
incorporated herein by reference as though Set forth in full. 
Examples of preferred deformable curvature mirrors are 
disclosed in U.S. patent application Ser. No. 09/769,988, 
filed Jan. 25, 2001 and issued on Oct. 15, 2002 as U.S. Pat. 
No. 6,464,364, entitled “Deformable Curvature Mirror”, 
also having the same inventors as herein, which disclosure 
is incorporated herein by reference as though Set forth in 
full. 

0.035 Referring more specifically to FIG. 2, a preferred 
embodiment of the free-space optical data transmission 
system S of the present invention is illustrated in which an 
adaptive optics System is provided on each of the transceiv 
ers 10 and 10". Each adaptive optics system includes a single 
wavefront sensor WFS, WFS and a single deformable 
mirror DM, DM' for sensing and compensating for aberra 
tions in the light waves L,L, respectively, transmitted by the 
asSociated telescope 14, 14, respectively. The light waves L, 
L' Sensed by the respective wavefront Sensors may be the 
Same light waves that are encoded with the data being 
transmitted or Separate light waves, as discussed more fully 
below, but for convenience of description at this point it will 
be assumed that the light waves that are being received and 
Sensed by the respective wavefront Sensors are the Same as 
the data-encoded light waves. Each transceiver 10, 10' is 
provided with a light wave transmitter T, T of any conve 
nient type, Such as, a fiber optic light wave Source, for 
transmitting data-encoded light into the associated telescope 
14; 14 and a receiver R, R' for receiving the data-encoded 
light from the associated telescope in a bi-directional trans 
mission arrangement. For clarity and Simplicity, the data 
transmission in only one direction, i.e., from transceiver 10' 
to transceiver 10 (right to left in FIG. 2) will be described 
first but it will be understood that data-encoded light is also 
being transmitted Simultaneously in the opposite direction, 
i.e. left to right. In this embodiment the light L' first is 
transmitted through beamsplitters B-2" and B-1", for reasons 
that will appear later, to a relay mirror RM' where the light 
is conjugated to a deformable DM' and back to relay mirror 
RM' and then to mirror M' which directs the light L' to 
telescope 14" that transmits the light to telescope 14. The 
light waves L' received by telescope 14 of transceiver 10 are 
transferred to a mirror M from which the light waves are 
directed to a relay mirror RM which may be in the form of 
a parabolic mirror. The Specific optical functions and rel 
evance of mirrors M, M', deformable mirrors DM, DM' and 
relay mirrors RM, RM' will be described below. The incom 
ing light waves are then directed to and reflected from the 
deformable mirror DM back to the relay mirror RM from 
which the light waves are directed to two beamsplitters B-1 
and B-2 positioned in Series to reflect a portion of the light 
and transmit therethrough the remaining portion of the light 
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reaching that beamsplitter in a conventional manner. The 
light waves reflected by the first beamsplitter B-1 are 
directed to the wavefront sensor WFS either directly or 
indirectly from another mirror M-1 as shown in FIG. 2. The 
initial transmission of light waves L' from transceiver 10 
that reach the wavefront sensor WFS normally will have 
aberrations caused by the atmospheric conditions between 
the transceivers 10 and 10' which will be sensed and 
identified by the wavefront sensor WFS, as disclosed more 
fully in the aforementioned U.S. patent application Ser. No. 
09/579,786. In turn, the wavefront sensor WFS will control 
the shape of the deformable mirror DM to compensate for 
the aberrations in the wavefront of the light waves L', 
whereupon the wavefront sensor WFS will then sense a 
compensated wavefront as corrected by the deformable 
mirror DM with the aberrations eliminated or virtually so. 
Thus, the portion of the light waves L' passing through the 
beamsplitter B-1 are also corrected and a portion thereof will 
be reflected by the beamsplitter B-2 to a light wave receiver 
R of the transceiver 10 as the data-encoded light in virtually 
the same form that was transmitted by the transmitter T of 
the transceiver 10'. AS the atmospheric conditions along the 
line-of-sight 12 (see FIG. 1) change, as described above, 
they create new or different aberrations in the light waves L' 
and this change in condition will be sensed by the wavefront 
sensor WFS for in turn modifying the deformation of the 
deformable mirror DM to compensate for the changed 
aberrations whereby the light receiver R continually receives 
corrected light waves as a result of the operation of the 
adaptive optics System comprising the wavefront Sensor 
WFS and the deformable mirror DM. 

0036) As noted at the outset and thus far described, the 
free-space optical data transmission system S of FIG. 2 is 
transmitting data-encoded light in only one direction (right 
to left in FIG. 2) wherein the transceiver 10 functions to 
receive and correct light waves L' that are transmitted by the 
transceiver 10'. The system S also serves to transmit and 
receive data-encoded light Lin the opposite direction (left to 
right) by using the identical or similar components to 
provide a bi-directional data transmission System. However, 
since the wavefront sensor WFS is continually sensing the 
wavefront of the light L' that is being received by transceiver 
10 and correcting that wavefront by controlling the deform 
able mirror DM, the light waves L transmitted by transmitter 
T that are also reflected off the deformable mirror DM will 
be modified, in advance, to compensate for the aberrations 
in the wavefront that will be created by the atmospheric 
conditions between the transceivers 10 and 10'. Thus, the 
wavefronts actually are partially compensated for by each 
deformable mirror DM, DM' prior to being transmitted by 
the coupled telescope 14, 14 and then additionally compen 
sated by the other deformable mirror DM', DM of the 
receiving transceiver 10", 10, respectively. The bi-directional 
light transmissions pass through the Same atmosphere in the 
line-of-sight 12 and therefore the wavefront sensors WFS, 
WFS" are continually Sampling the Same atmospheric con 
ditions and aberrations. Further, it is possible for the wave 
front Sensors WFS and WFS' to share data for wavefront 
compensation by transmitting that data with the other data 
encoded light. Generally, atmospheric conditions that are 
closer to the telescope receiving the light waves have a 
greater influence on the phase of the incoming wavefront 
than atmospheric conditions closer to the Source of the light 
waves. On the other hand, atmospheric conditions closer to 
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the transmitting telescope will mainly affect the amplitude in 
the receiving telescope and the direction of the transmitted 
light beam. GroSS Steering or misdirection of the light beam 
by aberrations near the transmitting telescope can cause the 
beam to miss the receiving telescope. Higher order aberra 
tions will have a more complex effect on the beam profile, 
but will similarly modulate intensity. 

0037. In order to more effectively compensate for the 
atmospheric conditions and aberrations, the proper deform 
able mirror conjugation is used by the present invention. The 
amount of conjugation adjustment that is available is 
restricted by diffraction effects. Since conjugation is 
achieved by re-imaging a location in the beam path onto the 
deformable mirror DM, DM', the resolution of the imaging 
system (that is the telescopes 14, 14") must be sufficient to 
resolve the individual actuators (described below and shown 
in FIGS. 10 and 11) of the deformable mirror at the 
conjugate distance, although the image may be Somewhat 
fuZZy. It is preferred that the beam size is chosen So that the 
receiver telescope is in the caustic Zone of the transmitter 
telescope, which would place the maximum range of con 
jugation at approximately /3 of the link distance for a 19 
actuator System (see FIG. 12). The range of conjugation 
may be increased by increasing the Size of the telescopes, 
which is an option that could become particularly attractive 
when using an array of transmitter/receivers in the focal 
plane, although this increases the cost as well. When using 
multiple transmitter/receiver Sources, the use of multi-con 
jugate adaptive optics can also improve the field of View of 
the correction, allowing for better Overall throughput. The 
optical System must maintain an accurate conjugation of the 
deformable mirror to the wavefront Sensor, and accurately 
maintain registration of the center of the membrane mirror 
(described below, or with the wavefront reference position) 
and the input and output optical fibers. 

0.038 Returning now to the application of the proper 
conjugation to the embodiment of FIG. 2, nominally the 
deformable mirror conjugation C of deformable mirror DM 
would be located about one-third of the distance from the 
transceivers 10 to the transceiver 10' to provide an average 
location for the aberration corrections and, Similarly, the 
conjugation C" would be one-third of the distance from 
transceiver 10' to transceiver 10. However, if it is determined 
that the maximum aberrations consistently occur at a dif 
ferent location along the line-of-Sight 12, Such as, above an 
industrial plant or large asphalt parking lot, one of the 
deformable mirror conjugations C or C" may be moved to 
that location of maximum aberrations by any appropriate 
optical means to thereby maximize the effectiveness of the 
wavefront correction. One Such optical means is a tunable 
deformable mirror in the position of mirrors M, such as a 
deformable mirror of the type described below with respect 
to FIGS. 12 and 13 but with only a single electrode segment 
actuator. Specifically, by appropriately tuning the mirror M 
location the deformable mirror conjugation C of transceiver 
10 may be selected, and by tuning the mirror M" deformable 
mirror conjugation C" of the transceiver 10' may be selected, 
which locations normally will be closer to the respective 
asSociated telescopes 14, 14 and/or a location of maximum 
aberrations. 

0039. By the optical data transmission system S of the 
present invention using adaptive optics and proper beam 
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sizing, the light reflected from each Segment of the deform 
able mirror DM, DM" fills the entire receiving telescope 14", 
14, respectively. 
0040. Referring now to FIG. 3, this embodiment of the 
free-space optical data transmission System S again is pro 
vided with a pair of transceivers 10 and 10' with telescopes 
14 and 14", respectively, as described with respect to FIG. 2, 
but the arrangement of the light wave transmitting, light 
wave receiving and adaptive optics Systems for each of the 
transceivers is somewhat different than in the embodiment 
of FIG. 2, although the basic process and functions remain 
the same. Again, the transceivers 10 and 10" are identical and 
each is provided with a transmitter T, T, a receiver R, R and 
an adaptive optics System having a wavefront Sensor WFS, 
WFS" and a deformable mirror DM, DM'. The data-encoded 
light waves are transmitted by each transmitter T, T and 
reflected from a first beamsplitter B-1, B-1' directly into the 
telescope 14, 14" for transmitting the light waves, L., L to the 
other telescope without first being reflected off a deformable 
mirror as in FIG. 2. The light waves received by each 
telescope 14, 14 pass through the first beamsplitter B-1, B-1 
to a mirror M, M' where the light rays are reflected to the 
relay mirror RM, RM', then to the deformable mirror DM, 
DM', back to the relay mirror RM, RM', then to a second 
beamsplitter B-2, B-2" where a portion of the light passes 
through the beamsplitter to a receiver R, R and the remain 
ing portion of the light is reflected to the wavefront Sensor 
WFS, WFS' either directly or indirectly from a mirror M-1, 
M-1'. In this embodiment, only the incoming light waves are 
corrected by the adaptive optics System of that transceiver 
10, 10" because the transmitted light waves from each 
transmitter T, T are reflected directly into the associated 
telescope 14, 14 by the first beamsplitter B-1, B-1", rather 
than being corrected in advance as were the light waves from 
each transmitter T, T in transceivers 10, 10' in the embodi 
ment of FIG. 2. This embodiment of FIG. 3 has the 
advantage of adaptive optics Systems in each transceiver for 
independently and Separately correcting the wavefront of the 
incoming light waves, which simplifies the System but it 
cannot assist in correcting the outgoing light waves. If 
desired, the locations of the transmitters T, T and receivers 
R, R' in each transceiver may be reversed so that the light 
being transmitted is corrected by the deformable mirror DM, 
DM' before being transmitted, based on the light L', L 
received by the associated wavefront sensor WFS, WFS'. 
0041 Referring now to FIG. 4, the free-space optical 
data transmission System S has only a. Single adaptive optics 
system (wavefront sensor WFS and deformable mirror DM) 
on the left-hand transceiver 10, although it is the same or 
Substantially similar to the adaptive optics System provided 
with the transceiver 10 of FIG. 2. While this embodiment of 
FIG. 4 may be used for bi-directional data transmission, it 
is not as well Suited to do so as the embodiments of FIGS. 
2 and 3 but rather is more appropriate for unidirectional data 
transmission, Such as from a transceiver 10 on the ground to 
a transceiver 10' in a satellite. The transceiver 10' has a 
transmitter T for transmitting a probe beam of light L that 
preferably is of a different wavelength than the data-encoded 
light L for readily distinguishing therebetween. The wave 
front sensor WFS responds to the light L' for compensating 
for aberrations by controlling the deformable mirror DM to 
correct, in advance, the data-encoded light L being trans 
mitted by transmitter T through telescope 14 to telescope 14 
where it is received by receiver R. With this arrangement the 
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receiver R' may be a simple optical fiber for detecting the 
light intensity. Again, it is preferred that the mirror M of 
transceiver 10 be conjugationable for establishing the most 
desirable location of the deformable mirror conjugation C. If 
the data transmission system S of FIG. 4 is used between 
earth and a satellite with a transceiver 10' on the satellite, all 
of the aberrations will occur in the atmosphere nearer the 
earth-bound transceiver 10 and theretofore the conjugation 
C would be located close to transceiver 10. 

0042. Referring now to FIG. 5, another embodiment of 
the free-space optical data transmission System S of the 
present invention is illustrated and representative of the 
complexity and refinement that may be incorporated in the 
system. The embodiment of FIG. 5 is similar to the embodi 
ment of FIG. 2 in that each transceiver 10, 10' has both the 
transmitter T, T and the receiver R, R in the location for the 
adaptive optics System to correct both the transmitted and 
received light waves. Here, the adaptive optics System in 
each transceiver 10, 10' is provided with a plurality of 
wavefront sensors (for example, six, WFS-1 through WFS-6 
and WFS-1' through WFS-6) and a plurality of deformable 
mirrors (for example, five, DM-1 through DM-5, DM-1' 
through DM-5') which may be of any number appropriate 
for the particular use of the data transmission System S. The 
number of wavefront Sensors in each transceiver should not 
normally be less than the number of deformable mirrors for 
controlling the deformable mirrors because of implementa 
tion problems, but there may be more wavefront Sensors 
than deformable mirrors, as shown, for additional wavefront 
Sensing and sharing of data. Each deformable mirror is 
matched to a wavefront Sensor in that transceiver Such as 
deformable mirror DM-1 being matched to wavefront sensor 
WFS-1 in transceiver 10, and Successively the deformable 
mirrors DM are matched to the wavefront sensors WFS in 
the same order in which they receive the light waves, i.e. the 
deformable mirrors DM-1 through DM-5 from right to left 
are matched to the wavefront sensors WFS-1 through 
WFS-5 from top toward the bottom of transceiver 10 as 
viewed in FIG. 5. The sixth wavefront sensor WFS-6, 
WFS-6' shares data with one or more of the other wavefront 
Sensors. The conjugate tunable mirror M establishes the 
deformable mirror conjugations C-1 through C-5 for the 
deformable mirrors DM-1 through DM-5, respectively, and 
the conjugate mirror M' establishes the conjugate relation 
ship for the deformable mirrors D-1 through DM-5" of the 
transceiver 10'. The plural deformable mirrors DM in each 
transceiver may be positioned at different distances from 
each other, which places them at different distances from the 
conjugate mirror M, M' to thereby change the Spacing 
between the conjugates. For example, if the Spacing between 
the first two deformable mirrors DM-1 and DM-2 is twice as 
large as the Spacing between each pair of the remaining 
deformable mirrors DM-2 through DM-5, then the spacing 
between the first two conjugates C-1 through C-2 will be 
twice as large as the Spacing between Successive conjugates 
C-2 through C-5. Moreover, while the conjugates C-1 
through C-5 for transceiver 10 have all been illustrated in 
FIG. 5 as being to the left of the conjugates C-1" through 
C-5" of transceiver 10' for simplicity, it is to be understood 
and will readily appear to those skilled in the art that the 
conjugates for each transceiver may overlap the conjugates 
of the other transceiver. Further, while each deformable 
mirror is nominally matched to a Specific wavefront Sensor, 
it should be understood and will appear to those skilled in 
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the art that the wavefront data from each wavefront sensor 
may be shared with wavefront data from the other wavefront 
Sensors in the same or the other transceiver for optimizing 
the wavefront correction. Only a portion of the total wave 
front correction is accomplished by each deformable mirror. 
The deformable mirrors may be provided with the different 
numbers and patterns of electrode actuators (see FIGS. 12 
and 13 and description below) for improving aberration 
compensation and, in general the deformable mirrors that are 
conjugated to distances closer to the transceiver in which 
they are mounted will be provided with more electrode 
actuators for more precise control. Also, it should be noted 
that the relay mirrors RM, RM' in FIG. 5 are each comprised 
of two separate components and could comprise additional 
components if a different arrangement of the deformable 
mirrors is desired. 

0043 FIG. 6 diagrammatically illustrates a typical trans 
ceiver 10a with more detail concerning the telescope aiming 
and the adaptive optics system AO than illustrated in FIGS. 
2-5. The telescope 14a is diagrammatically illustrated as a 
lens that receives the light waves L from a tip-tilt mirror 16 
(which may be the same or in addition to aforedescribed 
mirrors M, M) that receives light from a transmitter Ta along 
the line-of-Sight 12 of a free-space optical data transmission 
System of the present invention. In this embodiment, the 
telescope is intended to be positioned vertically (in spite of 
its orientation in FIG. 6 for convenience of illustration), 
unlike the illustrations in FIGS. 1-5, and the tip-tilt mirror 16 
is capable of being pivoted about two perpendicular axes, 
one on the vertical axis of the telescope like a turret and the 
other horizontal in the plane of the mirror, to cause “tip” and 
"tilt adjustments for aiming the mirror directly along the 
line-of-Sight 12. AS an alternative, the telescope 14a may be 
rotatable on its axis coincident with a vertical axis, either as 
a separate unit or with the entire transceiver 10a, for 
generally aiming the mirror 16 along the line-of-Sight 12, 
whereby the vehicle axis of pivoting of mirror 16 may be 
eliminated. Still another alternative arrangements may be 
used for the course pointing or aiming of the telescopes, 
Such as using other tip-tilt mirrors or the deformable mirror 
or translate the objective lens by Small amounts. By this 
arrangement of the tip-tilt mirror 16 and/or rotation of the 
telescope about its own axis and/or other means, the trans 
ceiver 10a may be accurately aimed along the line-of Sight 
12 toward the other transceiver of this data transmission 
System without requiring adjustable movement of the entire 
transceiver 10a in all three perpendicular axes. The light 
waves from the telescope 14a are focused on a deformable 
mirror conjugate tuning element 18 which is diagrammati 
cally illustrated and may comprise the Single element 
deformable mirror M, M" described with respect to FIGS. 
2-5. The light rays then proceed through an AO relay 20, 
which may correspond to the relay mirror RM, RM' shown 
in FIGS. 2-5, to the deformable mirror DMa, which advan 
tageously here is depicted as a deformable curvature mirror 
of the type disclosed in the aforementioned U.S. patent 
application Ser. No. 09/769,988. The light is reflected from 
the deformable mirror DMa to a lens 22 that refocuses the 
image on the plane of an image detector D, which may 
correspond to the aforedescribed receivers R, R". The image 
detector D may be of any convenient type that is suitable for 
the particular application of the free-space optical data 
transmission System of the present invention, Such as an 
optical fiber for further transmission of the data-encoded 
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light or any other appropriate detector for the desired use of 
the light Such as, a Video camera, a custom format of a 
charged couple device, a single PIN diode, an array of PIN 
diodes, a photon counting detector or the like. The light or 
data may then be conducted or transmitted to any appropri 
ate device 24 for further use. When the deformable mirror 
DMa is not active and working in closed loop with the 
wavefront Sensor, as described below, the image or light 
wavefront received by the image detector D will be the 
uncorrected image received by the telescope 14a. When the 
deformable mirror DMa is appropriately deformed to com 
pensate for the aberrations, the light waves received at the 
image detector D will be diffraction limited, i.e. a wavefront 
corrected for aberrations in the light waves L transmitted to 
the transceiver 10a. Conversely, when the transceiver 10a is 
used for transmitting data-encoded light rays, the transmit 
ting means, Such as an optic fiber positioned at the location 
of detector D will transmit light to the deformable mirror 
DMa and through the telescope 14a to another transceiver as 
described with respect to FIGS. 2-5. In transceiver 10a, a 
wavefront sensor WFS receives a portion of the light 
directed towards the detector D by reason of a beamsplitter 
B, which light is corrected or uncorrected depending on 
whether the deformable mirror is activated or not, respec 
tively, and the data is communicated to a central processing 
unit CPU for processing by data reduction software to derive 
the wavefront curvature in the preferred embodiment and 
provide the data appropriate for operation of the deformable 
mirror DMa. Specifically, as is well known in the art, the 
wavefront is derived or recovered by solving the Poisson 
equation with respect to the intensities of the Dirichlet's 
boundary conditions relative to the shape of the extrafocal 
images detected by the wavefront sensor WFS in the pre 
ferred embodiment, as described in the aforementioned U.S. 
patent applications Ser. Nos. 09/579,786 and 09/769,988. 
The CPU then provides a plurality of separate and controlled 
high Voltage electrical potentials to a plurality of Separate 
conductive electrode segments (described below with 
respect to FIGS. 12 and 13) on the back of the deformable 
mirror DMa through a like plurality of wires W-1, W-2, W-3 
through W-N. The deformable mirror DMa is fixedly 
mounted in a mount 25 and the overall slope of the mirror, 
i.e. the angle of reflection of the optical axis O, can be 
modified by the application of high Voltages to Selected 
electrode Segments and the curvature of the Surface of the 
deformable mirror DMa may be modified for correcting 
aberrations by the application of controlled high Voltages to 
other electrode Segments through other wires, whereby the 
wavefront curvature may be corrected and So detected by the 
wavefront Sensor WFS. 

0044 FIG. 7 diagrammatically illustrates another 
embodiment of a transceiver 10b that uses a slightly different 
optical arrangement. Transceiver 10b is also provided with 
a tip-tilt mirror 16 performing the same functions and a 
telescope 14b but the telescope transfers the light waves L 
directly to the deformable mirror DMb from which the light 
rays are reflected to the beamsplitter B for dividing the light 
waves between the detector D (or receiver R) and the 
wavefront Sensor WFS. 

004.5 FIG. 8 illustrates still another embodiment a trans 
ceiver 10c having a different telescope and adaptive optics 
arrangement which again uses a steering tip-tilt mirror 16 to 
direct the light rays to a primary mirror 28 that reflects the 
light rays to a lens 30 that directs the light rays to a 
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deformable mirror DMc. The light rays are then directed to 
the beamsplitter B for dividing between the detector D and 
wavefront sensor WFS. This telescope embodiment is simi 
lar to a Cassegrain type except that the Secondary is com 
prised of two optical elements instead of a simple convex 
mirror. By using a refractive element in double pass right in 
front of the deformable mirror DMc, the deformable mirror 
may be of a much simpler flat shape rather than curved. 

0046 FIG. 9 illustrates a still further embodiment of a 
transceiver 10d having a still different telescope and adap 
tive optics arrangement. A tip-tilt mirror 16 directs the light 
rays to a parabolic mirror 29 which reflects and directs the 
light rays to a deformable mirror DMd which in turn reflects 
the light rays to a beamsplitter for dividing the light rays 
between a detector D and a wavefront sensor WFS. This 
off-axis reflecting type of telescope may have advantages for 
certain applications. 

0047 As noted above, in each of the four telescope/AO 
systems of FIGS. 6, 7, 8 and 9, at the location of the detector 
D there may be provided either a receiver R or a transmitter 
T of the systems S disclosed in FIGS. 2-5 or, as shown in 
those Figures, one or more additional beamsplitters may be 
provided for accommodating additional receivers and/or 
transmitters. Also, the location of the requisite detector (not 
shown) in the wavefront sensor WFS also may serve as the 
Same location for the detector D, a receiver R and/or a 
transmitter T. 

0048. By way of illustration without limitation; a typical 
wavefront sensor WFS that may be used in the foregoing 
embodiments of the present invention is diagrammatically 
illustrated in FIG. 10. The light rays from the beamsplitter 
B are focused on a membrane mirror 32 mounted on a mount 
34 that is connected to a tuned cavity device 36 which in turn 
is connected to an acoustic driver 38 for acoustically driving 
the membrane mirror at a high rate of Vibration, Such as, but 
not limited to, 4.0 kHz. It is contemplated that it may be 
advantageous to vibrate the mirror 32 at a rate as high as 25 
kHz or more. The light rays reflected from the membrane 
mirror 32 pass through a collimating lens 40 to the wave 
front sensor detector 42. When the membrane mirror 32 is 
not activated to a vibrating State, that is when the membrane 
mirror 32 is flat, the image of the deformable mirror is 
optically in focus on the detector 42. However, when the 
membrane mirror 32 is vibrated, it flexes between concave 
and conveX conditions whereby the image is alternately 
defocused, positively and negatively, on the detector 42 
which data is communicated to the CPU (see FIG. 6) for 
determining the curvature of the light wavefront in the 
aforedescribed manner. 

0049. An alternate construction of the vibrating mem 
brane mirror 32 is shown in FIG. 11 that uses electrostatic 
forces. Specifically, a membrane mirror 44 has a conductive 
reflective coating, which is electrically connected to a drive 
amplifier 45 capable of outputting positive and negative 
Voltages. A fixed Voltage is applied by another amplifier 46 
to a stationary electrode 47 mounted near the membrane 44. 
When the mirror 44 and electrode have the same charge, the 
membrane deflects away from the electrode 47, as shown by 
dashed line 44a, but when the membrane mirror 44 and 
electrode 47 have the opposite charge, the membrane mirror 
44 will deflect toward the electrode, as shown by dashed line 
44b. By adjusting the amplifier 45, the amplitude and rate of 
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Vibration may be adjusted to match the Seeing conditions of 
the AO system. The vibrating mirrors 32 and 44 both provide 
the pair of defocused images for operating the AO System. 
Since the pair of defocused images are provided at Such a 
rapid rate, such as 4.0 kHz, the control of the deformable 
mirror by the wavefront Sensor is nearly instantaneous 
(compared with the turbulence evolution time), continuous 
and in real time for correcting the wavefront of the data 
encoded light received or transmitted by a transceiver of the 
present invention. Additional forms of wavefront curvature 
Sensors are disclosed in the aforementioned U.S. patent 
application Ser. No. 09/579,786, although other wavefront 
Sensors also may be used. 
0050 FIGS. 12 and 13 illustrate typical electrode seg 
ment patterns that may be used on the back of the deform 
able curvature mirrors DM, DM' that are preferably used in 
the free-space optical data transmission System of the 
present invention. AS described more fully in our aforemen 
tioned U.S. patent application Ser. No. 091769,988, the 
deformable mirror DM preferably is comprised of two discs 
or plates (not shown) of any electro-restrictive material, Such 
as PZT or PMN, that are laminated together with a mirror 
formed on one Side and a pattern of electrode Segments on 
the other side. Two typical such patterns are shown in FIGS. 
12 and 13. As shown in FIG. 12, an outer ring of twelve 
electrode Segments 50, an inner ring of Six electrode Seg 
ments 52 and a single central electrode Segment 54 may be 
provided to thereby provide nineteen (19) separate electrode 
Segments to which a high Voltage potential may be sepa 
rately applied and controlled to thereby control the defor 
mation of the deformable mirror DM. The outer ring of 
electrode segments 50 is used for controlling the slope of the 
mirror by Selectively applying Voltages to each of those 
twelve Segments. The inner ring of electrode Segments 52 
and central Segment 54 are used to control the deformation 
of the mirror in that area, which is the area upon which the 
data-encoded light is directed, for correcting the wavefront 
curvature of the light. The wires W-1, W-2, W-3 through 
W-N that are described above with respect to FIG. 6 are 
connected separately to the electrode segments 50, 52 and 54 
for applying the controlled Voltages to each of those elec 
trode Segments. An intermediate ring of six conductive 
Segments 56 is formed between the Outer and inner rings of 
electrode segments 50 and 52, respectively, and these inter 
mediate Segments 56 are electrically grounded for prevent 
ing the buildup of an electrostatic charge on that portion of 
the deformable mirror that otherwise might cause undesir 
able expansion/contraction of the PZT or PMN and a result 
ant movement/deformation of the deformable mirror DM. 
0051) Similarly, the electrode pattern of FIG. 13 of 
deformable mirror DM' includes an outer ring of sixteen 
Segments 50', a pair of concentric inner rings of twelve and 
Six Segments 51 and 52', respectively, and a Single central 
electrode segment 54 to thereby provide thirty-five (35) 
electrode Segments to which high Voltages may be sepa 
rately applied and controlled for deforming the deformable 
mirror DM. Again, the ring of outer segments 50' controls 
the slope of the mirror and the inner rings and central 
segments 51, 52' and 54 serve to deform the mirror for 
controlling the wavefront curvature. An intermediate ring of 
conductive Segments 56" are grounded, as in the pattern of 
FIG. 12. It is to be understood and will appear to those 
skilled in the art that more or fewer electrode Segments and 
grounding Segments may be provided than are illustrated in 
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FIGS. 12 and 13, and that the shape and orientation of the 
Segments may also be varied. 

0052 Referring now to FIGS. 14A-14E, a process is 
diagrammatically illustrated for establishing a communica 
tion link between two transceivers 10 and 10' of the free 
Space optical data transmission System of the present inven 
tion. When an optical communication link of this type is 
initially started or the communication link is broken as a 
result of transitory blockage or environmental conditions, 
Such as heavy fog, an earthquake, a hurricane, a tall building 
having a transceiver Swaying in high winds, or the like, the 
communication link must be established by accurately aim 
ing the two transceivers, 10, 10' at each other and preferably 
that aiming procedure should be automatically performed 
whenever the transceivers are operating but not receiving 
light waves from each other. By the present invention, this 
automatic aiming and alignment may be performed in View 
of the ability of the wavefront sensor WFS in each trans 
ceiver being capable of detecting a light signal, even under 
fairly weak illumination conditions as long as the required 
bandwidth is small. FIG. 14A diagrammatically illustrates a 
condition in which both transceivers 10, 10' are misaligned, 
that is, the respective light beams Land L are aiming off the 
line-of-sight 12 (see FIG. 1) between the two transceivers. 
When such a condition is detected, such as by the receivers 
of each transceiver failing to receive any light while both 
transceivers are transmitting light, one transceiver 10' is 
operated to defocus its outgoing light beam by, for example, 
applying an appropriate offset to the control for the deform 
able mirror, to thereby cause Some of the transmitted light L' 
to impinge upon the other transceiver 10, as shown in FIG. 
14B. As an alternative, both transceivers 10, 10' may be 
operated to defocus the outgoing light beam, but the method 
will be described below as having only one light beam 
defocused for Simplicity of explanation. Also, it should be 
noted that each wavefront Sensor in a transceiver is provided 
with an adequate acquisition field of view F/V (shown as 
dotted lines in FIG. 14B for transceiver 10) for actually 
receiving light from the defocused light beam. The acqui 
sition field of view F/V is a function of the wavefront sensor 
construction and, for example, for the wavefront Sensor 
shown in FIG. 10 the acquisition field of view is determined 
by the size (diameter) of the membrane mirror 32. At 
present, for a data transmission System S of 1 to 2 km it is 
anticipated that an acquisition field of View of about 2 arc 
minutes will be adequate. Each transmitter preferably is 
provided with a power driven mechanism for appropriately 
changing the direction in which the transceiver is aimed, 
such as by the tip-tilt mirror 16, as described above with 
respect to FIG. 6, or the telescope may be mounted on a 
gimbal and aimed as illustrated in FIGS. 14A-14E. In 
response to the weak wavefront Sensor Signal induced in the 
transceiver 10 by the defocused light beam L' shown in FIG. 
14B, the transceiver 10 slowly adjusts its aim to point at 
transceiver 10', as shown in FIG. 14C. The bandwidth of 
this adjustment is low due to the low illumination level at the 
aperture of the telescope of transceiver 10. The low band 
width may also aid the System in relocking by averaging 
over the varying aperture illumination caused by Scintilla 
tion. With the transceiver 10 accurately pointing at the 
transceiver 10', as shown in FIG. 14C, the transceiver 10' 
Senses an increase in illumination and, in response thereto, 
turns on its adaptive optics loop at a low bandwidth and 
begins to remove the defocus from the light beam L', as 
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shown in FIG. 14D, and starts aiming at transceiver 10. 
Both transceiver systems increase the bandwidth of adaptive 
optics correction as the wavefront Sensor illumination levels 
increase during this aiming proceSS until the transceivers 10 
and 10' are accurately aimed at each other, as shown in FIG. 
14E. Once the data transmission System is aligned, it is 
unlikely that realignment will be required during operation 
except upon the occurrence of disruptive conditions Such as 
light beam blockage by fog or physical objects, Such as a 
helicopter, light beam disruption by extreme turbulence 
events, Such as wind, hurricanes, earthquakes, etc., or partial 
component failure. In any event, thereafter the data trans 
mission System of the present invention will automatically 
realign itself in the aforedescribed manner illustrated in 
FIGS. 14A-14E. 

0.053 For most applications of a free-space optical data 
transmission System, Such as the System of the present 
invention, it is desirable that the data transmission be 
bi-directional, such as described with respect to FIGS. 2-5, 
for reasons of economy, although it is certainly possible to 
have Separate Systems for transmitting the data-encoded 
light in opposite directions. With a bi-directional data trans 
mission System, the transmitted and perceived Signals at 
each transceiver must be distinguishable (separable) to avoid 
any possibility of mixing the transmitted data-encoded light 
with the received data-encoded light, Such as might occur by 
backScatter as a result of heavy fog. The present invention 
contemplates using one or more of at least five different 
physical methods for distinguishing/separating the incoming 
and the outgoing light beams from each other at each of the 
transceivers of the communication link, which five methods 
may be broadly categorized as follows: 

0054 (1) The use of wavelength separation; 
0055 (2) The use of orthogonal linear polarization 
or right- and left-handed circular polarization; 

0056 (3) The use of time domain multiplexing; 
0057 (4) The use of the light propagation direction; 
and 

0.058 (5) The use of spatial diversity. 
0059) Some of these five methods will be described 
below in more detail with respect to specific embodiments 
illustrated in FIGS. 15-18, but it seems appropriate to briefly 
Summarize each of those methods at this point in the 
disclosure. The first method of using wavelength separation 
involves using two different wavelengths of light being 
transmitted by the two transceivers with appropriate com 
ponents associated with the receiver of each transceiver to 
discriminate between the wavelengths of the transmitted and 
received light. The Second method of using polarization, 
linear or circular, includes the use of light polarizers with the 
transceivers for polarizing the light transmitted by each 
transceiver differently so that the polarized light that is 
received is distinguishable from that which is being trans 
mitted by that transceiver. The third method of using time 
domain multiplexing includes the use of components with 
each transceiver to intermittently transmit and receive the 
light waves, that is, when one transceiver is transmitting the 
other transceiver is only receiving and Vice-versa for short 
time periods. The fourth method of using the light propa 
gation direction contemplates using a conventional fiber 
optic circulator to Separate the light beams traveling in 
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opposite directions by internal polarization and a Faraday 
rotator to Separate counter-propagating light beams, 
although this method has the potential problem of being 
unable to Separate backScattered transmitter light from the 
light received from the other transceiver. The fifth method of 
using Spatial diversity contemplates the physical Separation 
of the transmitted and received light beams within the 
telescope of each transceiver So that, for example, the 
transmitter, is offset from the optical axis of the System by 
a different direction and/or distance than the receiver is 
offset from the optical axis, which causes any enhanced 
backScatter of transmitted light to physically miss a receiver 
of the same transceiver. Specific examples of Some of these 
methods will now be described with respect to FIGS. 15-18. 
0060 FIG. 15 diagrammatically illustrates a light beam 
distinguishing/separating method for the outgoing and 
incoming light beams using polarization and quarter wave 
plates. Each transceiver 10, 10' is provided with a transmitter 
T, T, a receiver R, R', a wavefront sensor WFS, WFS and 
a beamsplitter B, B' for proportioning the light waves 
between the receiver and wavefront Sensor, all in a manner 
similar or identical to the transceivers described above. In 
addition, the transceivers 10, 10' include a polarizing beam 
splitter PB, PB' and a quarter wave plate QP, QP" along the 
optical axis of the transmission of the data-encoded light. 
The light L (shown by a dot-dash lines) transmitted by the 
transmitter T of the first transceiver 10 passes through the 
polarizing beamsplitter PB, which allows the separation of 
opposite polarization States by transmitting one State and 
reflecting the other State out of the optical System. The light 
L then passes through quarter wave plate QP which turns the 
linear polarization State into circular polarization for propa 
gating the light L to the telescope of the other transceiver 10' 
where it passes through another quarter wave plate QP" that 
returns the light L to its linear polarization with its orienta 
tion now at 90 with respect to the original polarization by 
the polarized beamsplitter PB. The light L then reflects off 
of a second polarized beamsplitter PB' to beamsplitter B' 
where a portion of the polarized light reflects from the 
beamsplitter B' to the wavefront sensor WFS and the 
remaining portion passes through the beamsplitter B' to the 
receiver R. Similarly, the transmitter T" of the second 
transceiver 10' transmits a light beam L' (shown by dashed 
lines) through the polarized beamsplitter PB", the quarter 
wave plate QP" and the quarter wave plate QP whereupon the 
polarization is 90 with respect to the original polarization 
by polarized beamsplitter BP' and therefore the light L' 
reflects from the polarized beamsplitter PB to the beamsplit 
ter B where a portion of the light is reflected to the wavefront 
Sensor WFS and the remaining portion of the light passes 
through the beamsplitter B to the receiver R of the trans 
ceiver 10. Thus, it may be seen that between the polarized 
beamsplitter PB, PB' and the quarter wave plate QP, QP" in 
each transceiver 10, 10' the light is polarized in perpendicu 
lar directions, i.e., the orientation of the received and trans 
mitted polarized light is offset by 90, whereby complete 
distinction/Separation of the data-encoded light is achieved. 
0061 FIG. 16 illustrates a light beam distinguishing/ 
Separating arrangement Similar to that which is shown in 
FIG. 15 and therefore the same components are labeled the 
same and only the differences between the two systems will 
be described. In this embodiment, each transceiver 10, 10' is 
provided with a half wave plate HP, HP' (rather than a 
quarter wave plate QP, QP" as shown in FIG. 15) each of 
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which rotates the polarized light L., L any desired amount 
for distinguishing/separating the outgoing and incoming 
light beams and, where necessary, to inhibit enhanced back 
scatter. The first transceiver 10 has its components in the 
same locations as in FIG. 15 but the second transceiver 10' 
has the components in different locations as a result of the 
different polarization caused by the half wave plates HP, 
HP'. Specifically, the transmitter T" of the second transceiver 
10' is directed to the face of the polarizing beamsplitter PB' 
where polarized light L is reflected from the surface toward 
and through the half wave plate HP' and the half wave plate 
HP to the polarizing beamsplitter PB which reflects the light 
L to the wavefront sensor WFS and receiver R of transceiver 
10. Conversely, the light L from transmitter T of transceiver 
10 passes through the beamsplitter PB, the half wave plate 
HP, the other half wave plate HP' and the polarized beam 
splitter PB' to the beamsplitter B where a portion of the light 
L is reflected to the wavefront sensor WFS" and the remain 
ing portion passes through the beamsplitter B' to reach the 
receiver R'. By adjusting the half wave plates HP, HP' to 
rotate the polarization only 22.5 during each pass there 
through, Symmetry will be provided at both transceivers. 
Again, complete distinguishing/separating of the light 
beams L., L' is achieved So that light transmitted by a 
transceiver cannot be reflected back to the receiver thereof. 

0062 FIG. 17 illustrates another embodiment for distin 
guishing/Separating the incoming and Outgoing light beams 
in the respective transceivers 10 and 10" by using transmitted 
light beams of two different wavelengths from the two 
different transceivers 10, 10'. Here, the transceivers 10, 10' 
are each provided with a fiber wavelength division multi 
plexer (WDM) or an optical fiber circulator 60, 60' through 
which both the transmitted and received light passes. The 
light L from transmitter T of the first transceiver 10 passes 
through the fiber wavelength division multiplexer or circu 
lator 60 then through the beamsplitter B to the beamsplitter 
B' of the second transceiver 10' where a portion of the light 
L is reflected to the wavefront sensor WFS" and the remain 
ing portion passes through the beamsplitter B' to the WDM 
or circulator 60' that Separates the light L of a given 
wavelength from other light and transmits that light L to 
receiver R' of the second transceiver 10'. Similarly, light L' 
of a different wavelength than light L is transmitted by 
transmitter T of the second transceiver 10' through the 
WDM or circulator 60' and through the beamsplitter B' to 
beamsplitter B of the other transceiver 10 where a portion of 
the light L' is reflected to the wavefront sensor WFS and the 
remaining portion passes through beamsplitter B to the 
WDM or circulator 60 which delivers only the light L' of that 
wavelength to the receiver R. Although any number of 
different wavelengths may be used for accomplishing the 
distinguishing/Separating function by this embodiment, it is 
preferred to use two wavelengths in the 1,550 nm “C” band, 
although light of 1,310 nm and 1,550 nm wavelengths may 
be used. 

0.063 FIG. 18 diagrammatically illustrates still another 
embodiment for distinguishing/separating the data-encoded 
light being transmitted and received by a transceiver and this 
embodiment uses the method of Spatial Separation described 
briefly above. Again, each transceiver 10, 10' includes a 
telescope 14, 14 and a wavefront sensor WFS, WFS'. For 
the operation of the wavefront sensors WFS, WFS' and the 
associated deformable mirrors (not shown) in this embodi 
ment, a separate reference light Source LS, LS" may be used 
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and will be So described, even though the data-encoded light 
may be used, as in the previously described embodiments. 
The reference light (shown by solid lines) from light source 
LS is reflected off of a polarizing beamsplitter PB to a 
dichroic beamsplitter DB and then through the telescope 14 
to the telescope 14 of the second transceiver 10' where the 
reference light is reflected off of the second dichroic beam 
splitter DB' to the second polarized beamsplitter PB' where 
the polarized reference light is reflected to the wavefront 
sensor WFS" for operating the adaptive optics system of 
transceiver 10'. Similarly, the reference light source LS" (also 
the same solid lines) of the second transceiver 10' transmits 
a reference light through the polarized beamsplitter PB' that 
is reflected from the dichroic beamsplitter DB' through the 
telescopes 14, 14 to the dichroic beamsplitter DB where it 
is reflected through the polarized beamsplitter PB to the 
wavefront sensor WFS to operate the adaptive optics system 
of the transceiver 10. The use of polarized light in the 
reference light beams Supplied by the light Sources LS, LS' 
eliminates the backScatter of light from entering the wave 
front sensors WFS, WFS" and the use of different wave 
lengths for the reference light LS, LS' than the data-encoded 
light provides the function of distinguishing/separating ther 
ebetween. Each transceiver 10, 10' is provided with a 
matching fiber array FA, FA for transmitting and receiving 
the data encoded light. For example, without limiting the 
scope of the present invention, FIG. 18 illustrates sixteen 
(16) optic fibers in each fiber array FA, FA and the lower 
half (two rows of four fibers) of each fiber array FA, FA 
comprises the fibers for transmitting the data encoded light, 
and the upper one-half (two rows of four fibers) provide the 
receivers for the rays of light from the other transceiver. 
Specifically, a fiber FT of the first transceiver 10 transmits 
the light L (long-dash and short-dash lines) through the 
dichroic beamsplitter DB, the two telescopes 14, 14' and the 
other dichroic beamsplitter DB' to a matched fiber receiver 
FR" in the second transceiver 10'. Similarly, a fiber trans 
mitter FT of the second transceiver 10' transmits light L' 
(dashed lines) through both dichroic beamsplitters and tele 
scopes to a fiber receiver FR of the other transceiver 10 at 
a corresponding location. The remaining fibers of each fiber 
array FA, FA are Similarly matched Such that the optical 
system directs the light from one fiber transmitter FT, FT" to 
only one fiber receiver FR', FR, respectively. Thus, the 
transmitted and received light beams are physically Sepa 
rated by being positioned in Separate locations in each 
transceiver thereby allowing bi-directional data transmis 
SO. 

0064 FIG. 19 is a highly enlarged view of an optic fiber 
embodiment that may be used in the free-space optical data 
transmission System of the present invention for Sharing the 
data-encoded light beam between the receiver and the wave 
front Sensor, rather than using a beamsplitter to Separate the 
light beam. The end of the optic fiber is polished at a small 
angle to the axis and is coated as a beamsplitter whereby 
light falling on any part of the end of the fiber will be 
reflected toward the wavefront sensor for providing light for 
that function. The coating on the end of the fiber may be 
neutral or dichroic for wavelength separation. When the 
light is centered on the core of the optic fiber, the light is split 
either spectrally with a dichroic beam splitter or with a 
neutral coating for accomplishing the function of distin 
guishing/Separating the incoming and Outgoing light beams 
in a bi-directional data transmission arrangement. 
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0065 FIG. 20 illustrates another arrangement for physi 
cally Separating the transmitted and received light beams in 
a bi-directional data transmission System. An integrated 
optical wave guide 70 is fabricated by laying down a pattern 
of dielectric materials on a Substrate to form the desired 
optical waveguide pattern or, in the alternative, Small air 
filled channels 72 and 74 may be formed in the waveguide 
70 and coated with an appropriate metallic or dielectric 
reflective layer. A physical barrier 76 is preferably provided 
in the waveguide between the air passages 72 and 74. The 
light may be transmitted from an optic fiber FT through 
passage 72 and the received light may be received by an 
optic fiber FR from the passage 74. 
0.066 Referring now to FIG. 21, the effects of divergence 
of plural light beams is diagrammatically illustrated. ASSum 
ing that a free-space optical data transmission System of the 
present invention has a transceiver (not shown) having four 
optic fiber transmitters FT (not shown) similar to the 
arrangement illustrated in FIG. 18, the data encoded light 
from each of the fiber transmitters will diverge over the 
distance of transmission, shown diagrammatically com 
pressed from left to right in FIG. 21. At one intermediate 
distance, the four light beams illustrated by the four Solid 
rings 80 will have diverged a certain amount but will still be 
overlapping whereas at a further distance, the four light 
beams will have diverged to a point where they do not 
overlap as shown by the solid rings 80" at the right end of 
FIG. 21. The entrance aperture 82 of the receiving telescope 
14' will receive a Substantial proportion of the light beams of 
the overlapping ringS 80 at the intermediate location which 
will be acceptable, whereas at a greater distance only a Small 
portion of the light of each beam (rings 80) will be received 
by the telescope 14' and, at Some point, the light losses will 
be unacceptable. It is anticipated that the transmitting dis 
tance between telescopes 14 and 14 should not exceed a 
point where at least one-half of the light beam represented 
by each ring 80 is received by the telescope 14. 
0067 By the foregoing descriptions and the attached 
drawings, a free-space optical data transmission System has 
been disclosed that is capable of efficient and accurate 
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transmission of data-encoded light through the atmosphere 
by correcting for atmospheric aberrations through the use of 
adaptive optics, and the data transmission may be bi-direc 
tional by using means for distinguishing/separating the 
transmitted and received light beams. 
What is claimed is: 

1. A free-space optical data transmission System, com 
prising; 

first and Second transceivers having first and Second 
telescopes, Said telescopes Spaced a Substantial distance 
from and aimed in the direction of each other, 

each telescope mounted for controlled movement for 
aiming at the other telescope, each transceiver having 
a light transmitter for providing light to that transceiv 
er's telescope which directs that light to the other 
telescope, 

each transceiver having a light receiver for receiving the 
light from that transceiver's telescope that is received 
from the other telescope, 

means provided with at least Said first telescope and its 
light transmitter for causing a diverging light beam to 
be directed toward and impinge upon Said Second 
telescope, 

means operably connected to Said light receiver of Said 
Second telescope for Sensing the diverging light beam 
from Said first telescope and causing controlled move 
ment of Said Second telescope to aim directly at said a 
first telescope as the Source of the diverging light beam, 
and 

means operably connected to Said light receiver of Said 
first telescope for Sensing a focused light beam from 
Said Second telescope, causing controlled movement of 
Said first telescope to aim directly at Said Second 
telescope as the Source of the focused light beam, and 
adjusting the diverging light beam to focus on Said 
Second telescope. 
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