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OPTICAL COMMUNICATION SYSTEM AND
METHOD USING LASER ARRAYS

ORIGIN OF THE INVENTION

The mvention described herein was made by (an) employ-
ce(s) of the United States Government and may be manu-
tactured and used by or for the Government of the United

States of America for governmental purposes without the
payment of any royalties thereon or therefor.

FIELD OF THE INVENTION

The present disclosure relates generally to optical com-
munication at long distances.

BACKGROUND OF THE INVENTION

In previous approaches, optical communication between
objects 1s conducted by directing an interrogating laser beam
from, for example, a terrestrial station to a satellite orbiting
the earth. At the satellite, the beam 1s encoded with infor-
mation of interest and retroreflected back to the terrestrial
station. Alternatively, a new encoded beam 1s emitted from
the satellite, rather than retroreflecting the original beam,
whose strength and other attributes may be significantly
degraded over the length of 1ts journey. These approaches
are described i1n detail in U.S. Pat. Nos. 9,774,395 and
9,954,613 to Goorjian, the disclosures of which are incor-
porated herein by reference 1n their entirety.

SUMMARY

A system 1s described for optical data transmissions from
satellites using laser arrays for laser beam pointing. It 1s
simple, static, and compact, and provides accurate pointing,
acquisition, and tracking (PAT). In certain embodiments, 1t
combines a lens system and a VCSEL/Photodetector Array
in a novel way for PAT. It can improve the PAT system’s
s1ze, weight, and power (SWaP) 1in comparison to current
systems.

A small telescope can be incorporated into the lens system
to make the steering finer and consequently be applicable to
transmissions between satellites 1n low-Earth orbit (LEO)
and ground terminals.

Laser beam pointing 1s very challenging for LEO, includ-
ing science missions. The arrangements of some embodi-
ments of the mvention comprising a static, less complex
system described herein can replace current architectures
that use dynamical systems (1.e., moving parts, fast-steering,
mirrors (FSM), and/or gimbals) and/or vibration 1solation
platforms to turn the laser to point to the ground terminal.
The novel arrangement achieves diffraction-limited beam
propagation. Further, whereas for conventional electro-op-
tical systems, reaction times to pointing changes and vibra-
tions are on the nanosecond time scale, the arrangement
herein 1s much faster. In addition, for LEO terminals, slew
rates are not a concern with the new system.

Possible additional applications of some embodiments are
directed to planetary distances (deep space optical commu-
nications, DSOC), and to optical multiple access (OMA),
since laser beams from different sources come 1n at different
angles and then are mapped to diflerent photodetectors. As
a result, different beams can be sent back to different
sources. Another application of some embodiments 1s
directed to communication among a constellation of close
satellites, which 1s similar to OMA.
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Also, the system described herein 1s applicable to satel-
lites that use modulating retro-retlectors by increasing the
returning beam power. Current planned architectures envi-
sion a high-powered laser at the ground terminal and a
modulating retro-retlector at the satellite. The retro-reflector
can be replaced with a VCSEL array 1n the satellite for a
strong return response to a weak signal laser beam. This
replacement allows for the use of low power lasers at the
ground terminal. Also, backscatter, often a limiting factor
with a retro-reflected beam, 1s reduced by using a weaker
laser beam from the ground and returning a strong response
signal from the satellite.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed 1n color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Oflice upon request and payment of the necessary fee.

The accompanying drawings, which are imcorporated 1nto
and constitute a part of this specification, illustrate one or
more examples of embodiments and, together with the
description of example embodiments, serve to explain the
principles and implementations of the embodiments.

In the drawings, according to some embodiments:

FIG. 1 schematically shows a system in which a signal
laser beam, transmitted from a ground terminal on the left,
enters a lens system and 1s directed thereby to an element of
a pixel array disposed at the focal plane;

FIG. 2 1s an epi-structure view of a VCSEL/photodetector
array;

FIG. 3 1s a diagram of a VCSEL/photodetector array
pattern in accordance with certain embodiments;

FIG. 4 1s top-view of a 37-clement VCSEL/PIN detector
array;

FIG. 5 shows a simulation of the wave front of a 19-laser
beam cluster at propagation distances of 1 km and 500 km:;

FIG. 6 shows schematically propagation through a relay
lens system (diffraction limited) of two overlapping laser
beams;

FIG. 7 shows a Double Gauss 28° Field Lens system and
the focusing at the focal plane of four beams (colors) that are
incoming {rom the left side at different angles, including 0°
(blue) and 14° (red). Each beam enters as collimated;

FIG. 8 shows laser beams being emitted from lasers at the
focal plane and propagating out of the double Gauss 28°
field lens system at several angles, including those at 0° and
14°;

FIGS. 9a and 956 show the irradiance and phase of a wave
front at 611 km for a individual laser beam that 1s pointed at
0° and has 2 mW of power;

FIGS. 10a and 1056 show the irradiance and phase of the
wave Iront at 611 km for an individual laser beam that 1s
pointed at 14° and has 2 mW of power;

FIG. 11a shows the irradiance at 611 km for two over-
lapping incoherent laser beams that are pointed at 0° and
0.075° and which both have 2 mW of power.

FIG. 115 shows the phase of the beam pointed at 0.075°
of FIG. 11a,

FIG. 12 shows the 1rradiance at 611 km for 5 laser beams
that are pointed at 0° and at £14° in the x and y coordinate
directions, and each has 2 mW of power, with AFOV ©=28°,
FOV (diameter) 304 km at 611 km;

FIG. 13 shows the wrradiance from 2 lasers 1n a cluster
pointed at 0°, which 1s about double that from one laser. The
two beams overlap to form essentially one beam;
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FIG. 14 shows a schematic lens design wherein a small
telescope 1s placed in front of the lens/laser array system;

FI1G. 15a shows the irradiance, FIG. 155 shows the phase,

and FIG. 15¢ shows the vy direction cross section of a wave
front at 611 km for a laser beam, which has a divergence of
0.14° FWHM, in which the output power from the laser 1s
2 W;

FIG. 16 1s a schematic diagram of an optical data trans-
mission system 20 1n accordance with certain embodiments;

FIG. 17a through 17¢ respectively show simulated 1rra-
diance and phase of a wave front at 611 km from system 20
from a laser located at x=0, y=0 um 1n the laser array;

FI1G. 17d 1s a view of microlenses 44i 1n accordance with
certain embodiments;

FIGS. 18a through 18¢ show the irradiance and phase of

a simulated wave front at 611 km from a laser located at x=0,
y=-87 um 1n the laser array;

FIGS. 19a and 1956 show the results of a sitmulation when
the two lasers are turned on together;

FIGS. 20a through 20¢ show the results of a simulation of
a third emission, from a laser located at x=-73, y=—44 um

in the laser array;

FIGS. 21a and 216 show the resulting beam when the
three laser clusters are turned on together;

FIG. 22 shows a pattern of VCSEL clusters and photo-
detectors for producing emissions such as a three-beam
emission;

FIG. 23 1s a schematic diagram of an alternative optical
data transmission system 40 1n accordance with certain
embodiments; and

FIGS. 24a and 245 respectively show a simulated 1rradi-
ance and phase of a wave front, such as generated by a
VCSEL or VCSEL cluster, at 611 km for the laser beam from
system 40. FIG. 24¢ shows the 1rradiance has a Gaussian
profile.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Example embodiments are described herein in the context
ol an optical communication system and method using laser
arrays. The following description 1s 1llustrative only and 1s
not mtended to be 1n any way limiting. Other embodiments
will readily suggest themselves to those of ordinary skill in
the art having the benefit of this disclosure. Reference will
be made 1n detail to mmplementations of the example
embodiments as illustrated in the accompanying drawings.
The same reference indicators will be used to the extent
possible throughout the drawings and the following descrip-
tion to refer to the same or like items.

In the description of example embodiments that follows,
references to ‘“one embodiment”, “an embodiment”, “an
example embodiment”, “certain embodiments,” etc., indi-
cate that the embodiment described may include a particular
feature, structure, or characteristic, but every embodiment
may not necessarily include the particular feature, structure,
or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular
feature, structure, or characteristic 1s described 1n connection
with an embodiment, 1t 1s submitted that 1t 1s within the
knowledge of one skilled 1n the art to effect such feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described. The term “exem-
plary” when used herein means “serving as an example,
instance or illustration.” Any embodiment described herein
as “exemplary” 1s not necessarily to be construed as pre-

terred or advantageous over other embodiments.
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In the interest of clarity, not all of the routine features of
the implementations described herein are shown and
described. It will be appreciated that 1n the development of
any such actual implementation, numerous implementation-
specific decisions must be made 1n order to achieve the
developer’s specific goals, such as compliance with appli-
cation- and business-related constraints, and that these spe-
cific goals will vary from one implementation to another and
from one developer to another. Moreover, 1t will be appre-
ciated that such a development effort might be complex and
time-consuming, but would nevertheless be a routine under-
taking of engineering for those of ordinary skill 1n the art
having the benefit of this disclosure.

In accordance with this disclosure, the components, pro-
cess steps, and/or data structures described herein may be
implemented using various types of operating systems,
computing platforms, computer programs, and/or general
purpose machines. Devices of a less general purpose nature,
such as hardwired devices, field programmable gate arrays
(FPGASs), application specific integrated circuits (ASICs), or
the like, may also be used without departing from the scope
and spirit of the inventive concepts disclosed herein. Where
a method comprising a series ol process steps 1s 1mple-
mented by a computer or a machine and those process steps
can be stored as a series of instructions readable by the
machine, they may be stored on a tangible medium such as

a computer memory device (e.g., ROM (Read Only
Memory), PROM (Programmable Read Only Memory),

EEPROM (Electrically Eraseable Programmable Read Only
Memory), FLASH Memory, Jump Drive, and the like),
magnetic storage medium (e.g., tape, magnetic disk drive,
and the like), optical storage medium (e.g., CD-ROM,
DVD-ROM, paper card, paper tape and the like) and other
types ol program memory.

Herein, reference to a computer-readable or machine-
readable storage medium encompasses one or more non-
transitory, tangible storage media possessing structure. As an
example and not by way of limitation, a computer-readable
storage medium may include a semiconductor-based circuit
or device or other IC (such, as for example, a field-pro-
grammable gate array (FPGA) or an ASIC), a hard disk, an
HDD, a hybrid hard drive (HHD), an optical disc, an optical
disc drive (ODD), a magneto-optical disc, a magneto-optical
drive, a tloppy disk, a floppy disk drnive (FDD), magnetic
tape, a holographic storage medium, a solid-state drive
(SSD), a RAM-drive, a SECURE DIGITAL card, a
SECURE DIGITAL drive, or another suitable computer-
readable storage medium or a combination of two or more
ol these, where appropriate. Herein, reference to a computer-
readable storage medium excludes any medium that i1s not
cligible for patent protection under 35 U.S.C. § 101. Herein,
reference to a computer-readable storage medium excludes
transitory forms of signal transmission (such as a propagat-
ing electrical or electromagnetic signal per se) to the extent
that they are not eligible for patent protection under 35
U.S.C. § 101. A computer-readable non-transitory storage
medium may be volatile, nonvolatile, or a combination of
volatile and non-volatile, where appropnate.

Herein, “or” 1s inclusive and not exclusive, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A or B” means “A, B, or both,”
unless expressly indicated otherwise or indicated otherwise
by context. Moreover, “and” 1s both joint and several, unless
expressly indicated otherwise or indicated otherwise by
context. Therefore, herein, “A and B” means “A and B,
jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.
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FIG. 1 schematically shows a system 10 1n which a signal
laser beam (solid or broken line rightward arrows), trans-
mitted from a ground terminal on the left (not shown), enters
a lens system 12 and 1s directed thereby to an element of a
pixel array 14 disposed at the focal plane. Each element, or
pixel 14a, consists of a VCSEL (Vertical Cavity Surface
Emitting Laser) component/photodetector pair, shown 1n
side view 1n FIG. 2 including details of 1ts epi-structure. The
photodetectors are p-type/intrinsic/n-type (PIN) detectors.
In the system 10, the photodetectors detect the possibly
weak signal beam, and the VCSEL component returns a
strong modulated beam to the lens system 12 (solid or
broken line leftward arrows), which sends it to the ground
terminal. System 10 1s configured optically such that an
outgoing light beam emitted by a pixel 14a i response to a
received incoming light beam 1s directed towards the source
of that incoming light beam. As the signal beam changes
direction, e.g., from the solid to the dashed lines, this change
1s detected by the photodetectors, and a laser adjacent to the
detecting photodetector 1s turned on to keep the outgoing
laser beam on target. Alternatively, a VCSEL component
from a different element could send the returning beam
along a slightly different outgoing path to account for
“pointing ahead”. The laser beams are incoherent to avoid
interference eflects. With incoherent outgoing beams from
adjacent lasers, they can overlap so that the returning beam
continues to point at the ground terminal without seli-
interference.

In the system of FIG. 1, the outgoing beam can be much
stronger than the imncoming signal beam, depending only on
the power of the VCSEL. For various levels of outgoing
power, the VCSEL component may consist ol a single
VCSEL or a cluster of VCSELs. The use of a cluster of
VCSELs rather than a larger aperture VCSEL 1s to maintain
the restriction to a single-mode laser beam. The VCSEL
cluster will emit several incoherent beams that are all
single-mode. This restriction 1s desirable to facilitate the
detection of the beam at the receiver by avoiding multi-
modes in the beam.

FIG. 3 1s a diagram of a VCSEL/photodetector array
pattern 1n accordance with certain embodiments. In this
array the pitch, (1.e. the distance between elements), 1s the
same for the VCSEL clusters 145 and the photodetectors
14c. Also, this packing pattern makes the distance between
adjacent elements equal. Each VCSEL cluster comprises a
plurality of VCSELs 144.

FIG. 4 1s top-view of a 37-element VCSEL/PIN detector
array. VCSELs are shown as small black dots 144 and
photodetectors are large white circles 14c.

FIG. 5 shows a simulation of the wave front of a 19-laser
beam cluster at propagation distances of 1 km and 500 km.
The unit of distance in the plane of the wave front is
millimeters. The integrity of each individual beam of the
cluster 1s maintained as it propagates from the lens system.
The spot size of the wave front of the cluster and each of the
individual one of the 19 laser beams 1s dependent on the
propagation distance and the lens system. In addition, the
spot size of the wave front of the cluster 1s dependent on the
array parameters, such as the pitch, (1.e. distance between
the centers of the individual lasers), and the spot size of the
individual laser beams depends on the laser parameters, such
as the aperture diameter of the individual lasers. The wave-
length of the beam 1s 850 nm, which 1s a wavelength for
which VCSELs are well developed for applications.

FIG. 6 shows schematically propagation through a relay
lens system (diflraction limited) of two overlapping laser
beams. As the direction of a target moves away from an
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active laser beam, as detected by the photodetectors, an
adjacent laser 1s turned on to keep the laser beam on target
and the first laser 1s turned off. Alternatively, multiple, e.g.,
three, lasers can be turned on to provide a peak intensity
plateau.

FIG. 7 shows a Double Gauss 28° Field Lens system and
the focusing at the focal plane of four beams (colors) that are
incoming irom the left side at different angles, including 0°
(blue) and 14° (red). Each beam enters as collimated.

FIG. 8 shows laser beams being emitted from lasers at the
focal plane and propagating out of the double Gauss 28°
field lens system at several angles, including those at 0° and
14°. Each beam leaves as collimated. These outgoing beams
have a wavelength of 850 nm. They are incoherent to avoid
interference eflects.

FIGS. 9a and 95 show the 1irradiance and phase of a wave
front at 611 km for a individual laser beam that 1s pointed at
0° from a laser that has 2 mW of power and that is
propagating out of the double Gauss 28° field lens system
described above. The 1rradiance has a Gaussian profile, and
the phase 1s essentially flat, so that this beam 1s diflraction-
limited. The phase 1s shown for wrradiance above 0.1%.
Coordinates are 1n millimeters.

FIGS. 10a and 1056 show the irradiance and phase of the
wave front at 611 km for an individual laser beam that 1s
pointed at 14° from a laser that has 2 mW of power and that
1s propagating out of the double Gauss 28° field lens system
described above. The irradiance has a Gaussian profile, and
the phase 1s essentially flat, so that this beam 1s difiraction-
limited. Coordinates are 1n millimeters.

To account for the signal beam changing direction, a
second laser may be turned on such that the two beams
overlap. FIG. 11a shows the 1rradiance at 611 km for two
overlapping incoherent laser beams that are pointed at 0°
and 0.075° from lasers that both have 2 mW of power. The
phase of the beam pointed at 0.075° 1s shown 1n FIG. 115.

FIG. 12 shows the irradiance at 611 km for 5 laser beams
that are pointed at 0° and at £14° in the x and y coordinate
directions, from lasers that each have 2 mW of power, with
AFOV 0=28° FOV (diameter) 304 km at 611 km.

As mentioned above, the power of a beam can be
increased by using a cluster of lasers (see FIG. 4). FIG. 13
shows the irradiance from 2 lasers which have 2 mW of
power 1n a cluster pointed at 0°, which 1s about double that
from one laser, and the two beams overlap to form essen-
tially one beam.

The above configurations can be incorporated into a
telescope to make the steering finer and consequently be
applicable to transmissions between satellites 1n low-Earth
orbit (LEO) and ground terminals. FIG. 14 shows a sche-
matic lens design wherein a small telescope 1s placed 1n front
of the lens/laser array system to reduce the angle p of the
beam propagation emitted from the lens/laser array system
to the smaller angle a of the beam propagation emitted from
the objective lens of the telescope. Without the telescope, the
spots from two adjacent laser beams from a satellite in LEO
may not overlap on the Earth, so there would be a loss of
coverage of the beam at the ground terminal as the direction
from the lens system to the ground terminal changed. The
telescope design details depend on the design parameters of
the lens/laser array system, the distance to the ground
terminal, the beam spot size, and the sensitivity of the
ground receiver. The length of the system can be reduced by
using two or more telescope lens system 1n series, since the
total magnification of the complete system 1s equal to the
product of the separate magnifications. The magnification of
the telescope M=tfo/fe, where 1o 1s the focal length of the
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objective lens and fe 1s the focal length of the eyepiece lens.
Also, M=p/a, so that the angle of the outgoing beam 1s
reduced for finer aiming.

One application of the arrangements described herein 1s to
the OCSD (Optical Communication and Sensor Demonstra-
tion) program and can be used to augment a laser pointing
system on a CubeSat that uses star trackers for body point-
ing. (A secondary approach would be to use an uplink
ground laser beacon and an onboard quad cell for closed-
loop pointing.) The lens system provides a fine pointing
capability to the OCSD lens system. With the more accurate
pointing, the power requirement would be substantially
reduced and the resulting thermal load also reduced, thereby
mitigating the current thermal load challenge.

The OCSD mission utilized two CubeSats AeroCube-
TB&C, with divergences of the output beams set conserva-
tively to be ~0.06° and 0.15° FWHM, respectively. A
divergence of 0.14° FWHM used 1n computer simulations of
the propagation of a laser beam for a LEO distance of 611
km, 1n order to obtain a spot size diameter at FWHM of 1600
m at the 1mage plane, shows that the power requirement of
the beam can be reduced from 2 W to 90 mW using the
arrangements described here. Specifically, FIG. 15a shows
the wrradiance and FIG. 155 shows phase of a wave front at
611 km for a laser beam, which has a divergence of 0.14°
FWHM, and the case in which the output power from the
laser 1s 2 W. A wide-angle lens, double Gauss with 28° field,
such as that of FIGS. 7 and 8, 1s used. The peak irradiance
of the beam is 7.11E-13 W/(mm)”. The irradiance has a
Gaussian profile, and the phase 1s essentially flat, as seen 1n
FIG. 15¢, so that this beam 1s diffraction limited. The units
for the distances are 1n mm and the spot size 1s about 1600
m.

FIG. 16 1s a schematic diagram of an optical data trans-
mission system 20 1n accordance with certain embodiments.
It comprises three lens systems 22, 24, 26, each having four
lens elements. These four lens elements consist of two
doublets, with the left doublet’s elements 1n reverse order
from that of the right doublet. The four-element lens systems
22, 24 and 26 are each an example of a modern version of
a symmetrical Plossl lens. The Pléssl lens 1s a simpler lens
system than the double-Gauss lens, which has six lens
clements, although the use of the double-Gauss 1s also
contemplated. As used herein, the term “Pléssl lens” denotes
the four-element lens system, such as any of lens systems 22,
24, or 26. Similarly, as used herein, the term “double-Gauss
lens” denotes the six-clement lens system shown in FIGS.
7-8. Lens systems 24 and 26 respectively form an eyepiece
and objective of a telescope assembly 27, and the doublets
of objective 26 are labeled 26(1), 26(2), 26(3) and 26(4). In
certain embodiments, the small middle eyepiece lens system
24 15 a reduction of the right objective lens system 26 by a
factor of sixteen; so that the telescope 27 i1s effectively a
mimature telescope with a magnification factor of sixteen.
The left lens system 22 converts the diverging beam from
the focal plane 28 where the laser array 1s located, to a
collimated beam for entry into system 24 (eyepiece) of the
telescope system 27. System 22 retains the focal length of
the right system 26 (objective) to minimize the angles of
laser beams from the laser array to the vertex of the first
surface of that lens system 22. System 20 includes an
optoelectronic assembly 21 having an array of VCSELs 324,
an array of microlenses 30i each corresponding to a VCSEL,
and a plurality of photodetectors (see FIG. 22) that selec-
tively activate emission from one or more VCSELSs based on
light sensed by one or more photodetectors. Control of the
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30i can be effected by a microprocessor (uUP) 23 or the like.
The VCSELSs 32: can be selected for emission individually
or in groups or clusters, and 1n any desired sequence or
physical or temporal pattern, as detailed herein. The micro-
lenses 30: in front of each VCSEL 32i serve to narrow the
emerging beam and point 1t to the center of the lens system
stop 34, which 1s located between the first (22) and second
(24) lens systems. The focal plane 36 1s where the middle
lens system 24 (eyepiece) focuses the beam. In certain
embodiments, the distances from the last surface of the
middle lens system 24 to the focal plane 36, and from the
focal plane to the first surface of the right lens system 26,
denote approximately fe, the focal length of eyepiece lens
system 24, and fo, the focal length of objective lens 26,
respectively. The telescope’s eflect 1s to reduce the diver-
gence of the beam and broaden the beam, both by the
magnification of the telescope M=lo/fe, a factor of sixteen.

In certain embodiments, the length of system 20, from the
focal plane 28 at which the lasers 32i (and detectors, not
shown) are located, to the distal apex of the distalmost lens
of the objective lens system 26, 1s about 6.2 cm. The
diameter of the objective lens system 26 1s about 2.5 cm. The
beam diameter at the last lens surface 1s about 1.4 mm
FWHM. The length (apex-to-apex) of the objective lens
system 26 1s about 2.1 cm. The focal length of objective lens
system 26, defined as the distance between focal plane 36
and the apex of a surface of lens system 26 proximalmost
thereto, 1s about 1.8 cm. In certain embodiments, the diam-
cters of the two lens systems 22 and 24 are substantially the
same. In certain embodiments, these diameters are each
about 1.6 mm, and the length (thickness) of each of the lens
systems 22, 24 1s about 1.3 mm. The focal length of lens
system 22, defined as the distance between 1mage plane 28
and the apex of a surface of the lens system 22 proximalmost
thereto, 1s about 1.8 cm. The focal length of lens system 24,
defined as the distance between 1mage plane 28 and the apex
of a surface of the lens system 24 proximalmost thereto, 1s
about 1.5 cm.

FIGS. 17a and 1756 respectively show a simulated irradi-
ance and phase of a wave front, such as generated by a
VCSEL or VCSEL cluster, at 611 km for the laser beam {from
system 20. The laser beam has a divergence of 0.0174°
FWHM (full width at half maximum ) and the diameter of the
spot size at the 1mage plane 1s about 200 m. The output
power Irom the laser cluster 1s 30 mW, and the peak
irradiance of the beam is 7.15E-13 W/(mm)>, which is
almost the same as the 7.11E-13 W/(mm)* for the 2 W beam
with the divergence of 0.14° FWHM described above with
reference to FIGS. 154 and 156. The iwrradiance has a
Gaussian profile (FI1G. 17¢), and the phase 1s essentially flat,
so that this beam 1s diffraction limited. The units for the
distances are 1n mm.

In certain embodiments, a combination of two or three or
more beams can be deployed. The resulting combined beam
will form a plateau at the peak, so that changes 1n direction
of that beam with respect to the receiver will not affect the
intensity of the beam at the receiver, as long as the receiver
1s within the plateau area. This insensitivity may not be
possible 11 just one beam 1s transmitted. The results in FIGS.
17a through 17¢ are for a VCSEL or VCSEL cluster 1n the
array at the focal plane of the first lens system 22 whose
center 1s located on the axis of the lens system, so the x and
y coordinates of the center in the focal plane are x=y=0.
Consider a two-beam emission, taking the coordinates of the
two VCSEL or VCSEL clusters to be at x=0 and y=0 um and
at x=0 and y=-87 um respectively—that 1s, a pitch of 87 um.
The 1rradiance and phase of a simulated wave front at 611
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km for the laser beam located at x=0, y=—87 um are shown
in FIGS. 18a through 18c¢. The output power from the laser
cluster 1s 30 mW and now the peak irradiance of the beam
is 7.14E-13 W/(mm)~. The center of the beam is about 200
m down from the center of the other beam from the laser
located at x=0, y=0 um, whose irradiance has a Gaussian
profile, and phase 1s essentially flat, and 1s therefore diflrac-
tion limited.

FIGS. 194 and 195 show the results of a simulation when
the two lasers are turned on together; that 1s, the beam 1s the
combination of the two incoherent beams shown 1 FIGS.
17a-c and 18a-c. There 1s a plateau region formed by the two
laser beams. There 1s no phase plot since the beams are
incoherent. The output power from the two laser clusters 1s
60 mW.

FIGS. 20a through 20¢ show the results of a simulation of
a third emission, from x=-75, y=—44 un, to be added to the
two above, 1n an equilateral triangle configuration. Similarly
to the two-beam case, the irradiance for the beam has a
Gaussian profile (FIG. 20c¢), and the phase (FIG. 2056) 1s
essentially flat, so that this beam 1s diffraction limited. The
center of the beam 1s equidistant from the centers of the
beams 1n FIGS. 17a-c and 18a-c.

FIGS. 21a and 215 show the resulting beam when the
three laser clusters are turned on together; the beam 1s the
combination of the three incoherent beams shown in FIGS.
17a-c, 18a-c, and 20a through 20c. They illuminate a
triangular area. There 1s no phase plot since the beams are
incoherent. In FIG. 215, the x-coordinate cross-section 1s
taken at a y value half way between the centers of the two
beams 1 FIG. 19a, at which y=-100 m. The output power
from the three laser clusters 1s 90 mW. With three beams the
pitch can be increased or the power of the lasers can be
reduced and a plateau region will be produced.

FIG. 22 shows a pattern of VCSEL clusters and photo-
detectors for producing emissions such as the three-beam
emission above and used for coupling the detection of the
incoming signal beam with the transmission of the outgoing
beam 1n accordance with certain embodiments. In this
arrangement, VCSEL clusters are disposed at the vertices of
triangular-shaped photodetectors that are substantially con-
tiguous with one another (save for any necessary electrical
1solation between them). In this example arrangement, the
detection of an incoming signal beam by a photodetector
clement 37 turns on the VCSEL clusters 35 at the vertices of
that that photodetector element. For example, as the signal
beam changes direction and first photodetector 37(1) and

then photodetector 37(2) are impinged, VCSEL 35(1) of
emitting triad 35(1), 35(2), 35(3) 1s turned off, and VCSEL
cluster 35(4) 1s turned on to form a new emitting triad 35(2),
35(3), 35(4).

As seen from the above, the three-laser cluster arrange-
ment of FIGS. 214-215 has combined output power of 90
mW (3x30 mW). The spot size of each beam 1s 200 m, and
a distance of 200 m between centers of the spots assures a
plateau region at the peak intensity. With three lasers, a
distance of 200 m between the centers of the spots produces
a peak intensity greater than that exhibited by the FIG. 15a
and FIG. 156 arrangement, so the distances between the
three laser beam centers can be increased or the powers can
be decreased. By increasing the number of photodetector
clements 37 1n the arrangement of FIG. 22 but keeping the
pattern the same, so that there are 64 photodetector elements
and 42 VCSEL clusters 335, the area covered by all the beams
would cover the area covered by the beam shown i FIG.
15a and FI1G. 15b. When a photodetector element 37 detects
an incoming signal beam, the three VCSEL clusters 33 at 1ts
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vertices are turned on. A VCSEL cluster can for example
consist of seven VECELSs, each with a power of about 4 mW.
This fine pointing capability augments the pointing system
in AeroCube-7C for example. With more accurate pointing,
the power requirement for the laser beam 1s reduced and the
resulting thermal load 1s commensurately reduced. This fine
pointing device 1s static and maintains the avoidance of a
fine pointing addition that uses moving parts such as a
gimbal and a fast steering mirror. The OCSD mission
utilized two CubeSats AeroCube-7B&C. The divergences of
the output beams for 7B and 7C were set conservatively to
be ~~0.06° and 0.15° FWHM, respectively. Using the fine
pointing method described herein to cover the area covered
by AeroCube-7B, which 1s about 6.25 times smaller, the
power 1n each VCSEL cluster could be reduced to about 12
mW from 30 mW by reducing the area covered by each
VCSEL cluster similarly. In a cluster of seven VCSELs, the
power output in each VCSEL 1s reduced from about 4 mW
to 2 mW. Alternatively, the number of PIN elements and
VCSEL clusters can be reduced.

FIG. 23 1s a schematic diagram of an alternative optical
data transmission system 40 1n accordance with certain
embodiments. System 40 1s simpler than system 20 (FIG.
16) 1n that it uses fewer optical components and 1s more
compact and mexpensive to build and maintain. System 40
primarily includes an objective lens system 42, having a
symmetrical Plossl design similar to objective lens system
26 (FIG. 16), and microlens array 44 for directing laser light
from laser array 46, narrowing the emerging laser beams and
directing them towards the objective. The lasers 46i of the
array are VCSELSs that can be activated by microprocessor
43 individually or in clusters based on signals from the
photodetectors (not shown) as described above. Use of a
double-Gauss lens 1n lieu of the Plossl lens design for the
objective 1s also contemplated. System 40 1s shown as part
of a commumnication device 45, disposed for example on
carth or on a satellite, and having an output aperture 47 from
which to recerve mcoming light or deliver outgoing light, for
example to a distant terrestrial or celestial (e.g. satellite)
station 49.

In certain embodiments, the length of system 40, from the
focal plane 48 at which the laser array 46 and microlens
array 44 are located, to the distal apex of the distalmost lens
of the objective lens system 42, 1s about 3.9 cm. The
diameter of objective lens system 42 1s about 2.5 cm, 1ts
length (apex-to-apex) 1s about 2.1 cm, and its focal length 1s
about 1.8 cm. In certain embodiments, the microlenses 44:
shown schematically in FIG. 17a each have a height of about
40 um, a width of about 40 um, and a radius of curvature on
the right side of about —0.012 um. The lasers 467 have a laser
aperture of about 5 um.

FIGS. 24a and 24b respectively show a simulated irradi-
ance and phase of a wave front, such as generated by a
VCSEL or VCSEL cluster, at 611 km for the laser beam {from
system 40. The laser beam has a divergence of 0.0174°
FWHM (full width at half maximum ) and the diameter of the
spot size at the 1mage plane 1s about 200 m. The output
power from the laser cluster 1s 30 mW, and the peak
irradiance of the beam is 8.01E-13 W/(mm)*. The irradiance
has a Gaussian profile (FIG. 24¢), and the phase 1s substan-
tially flat, so that the beam 1s diffraction limited.

The VCSEL and VCSEL array arrangements described
herein can operate at data rates of 1 Gb/s higher. There are
recent developments 1n increasing data rates for VCSELs to
provide 25 Gb/s data rates, and even 100 Gb/s.

While arrangements of with output powers around 4 mW
in clusters of seven elements with output power of about 30
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mW were described, VCSELs and VCSEL arrays with much
higher powers, with output peak powers of 160 W and pulse
widths of 7.2 ns (FWHM), and others with output powers of
almost 10 kW. Thus laser beams for space optical commu-
nications that require more power, such as a few watts, can
be obtained with VCSEL clusters with more elements or
with VCSELs with larger apertures.

Other contemplated applications relate to recent develop-
ments for an inter-satellite omnidirectional optical commu-
nicator (ISOC) that will enable up to 1 Gbps data rates over
a distance up to 200 km 1n free space. Key features of the
ISOC nclude full sky coverage and 1ts ability to maintain
multiple links simultaneously. The ISOC outer {frame 1s a
truncated 1cosahedron small enough to deploy out of a
CubeSat. The frame contains photodetector receivers and
gimbal-less scanning MEMS mirrors for transmit beam
steering. There are mimature transmitter housings (“tele-
scopes’’) that include a single mode laser diode and a MEMS
mirror. The frame’s vertices feature fast photodetectors for
reception and direction finding. To operate MEMS mirrors,
voltages of around 10 V to around 100 V are used.

Also contemplated 1s use with two steering MEMS muir-
rors that require less voltage, around hundreds of mV. The
mirrors provide the pointing over the larger angles and the
arrangement described herein, such as systems 20 and 40
above, provide the fine pointing on a nanosecond time scale.
The random angular disturbance caused by satellite vibra-
tion would be taken care of electronically by the described
VCSEL-photodetector array, also on a nanosecond time
scale.

The arrangements described herein are extendable to
longer, planetary distances. The size of the lens system may
need to be scaled up and the power of the laser clusters
increased. At such large distances 1t may be crucial to 1solate
the optical transceiver assembly from base platform vibra-
tional disturbances by an i1solation pointing assembly, since
any minor shift in direction would cause the laser beam to
miss the receiver. However, with the use of a lens system/
VCSEL-photodetector array system to provide fine pointing,
the eflects of vibrational disturbances would be mitigated on
a nanosecond time scale.

While embodiments and applications have been shown
and described, 1t would be apparent to those skilled 1n the art
having the benefit of this disclosure that many more modi-
fications than mentioned above are possible without depart-
ing from the mventive concepts disclosed herein. The inven-
tion, therefore, 1s not to be restricted based on the foregoing,
description. This disclosure encompasses all changes, sub-
stitutions, variations, alterations, and modifications to the
example embodiments herein that a person having ordinary
skill 1n the art would comprehend. Similarly, where appro-
priate, the appended claims encompass all changes, substi-
tutions, variations, alterations, and modifications to the
example embodiments herein that a person having ordinary
skill 1n the art would comprehend. Moreover, reference 1n
the appended claims to an apparatus or system or a compo-
nent of an apparatus or system being adapted to, arranged to,
capable of, configured to, enabled to, operable to, or opera-
tive to perform a particular function encompasses that
apparatus, system, or component, whether or not 1t or that

particular function 1s activated, turned on, or unlocked, as
long as that apparatus, system, or component 1s so adapted,
arranged, capable, configured, enabled, operable, or opera-
tive.
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What 1s claimed 1s:

1. An optical communication system comprising:

1) an optoelectronic assembly including:

(a) an array of VCSELs, wherein the VCSELs are
arranged 1n clusters and all VCSELSs of a cluster are
activated for simultaneous emission,

(b) an array of microlenses each corresponding to one
or more VCSELs of the array of VCSELs,

(c) a plurality of photodetectors each configured to
generate an output signal in response to detected
light, and

(d) a processor for selectively activating emission from
one or more VCSELSs of the array of VCSELs based
on output signals from the photodetectors;

11) a first lens system, comprising a Plossl lens or a
double-Gauss lens, for directing light to or from the
optoelectronic assembly; and

111) a telescopic lens assembly for directing light to or

from the first lens system, the telescopic lens assembly

having second and third lens systems respectively

forming an eyepiece and an objective of the telescopic

lens assembly, at least one of the eyepiece or objective
comprising a Plossl lens or a double-Gauss lens.

2. The system of claim 1, wherein multiple clusters of
VCSELs are activated for simultaneous emission.

3. The system of claim 2, wherein the number of clusters
activated for simultaneous emission 1s three.

4. The system of claim 3, wherein the three clusters are
arranged 1n an equilateral triangle.

5. The system of claim 1, wherein the photodetectors are
substantially triangular 1n shape, with each VCSEL cluster
being disposed at a vertex.

6. The system of claim 1, wherein the emission 1s at about
30 mW.

7. The system of claim 1, wherein the emission 1s at about
60 mW.

8. The system of claim 1, wherein the emission 1s at about
90 mW.

9. An optical communication device comprising:

1) an optoelectronic assembly including:

(a) an array of VCSELs, wherein the VCSELs are
arranged 1n clusters and all VCSELSs of a cluster are
activated for simultaneous emission,

(b) an array of microlenses each corresponding to one
or more VCSELs of the array of VCSELs,

(c) a plurality of photodetectors each configured to
generate an output signal 1n response to detected
light, and

(d) a processor for selectively activating emission from
one or more VCSELSs of the array of VCSELSs based
on output signals from the photodetectors; and

11) a lens system, comprising a Plossl lens or a double-

Gauss lens, for directing light to or from the optoelec-

tronic assembly; and

111) an aperture 1n optical communication with the lens

system for conveying light between the optical com-

munication device and a remote station.

10. The device of claim 9, wherein multiple clusters of
VCSELs are activated for simultaneous emission.

11. The device of claim 10, wherein the number of
clusters activated for simultanecous emission 1s three.

12. The device of claim 11, wherein the three clusters are
arranged 1n an equilateral triangle.

13. The device of claim 9, wherein the photodetectors are
substantially triangular 1n shape, with each VCSEL cluster
being disposed at a vertex.

14. A method for optical communication with between a
device and a remote station, the method comprising:

1) passing light incoming from the remote station and

outgoing to the remote station through a lens system
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and an aperture of the device, the lens system com-
prising a Plossl lens or a double-Gauss lens;

11) receiving the incoming light at an optoelectronic
assembly of the device, the optoelectronic assembly
including; 5
(a) an array of VCSELs, wherein the VCSELs are

arranged 1n clusters and all VCSELSs of a cluster are
activated for simultaneous emission,
(b) an array of microlenses each corresponding to one
or more VCSELSs of the array of VCSELSs, and 10
(c) a plurality of photodetectors each configured to
generate an output signal 1n response to detected
light; and

111) selectively activating emission of the outgoing light
from one or more VCSELs of the array of VCSELs 15
based on output signals from the photodetectors.

15. The method of claim 14, wherein multiple clusters of

VCSELs are activated for simultaneous emission.

16. The method of claim 15, wherein the number of
clusters activated for simultaneous emission 1s three. 20
17. The method of claim 16, wherein the three clusters are
arranged 1n an equilateral triangle.
18. The method of claim 14, wherein the photodetectors

are substantially triangular in shape, with each VCSEL
cluster being disposed at a vertex. 25
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