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TUNABLE CONTROLLED LASER ARRAY

BACKGROUND

The present invention relates generally to lasers and in particular to tunable lasers
used in telecommunications systems.

Lasers are widely used in high speed data communication devices such as multi-
wavelength fiber optic communication links. In wavelength division multiplexed (WDM)
communication links, the transmission of data via an optical fiber is increased by using
multiple optical signals with different wavelengths simultaneously. Each optical signal is
capable of carrying a different data signal.

 Conventional optical sources for such links are often fixed wavelength distributed
feedback (DFB) lasers. DFB lasers contain a waveguiding structure fabricated in an
active semiconductor, where a continuous grating runs through the device and determines
the wavelength of operation. In general these devices are high power, have excellent
single wavelength characteristics (side-mode suppression ratio), and are extremely stable
over time.

DFB lasers, however, generally operate at fixed wavelengths, and are very
difficult to tune to other wavelengths. Though slight changes in wavelength can be
realized via thermal effects, tuning DFB lasers by large amounts, to cover a large part of a
communication band is often not possible. As such, in order to provide a large, gradual
and varied tuning range, generally a large number of DFB lasers fixed at different
wavelengths are stocked, along with multiple spare DFB lasers. However, system
reconfiguration becomes more complex in order to accommodate multiple DFB lasers.

To overcome these shortcomings, a great deal of effort has been expended on
fabricating’ tunable laser diodes. Unfortunately, delivering the performance of fixed
wavelength DFB lasers with the added benefit of wide tunability at an appropriate cost is
not easily accomplished. There are fundamental reasons why tunability is such a

challenge. - In lasers with precise wavelength control, an optical element governs the

-wavelength, and to tune such a device, the optical path length of the controlling optical

element is varied. Varying the optical path length of the controlling element significantly
induces other complexities that degrade the performance of the laser.

BRIEF SUMMARY OF THE INVENTION
The present invention relates to providing one of many transmission wavelengths
from a simple compact package, useful for multiple wavelength communication in fiber

optic links. In one embodiment the present invention comprises an optical transmission



10

15

20

25

30

35

WO 02/37621 PCT/US01/45341

apparatus. The optical transmission apparatus comprises an array of lasers, an array of
mirrors, and an optical output. Each mirror in the array of mirrors is movable such that
light from a laser from the array of lasers directed to the mirror is directed to the optical
output.

In a further embodiment the present invention comprises an optical transmission
apparatus. The optical transmission apparatus comprises an array of lasers, a lens
collimating light from the laser in the array of lasers, and an optical output. The invention
further comprises a movable mirror movable to receive light collimated by the lens from
any of a plurality of lasers in the array of lasers, the mirror reflecting the light back to the
lens which passes the light to the optical output. In a further embodiment the invention
comprises a mirror positionable to reflect light that normal iincidents from any one of a
plurality of lasers in the arrays of lasers to the optical element.

These and other aspects of the present invention will be more readily understood
when considered with respect to the following description and accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates one embodiment of an optical transmission apparatus having an
individually addressable multi-wavelength laser array directly coupled to a 1:N micro-
mechanical switch;

FIG. 2 illustrates another embodiment of an optical transmission apparatus having
a micro-lens array used to collimate the beams from the laser array and one particular
beam is selected by an array of movable mirrors;

FIG. 2A illustrates one embodiment of an optical transmission apparatus of FIG. 2
having a servo control loop;

FIG. 3 illustrates another embodiment of an optical transmission apparatus having
a tilting mirror where a single lens acts both to collimate and focus the beam;

FIG. 3A illustrates one embodiment of an optical transmission apparatus of FIG. 3
having a servo control loop;

FIG. 4 illustrates another embodiment of an optical transmission apparatus where
the lasers in a laser array are not made parallel to one another, but at varying angles;

FIG. 5 illustrates another embodiment of an optical transmission apparatus with a
movable optical element;

FIG. 6 illustrates a side view of the optical transmission appafatus illustrated in
FIG. 5; ,

FIG. 7 illustrates another embodiment of an optical transmission apparatus with at
least one movable mirror;
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FIG. 8 illustrates another embodiment of an optical transmission apparatus in
which light is provided to a fiber via a movable element being dynamically controlled;

FIG. 9 illustrates one embodiment of a moveable mirror;

FIG. 10 illustrates one embodiment of an optical transmission apparatus in which
light is provided to a fiber via a sliding waveguide;

FIG. 11 illustrates another embodiment of an optical transmission apparatus in
which light is provided to a fiber via a selective multiplexer;

FIG. 12 illustrates a further single lens embodiment in accordance with aspects of
the present invention;

FIG. 13 illustrates a further embodiment using an electro-optic beam steering
element; and '

FIG. 14 illustrates a further embodiment using an acousto-optic beam steering
element.

DETAILED DESCRIPTION

In the following figures, parts corresponding to those already represented and
described in previous figures that are the same or equivalent parts are indicated by the
same reference numerals.

FIG. 1 shows an array of single wavelength lasers, such as distributed feedback
(DFB) lasers, on a semiconductor substrate. Although each of the lasers is a single
wavelength, not all of the lasers operate at the same wavelength. Indeed in a preferred
embodiment, the lasers each output light at different wavelengths.

The array of lasers comprises a number of independently addressable lasers 7.
Each laser has a separate contact pad 3 from which current is injected into the laser. Each
laser is designed to operate at a different lasing wavelength, by, for example, varying the
grating pitch in the laser or adjusting the effective index of the optical mode through
varying the stripe width or the thickness of the layers that compose the laser. When
current is injected into the laser using for example contact pads 3, the laser emits radiation
with a specific wavelength and from a particular position on the chip, as represented by
the arrows 9. In one embodiment, one laser is operated at a time, depending on the
desired wavelength. The radiation or light from the lasers is transmitted to a micro-
mechanical optical switch or switching element 11. The switching element has a number
of states. In each particular state of a set of states, one of the input optical beams, i.e.,

_light from one of the lasers, is transferred to the output 13 and transferred to the output

fiber 15. The entire assembly is packaged together on one submount 19.
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The fabrication of multi-wavelength laser arrays is relatively well known in the
art. To assign different wavelengths to each laser, a number of techniques can be used,
such as directly-written gratings with electron beam lithography, stepping a window mask
during multiple holographic exposures, UV exposure through an appropriately fabricated
phase mask, or changing the effective index of the mode of the lasers. Generally, for
stable single mode characteristics, either a controlled phase shift is also included in the
laser or gain/loss coupling is used in the grating. The wavelength of such lasers can be
accurately controlled through dimensional variables, and varied across the array.

‘ The switching element 11, in one embodiment, comprises multiple mirrors that
intercept each input optical beam and deflect the optical beam to an optical output. As
such, to select a particular laser, the appropriate mirror is adjusted to receive and deflect
the optical beam to the optical output. FIG. 2 illustrates one such switching element with
alaser array 5. A set of microlenses 21 is provided to collimate diverging beams from the
laser elements of the laser array to form a collimated beam 203. The switch or switching
element 201 comprises an array of mirrors 23 that are individually positionable. The
mirrors are retracted by electrostatic comb actuators 27 and pushed forward by springs 29.
In another embodiment, the mirrors are pushed forward by-springs 29 and retracted by
electrostatic comb actuators 27. A particular mirror is positioned to deflect the collimated
beam from a corresponding laser of the array of lasers. A single lens 25 focuses the
deflected and collimated beam into an output fiber 15. The switch is a 1:N switch and, in
various embodiments, is manufactured using surface micromachining, deep silicon

* etching, or other processes. The actuation mechanism, the actuators and/or springs, can

be electrostatic, as shown, but are thermal or magnetic in other embodiments.

Thus, in one embodiment, a current is provided to a laser element of the laser
array, e.g., laser element 7, and thereby the laser element emits light. A mirror of the
array of mirrors, e.g., mirror 205, that corresponds to the' selected laser element is
identified. As such, the springs coupled to the corresponding mirror pushes the mirror
forward. In one embodiment, the mirror is pushed past an initial position occupied by the
other mirrors or pushed out of the switching element 201. The light from the laser
element is collimated by a corresponding microlens and strikes the actuated mirror. The
mirror reflects the light to the lens 25 which focuses the light into the optical fiber 15.
Once the light from the laser element is no longer needed, the mirror is retracted by the
actuators.

In one embodiment, the mirror is retracted when another laser element is selected.
When another laser element is selected, the corresponding mirror is identified and
positioned to cause the light from the selected laser element to be directed into the optical
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fiber. Any mirror not used to direct the light from the selected laser element to the fiber is
positioned so as not to obstruct the optical path of the light from the selected laser element
to the corresponding mirror and to the optical fiber. _

The free-space method described above in reference to FIG. 2 may require
considerable alignment, especially if the mirrors are non-uniform and the direction of
deflection from the mirrors is not reliably reproducible. In this case, each beam should
preferably be aligned independently. ‘

FIG. 3 illustrates a further embodiment in accordance with the invention. In FIG.
3, an optical beam from a particular laser element 7 of the laser array 5 is collimated with
a fixed lens 31. The light beam from the laser is initially diverging and is collimated by
the fixed lens. The collimated beam from the fixed lens strikes a movable mirror 33. The
movable mirror is nearly perpendicular to the beam, close to normal incidence, and
reflects the beam back to the lens. The lens receives the reflected light beam and focuses
the beam into an output fiber. In one embodiment, the fiber is positioned to receive the
light at a location approximate the laser array, and in a direction substantially parallel to
laser elements forming the laser array. In some embodiments optical isolators are
positioned in the optical path to avoid reflections back into the lasers, which may have
deleterious effects.

The fabrication of micro-mechanical tip/tilt mirrors, such as the mirror 33, are well
known in the art. Both surface micromachining techniques and bulk silicon etching have
been used to make such mirrors. In general, the precision required for the present
invention is considerably less than that of large cross connect switches, as the beams
travel a few millimeters, when the embodiments described herein are packaged in
standard butterfly packages, rather than tens of centimeters in the switches. Thus, both
the flatness and the pointing requirement for the optical apparatus are considerably
reduced. '

In the described embodiments, the output fiber is placed laterally to the laser array,

- such that at different angles of the mirror, the light from different laser elements are

directed to the fiber. In other embodiments, the fiber is situated slightly above or below
the laser array, with the mirror tilted slightly in another dimension, so that the reflected
beam focuses onto the fiber. Also, although the fiber is shown to be the same distance
away from the lens as the laser array, the two distances can be varied such that the system
has non-unity magnification. Additionally, the fiber, in one embodiment, is a lensed fiber.
The lensed fiber provides better coupling to a semiconductor source, e.g., a laser, with an
optical system of unity magnification. Also, in one embodiment, instead of the convex
lens 31, a graded refracted index (GRIN) lens is used.
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When a different laser element is selected, the lens is moved to a different position
to optimize the fiber coupling of the light beam from the laser element selected into the
optical fiber. In one embodiment, the position of the lens is controlled by a servo loop,
such that the fiber coupled power is always maximized. Active alignment in such a
system can be avoided if the lens 31 (FIG. 3) or lens 21 (FIG. 2) is moved in two
dimensions. As such, the servo loop can be optimized both in the lateral and vertical
position of the lens for maximum coupling. Typically, these two positions are the most
sensitive alignment parameters. In one embodiment, all the components could be

- soldered in a package using a coarse pick-and-place machine, and the servo loop is

maintained optimum alignment, obviating the need for operator-assisted active alignment.

FIG. 2A and FIG. 3A illustrate such embodiments. In FIGs. 2A and 3A, a
wavelength locker is coupled to the fiber by a tap. In other embodiments, the wavelength
locker is inline with the fiber. The wavelength locker determines the strength or power of
light transmitted at the fiber, and provides a signal indicative of the signal strength to a
controller. In another embodiment, the light from the tap is provided to a photodetector.
The photodetector produces a signal that is proportional to the output power of the light
from the tap. For example, the output of the photodetector is summed by a summer. The
output of the summer is an output indicator and is provided to the controller. The
controller adjusts the mirror (for the embodiment of FIG. 3A) or selects a mirror (for the
embodiment of FIG. 2A) based on previous signals provided by the wavelength locker or
an initial calibration. ) |

For instance, for the embodiment of FIG. 3A the controller maintains a lookup
table of mirror positions in conjunction with the selection of each of the lasers in the laser
array. Based on the values in the lookup table, the controller determines which direction
the mirror should be moved to provide optimal output power. Thus, as appropriate, the
controller produces a control signal to move the mirror along, for example, a first axis or a
second axis, with the second axis being perpendicular to the first axis. The mirror, in one
embodiment, is continually commanded to wander and the output power monitored to
compensate for movement of components of the package, thermal effects and other causes
of potential misalignment and thereby provide maximum output power.

Although FIGs. 1-3 show the laser element or stripe perpendicular to the facet, this
need not necessarily be so. In DFB lasers, where the feedback into the cavity comes from
the grating and not the facet, device performance improves with an angled facet. Angling
the stripe relative to the facet reduces the effective reflectivity of the facet and prevents

instabilities in the mode structure of the laser. To use angled facets, where all the laser
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stripes are at an angle, the semiconductor chip is tilted with respect to the rest of the
optics, but the optical paths remain relatively unchanged.

In this case, the first lens causes the beams from the different lasers to be
collimated, parallel and shifted with respect to each other. In FIG. 4, the laser array chip
41 comprises a number of different laser elements 43, all angled or tilted with respect to
one another. As such, each laser element emits an optical beam at a different angle. A
particular laser element is selected and the optical beam emitted is incident on a
collimating lens 45. Since the beam originates from the focal point of the lens, the beam
1s collimated and redirected parallel to the optical axis of the lens. As such, the beams
from each of the lasers are collimated and are parallel to each other, but shifted vertically.
An optical element 47 shifts the beams back into the center of the optical axis to fall upon
a focusing lens 49 and coupled to the output fiber 15. The optical element, in one
embodiment, is a solid high index block that shifts the image, and is moveable to allow
for correct selection of the output from a particular laser of the laser array. In various
other embodiments, other components are used to shift the beam laterally, such as two
mirrors with a fixed angle to each other and rotated simultaneously, or a wedge that is
inserted into the paths of the optical beams and moves linearly into the beams.

There are many other modifications and variations that follow the embodiments
described in reference to FIGs. 1-4. For example, the laser array itself could be moved
laterally to change the coupling into the fiber. Alternatively, the fiber could be moved.
Generally, moving larger objects, such as the laser array or the fiber, requires more force.
As such, piezoelectric transducers or set screws are employed in various embodiments.

In FIG. 5, one embodiment of an optical apparatus using a linearly translatable
element to couple light from a selected laser to an optical output, e. g.,‘a fiber, is shown.
In the described embodiment, the translatable element is an optical element 501. The
optical element, in one embodiment, is a silicon component with volume removed from
one side to form two opposing angled sides. The two opposing angled sides are coated
with a reflective substance, forming mirrors 55 and 57. The two angled mirrors couple a
light beam 505 from one laser element or stripe 7 from an array of laser stripes 5 via a
lens 503 into a fiber 15.

In operation, the optical element is translated in a direction that is perpendicular to
the length of the array of laser stripes to couple light from another laser stripe, e.g., laser
stripe 51, to the fiber. The mirrors, in the embodiment described, are separate. However,
in another embodiment, the mirrors are two sides of a prism. For example, the prism may
resemble the shape of the material removed from the optical element, with the exterior of
the angled sides coated with a reflective material depending on the extent of the internal
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reflection of the prism. In another embodiment, the mirrors are mounted on a common
movable element or separately provided on a moveable element but commonly coupled
together.

In one embodiment, the distance of translation of the optical element or the
moving mirrors is half the separation of the laser stripes at the ends of the array. For
example, if there are 10 lasers on a 10 micron pitch, the distance between the end stripes
is 90 microns and thus, the range of travel of the moving mirrors is about 45 microns.
The length of the array also determines the minimum size of the mirrors. In one
embodiment, the projected length of the mirror on the array is at least half the length of
the array. Using the above example again, the projected length of the mirror is about at
least 45 microns. With a 45 degree angle as drawn, the actual width of the mirror is about
45 microns divided by the sin of 45 degrees, or about 64 microns. Thus, the mirrors or
prism can be very small. :

For dynamic coupling, it may be beneficial to control the position of the beam in
the direction perpendicular to the plane of the laser array. This may be useful in the event
the laser stripes do not generate parallel beams, the alignment of the fiber is not parallel to
the alignment of the laser stripes, or other factors. Therefore, in one embodiment, the
element is also rotatable about an axis formed along a line of the linear translation. In
another embbdiment, one or more additional moving two-mirror or prism assembly are
used. The range of movement in many cases is less in the out-of-plane direction than in
the in-plane direction described above.

If the optical or light beam is deflected over the chip containing the laser array, the
clearance or separation between the chip and the fiber should account for the angular
divergence of the beam. This issue is illustrated in FIG. 6 using a side view of an optical
apparatus. As illustrated, a light beam 67 is emitted from a laser stripe 7 mounted on a
submount 65. The light beam is reflected back by two mirrors 61 and 63. The emitted
light beam has a certain vertical divergence angle, as illustrated by arrows 69a and 69b
which may be up to 60 degrees. As such, in order to avoid the loss of light, vertical
separation 601 from all components of the chip or package to the center of the light beam
out to an optical output is sufficiently large to compensate for the divergence angle of the
light beam. In one embodiment, the separation is similar to the length of the submount,
on the order of a few millimeters. Additionally, in order to maintain optimal coupling of
the light beam into the fiber, the mirrors are moved simultaneously, in a similar manner,
as previously described in reference to FIG. 5.

In FIG. 7, laser stripe selection is achieved in another embodiment by movement

~ of either mirror 75 or mirror 77, thereby simplifying the mounting or fabrication of the
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moving mirror. As such, one of the mirrors remains fixed. In this embodiment, the
optical path length to the fiber is different for each laser stripe, so different optics are used.
to ensure that the light is always adequately focused. The two angled mirrors 75 and 77
are used to couple a light beam 73 from a laser stripe 7 of the array of lasers 5 via lenses
71 and 701 into an optical output 15 The mirror 77 is translated in a direction 79 to select
another laser stripe, e.g., laser stripe 703. The movement of the moving mirror can be in
the direction shown, perpendicular to the plane of the mirror, or in other directions, for
example, parallel to or perpendicular to the direction of the light beam incident upon it.
Also, in one embodiment, the moving mirror is mounted on a moving actuator or in other
embodiments, the moving mirror is a moving element itself, for example, a micro-
machined silicon actuator with a reflective coating. The lenses 71 collimates a light beam
from a laser stripe, so that the second lens 701 focuses the light into the optical output 15
independent of the varying optical path between the two lenses. In another embodiment,
the mirror 705 is the moving mirror and the mirror 703 is fixed. In the optical apparatuses
described in reference to FIGs. 5-7, the total optical path length to the fiber from the exit
facet of the laser is constant no matter which laser stripe is selected, such that the fiber
and any focusing lens or lenses can remain stationary while maintaining optimum
coupling.

In further aspects of the embodiments already described, fiber coupling is
dynamically controlled through a feedback loop. Electronic control of fiber coupling
reduces the cost of the active alignment step as well as enables an electronically selectable
functionality.

FIG. 8 shows a schematic of one embodiment of an optical system with a
magnetic control element. In the diagram a laser array chip 5 comprises a number of
different laser elements 7 , each of which has a different set of characteristics. Depending
on the system requirements, the light from one particular laser element is used and

directed by the optical train to an output fiber 15. In particular, the light from the laser

- element is collimated by a fixed focusing lens 81 and impinges on a mirror 83 whose

angle is varied electronically. Once reflected from the mirror, the light is focused by a
second lens 805 and is coupled to the output fiber. The mirrofs rotation angle is adjusted
both to select the beam of a particular laser, and also to maintain the optimal coﬁpling to
the optical output. In this particular schematic, the tilting mirror is shown to be moved
magnetically. Two magnets 85 attached to the rear of the mirror are positioned with
solenoids 87. A control current applied through wire 89 controls the magnetic field which
pulls one magnet into the solenoid and pushes the other magnet out. Together with a
fixed pivot point 803 and a spring 801, the angle of the mirror is controlled using the
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control current. In addition to magnetic fields, electro-static, thermal, piezoelectric, or
any variety of techniques are used to control the position of the optical elements, and
thereby influence the optical coupling in various embodiments. Also, in various
embodiments motion occurs in more than one dimension. For example, the mirror tilts in
another direction, i.e., out of the plane of the drawing. The lenses in one embodiment are
also positionable along the direction of the optical axis for optimal focus.

An alternative magnetically induced actuator is shown in FIG. 9. A micro-mirror
91 is restrained by two hinges 93a,b on either sides of the micro-mirror. Patterned on the
surface is a coil 97. The coil generates a magnetic field when an electric current is passed
between contacts 95. The micro-mirror is placed in a constant external field 99, such that
the interaction between the two fields torques the mirror about the two hinges. Such
galvanic mirrors are commonly fabricated in the art. Together, with electrostatic
actuation in the other direction, they can be used to deflect the optical beams from an
array of lasers and select a single beam to be coupled to a fiber. Additionally, the mirror
91, for example, could be fabricated out of or contain a magnetic material such as nickel.
As aresult, no lithographically produced coils would be needed. The deflection angle can
be controlled by varying the strengthkof the external magnetic field produced by an
electro-magnet.

Another embodiment shown in FIG. 10 utilizes a sliding waveguiding layer to
select the output of a particular laser to be coupled to the fiber. A laser array 5 contains a
number of laser elements 7. The array is coupled to a planar waveguide chip 101 that has
a series of curved waveguides 103 lithographically patterned into the chip. In various
embodiments the waveguides are constructed using silicon-on-silicon technology, or more
preferably silicon-on-insulator (SOI) technology. The entire section of curved
waveguides is configured to move laterally. Various other displacement mechanisms,
including those discussed herein, may also be used.

On the other side of the movable planar waveguide section is an output waveguide

105, e.g., an optical fiber. As the sliding waveguide section 101 moves latefally, a

different curved waveguide connects one laser element of the laser afray to the output
waveguide. Thus a tunable source can be realized by selecting a laser of an appropriate
wavelength, and then translating the sliding waveguide section such that the selected
laser’s output is coupled to the output waveguide.

Another embodiment not utilizing any switching is shown in FIG. 11. In the
embodiment shown, the planar waveguide includes a wavelength selective component
113, such as an arrayed waveguide grating (AWG). Such a component combines light of
different wavelengths into a single output with minimal loss. For example, in one

10
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embodiment an AWG is provided by coupling a pair of couplers by a differention grating
comprised of unequal length waveguides. Appropriately varying the length of the
waveguides for input beams of predetermined wavelengths, and appropriate design of the
couplers, allows for a plurality of input beams to be coupled to a single output.

As previously described, a laser array 5 contains lasers of different wavelengths,
e.g., laser element 7. The wavelength selective component or multiplexer includes a
series of wavelength channels. Each wavelength channel corresponds to a particular laser
having a particular wavelength. As all the wavelength channels of the multiplexer are
aligned to the laser array, all the beams from each laser element can be combined
simultaneously into the optical output 115.

Therefore, not only can a single channel be chosen to have a variable wavelength
output, but all the lasers can be switched on and used simultaneously to provide all the
channels of a WDM communication node. To provide the signals, the lasers can be
modulated directly or, in one embodiment, integrated electroabsorption modulators 111
are fabricated in the chip. Although a separate wavelength selective multiplexer is shown,
such devices are readily fabricated in InP and the entire assembly, lasers, modulators and
a AWG, can be integrated together. However, for thermal tuning of the device, the
temperature dependent characteristics of the multiplexer 113 should be carefully matched
to that of the laser array, so that the wavelength of the lasers and the pass characteristics
of the AWG move together. Additionally, when all the lasers are operated
simultaneously, thermal cross talk between the lasers should be minimized by, preferably,
spacing the lasers apart. Also the radio frequency cross talk radiated and capacitively
coupled between the lines should be minimized.

FIG. 12 illustrates single-lens imaging embodiment 1200 of the present invention
in which a single lens 81 is employed to both collimate and focus optical beam 99 from
particular lens element 7 of laser array 5 onto mirror 83. In this embodiment, it is
desirable to select the magnification of lens 81 to maximize optical beam coupling
efficiency into fiber 15. Also, by placing mirror 83 in the back focal plane of lens 111,
which in one embodiment is a single collimating-focus lens, the mirror size and deflection
range that can be used in single-lens imaging embodiment 1200 would be approximately
the same as would be used in a functionally-comparable collimated beam imaging
embodiment, provided the effective focal length for the imaging lens is approximately that
of the collimating lens. Furthermore, by positioning mirror 83 near the back focal plane
of lens 81, the axis of the cone of light 98 focused on fiber 15 becomes substantially
parallel to the axis of fiber 15, thereby substantially maximizing the coupling efficiency.
The smaller size of single-lens imaging embodiment 1200 can be advantageous, for
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example, where it is desirable to include, for example, a semiconductor or a modulator
with the single-lens imaging device.

Although substantially mechanical beam steering techniques are primarily
discussed above, in various embodiments other beam steering techniques are used. Such
embodiments include, without limitation, electro-optic (EO) and acousto-optic (AO) beam
steering techniques. Although mechanical steering devices may provide relatively high
resolution, they can be slow, relative to EO and AO beam steering devices, which /may be
at least an order of magnitude faster. In addition, EO and AO deflectors essentially lack
moving parts, thereby rendering designs incorporating these devices more robust.

FIG. 13 illustrates an EO deflector embodiment 1300 of the present invention, in
which EO deflector 120 is used to steer the optical beam. As in previous embodiments,
optical beam 99 from particular lens element 7 of laser array 5 is collimated with fixed
lens 121, and then transmitted to EO deflector 120 which steers collimated beam 125 to
the focusing lens 128. Focusing lens 128, in turn, directs the axis of tﬁe cone of light 98
to be focused on, and maximally coupled to, fiber 15. A electro-optic modulator exhibits a
predetermined amount of birefringence upon application of a voltage to a suitable
crystalline material producing the birefringent effect. Although some materials are known
to be naturally birefringent, others become birefringent only when a voltage is applied,
thereby allowing for the presence and degree of birefringence to be controlled. Examples
of suitable materials include, without limitation, barium sodium niobate, lithium niobate,
potassium dihydrogen phosphate, ammonium dihydrogen phosphate, and nitrobenzene.
Although the crystalline material may be provided in different structures, in the present
embodiment, it is desirable that a prism be used as the EO modulator. The predetermined
applied voltage alters the index of refraction of the prism by a predetermined amount,
thereby selectively altering the propagation direction of a beam therethrough.

FIG. 14 illustrates an AO embodiment 1400 of the present invention, in
which AO deflector 130 is used to steer the optical beam. As in previous embodiments,
optical beam99 from particular lens element 7 of laser array 5 is collimated with fixed
lens 131, and then transmitted to AO modulator 130, which steers collimated beam 135 to
the focusing lens 138. Focusing lens 138, in turn, directs the axis of the cone of light 98
to be focused on, and maximally coupled to, fiber 15. Typically in an AO deflector, an
optical beam is diffracted by a column of sound passing through a suitable AO medium.
An acousto-optic interaction occurs in an optical mediuin, for example, when an acoustic
wave and a laser beam are presént in the medium. When an acoustic wave is launched into
the optical medium, it generates a refractive index wave that behaves like a sinusoidal
grating. In general, it is desirable to couple a piezoelectric transducer to the AO medium,
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because a predetermined voltage applied to such a transducer can generate an acoustic
wave with selectable characteristics causing a predetermined deflection of the optical
beam passing through the selected AO material. Materials commonly used for visible
light and near-infrared regions can include dense flint glass, tellurium oxide, chalcogenide
glass or fused quartz. In the infrared region, germanium can be used. For high frequency
signal processing devices, for example, lithium niobate and gallium phosphide may be
suitable. Relative to an EO deflector, an AO deflector tends to have less bandwidth but, at
the same time, generally requires a lower operating voltage and demands less power.

The present invention therefore provides a tunable laser. Although the invention
has been described with respect to certain specific embodiments, it should be recognized
that the invention may be practiced otherwise than as specifically described. Accordingly,
the invention should be considered as that defined by the attached claims and their
equivalents, as well as claims supported by this disclosure.
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CLAIMS:

1. An optical transmission apparatus comprising:

an array of lasers;

an optical output; and

an array of mirrors, each mirror being movable such that light from a laser from
the array of lasers directed to a mirror of the array of mirrors is directed to the optical
output.

2. The optical transmission apparatus of claim 1 further comprising an array
of positioning elements, each positioning element coupled to a corresponding mirror of

the array of mirrors.

3. The optical transmission apparatus of claim 2 wherein each positioning
element is configured to move the corresponding mirror from a first position to a second

position and from the second position to the first position.

4. The optical transmission apparatus of claim 3 wherein a mirror in the
second position directs light from a laser to the optical output.

5. The optical transmission apparatus of claim 4 wherein only one mirror of
the array of mirrors is in the second position when light is directed to the optical output.

6. The optical transmission apparatus of claim 4 wherein a mirror in the first
position does not direct light to the optical output

7. The optical transmission apparatus of claim 2 wherein the positioning
element comprises an actuator and a spring

8. The optical transmission apparatus of claim 7 wherein each spring is
configured to move a mirror from a first position to a second position and each actuator is

configured to move the mirror from the second position to the first position.

9. The optical transmission apparatus of claim 8 wherein the mirror in the
second position directs light from a laser to the optical outpuit.
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10.  The optical transmission apparatus of claim 9 wherein only one mirror of
the array of mirrors is in the second position when light is directed to the optical output.

11.  The optical transmission apparatus of claim 9 wherein a mirror in the first
position does not direct light to the optical element.

12.  Anoptical transmission apparatus comprising:

an array of lasers;

a lens collimating light from a laser in the array of lasers;

an optical oﬁtput; and

a moveable mirror, the mirror being moveable to receive the light collimated by
the lens from any of a plurality of lasers in the array of lasers, the mirror reflecting the
light back to the lens, which passes the light to the optical output

13.  The optical transmission apparatus of claim 12 wherein the mirror is

movable about an axis perpendicular to the array of lasers.
14.  The optical transmission apparatus of claim 13 wherein the lens is fixed.

15. The optical transmission apparatus of claim 12 wherein the optical output
comprises a fiber.

16.  The optical transmission apparatus of claim 12 wherein the optical output
is adjacent the array of lasers.

, 17.  The optical transmission apparatus of claim 12 wherein the array of lasers
has an emitting end from which light is emitted and the optical output has a receiving end
in which reflected light is directed into, such that the receiving end of the optical output
and the emitting end of the array of lasers face in substantially the same direction.

18.  An optical transmission apparatus comprising:

an array of lasers;

an optical output; and

a mirror positionable to reflect light at normal incidence from any one of a

plurality of lasers in the array of lasers to the optical output.
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19.  The optical transmission apparatus of claim 18 wherein the mirror is-

movable about an axis perpendicular to the array of lasers.

20.  The optical transmission apparatus of claim 18 wherein the optical output

comprises a fiber.

21.  The optical transmission apparatus of claim 20 further comprising a lens

directing light into the fiber.

22.  The optical transmission apparatus of claim 20 wherein the optical output

is adjacent the array of lasers.

23.  The optical transmission apparatus of claim 21 wherein the array of lasers
has an emitting end from which light is emitted and the fiber has a receiving end in which
reflected light is directed into, such that the receiving end of the fiber and the emitting end

of the array of lasers both face in substantially the first direction.

24. An optical transmission apparatus comprising:

an array of lasers, each laser angled relative to each other;

a collimating lens positioned to collimate light from the lasers in the array of
lasers; and

an optical element positionable to receive the collimated light from any one of a
plurality of lasers in the array lasers and laterally shift the collimated light to fall upon a
focusing lens, the focusing lens focusing the collimated light into an optical output path.

25.  The optical transmission apparatus of claim 24 wherein the optical element
is rotatable about an axis perpendicular to the array of lasers.

26.  The optical transmission apparatus of claim 24 wherein the optical element
is a solid high index block.

27."  The optical transmission apparatus of claim 24 wherein the optical element

comprises a first mirror and a second mirror, both mirrors having a fixed angled in the

same direction.
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28.  The optical transmission apparatus of claim 27 wherein both mirrors are
rotatable about an axis perpendicular to the array of lasers.

29.  The optical transmission apparatus of claim 28 wherein both mirrors rotate
simultaneously.

30.  The optical transmission apparatus of claim 26 wherein the optical element
is laterally movable in a direction perpendicular to the array of lasers.

31.  The optical transmission apparatus of claim 26 wherein the optical element
shifts the light from the lens to compensate for the light being shifted by the angle of the
lasers of the array of lasers.

32. An optical transmission apparatus comprising:

an array of lasers;

an optical output path for receiving light from a laser in the array of lasers; and

an moveable optical element with a portion of volume in the optical element
evacuated to form a first reflective surface and a second reflective surface, the optical
element moveable to reflect light from any one of a plurality of lasers in the array of lasers
from the first reflective surface to the second reflective surface to the optical output path.

33.  The optical transmission apparatus of claim 32 wherein the optical element
is moveable in a direction substantially perpendicular to the array of lasers.

34.  The optical transmission apparatus of claim 33 further comprising a
focusing lens, the focusing lens directing light to an optical output in the optical output

path.

35.  The optical transmission apparatus of claim 34 wherein the optical output
is a fiber.

36.  The optical transmission apparatus of claim 35 wherein the optical element

is translatable in a direction substantially perpendicular to the fiber.
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37.  The optical transmission apparatus of claim 36 wherein the number of
lasers in the array of lasers is proportional to lengths of the first and second reflective
surfaces.

38.  The optical transmission apparatus of claim 36 wherein the first and second
reflective surfaces each have a length that is proportional to length of the array of lasers.

39.  The optical transmission apparatus of claim 38 wherein the optical element
1s rotatable around an axis in which the optical element translates.

40.  An optical transmission apparatus comprising:

an array of lasers;

a focusing lens;

a movable platform; and

a first mirror and a second mirror coupled to the movable platform, the first and
second mirror being separated and angled in opposite directions relative to each other,
such that the first mirror reflects light from at least one laser from the array of lasers to the
second mirror that reflects light to a focusing lens.

41.  The optical transmission apparatus of claim 40 wherein the first mirror is
translatable in a first direction.

42.  The optical transmission apparatus of claim 41 wherein the first direction
1s substantially perpendicular to the array of lasers. '

43.  The optical transmission apparatus of claim 40 wherein the second mirror

is translatable in a first glirection.

44.  The optical transmission apparatus of claim 43 wherein the first direction
is substantially perpendicular to the array of lasers.

45.  Anoptical transmission apparatus comprising:

an array of lasers;

a lens; and ,

an optical element with two opposite sloped sides, such that one side reflects light
from at least one laser from the array of lasers to another side that reflects light to the lens.
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46.  The optical transmission apparatus of claim 45 wherein the optical element
comprises a prism.

N

47.  The optical transmission apparatus of claim 46 further comprising an array\ R

of lenses, each lens in the array of lenses corresponding to each laser in the array of lasers;

48.  The optical transmission apparatus of claim 45 wherein the sides are sloped
in opposite directions of each other.

49.  An optical transmission apparatus comprising:

an array of lasers;

an optical output; and

an arrayed waveguide grating coupling light from a laser in the array of lasers to
the optical output.

50. The optical transmission apparatus of claim 49 wherein the arrayed waveguide
grating includes an input coupler, an array of waveguide elements, and an output coupler,
the input coupler coupling light from the lasers in the array of lasers to a corresponding
waveguide element of the arrayed waveguide grating, and the output coupler coupling
light from the waveguide elements to the optical output.

51. The optical transmission apparatus of claim 50 wherein the waveguide
elements form a grating. '

52. The optical transmission apparatus of claim 51 wherein the grating comprises a
plurality of unequal length waveguides.

53. The optical transmission apparatus of claim 49 wherein the lasers together
provide a plurality of communication channels for a dense wavelength division multiplex

communications system.

54. The optical transmission apparatus of claim 53 wherein each of the lasers in
the array of lasers includes an electroabsorption modulator allowing for a data signal to be
heterodyned with the optical signal generated by the lasers.

55. An optical transmission apparatus comprising:
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an array of lasers;
an optical output; and
a slidable waveguide section containing a plurality of curved waveguides

positionable such that light generated by a laser in the array of lasers is coupled by one of

the plurality of waveguides to the optical output.

56. The optical transmission apparatus of claim 55 wherein the lasers in the array
of lasers lie in a plane;
the waveguide elements contained in the slidable waveguide lie in a plane
adjoining the plane formed by the lasers; and
- the slidable waveguide is translatable in the plane formed by the waveguide

elements in a direction perpendicular to the light generated by the lasers.

57. The optical transmission apparatus of claim 56 wherein the waveguide
elements are positioned in the plane of the slidable waveguide such that a first laser of the
array of lasers is coupled to the optical output when the slidable waveguide is in a first
position, and a second laser of the array of lasers is coupled to the optical output when the

slidable waveguide is in a second position.

58.  An optical transmission apparatus, comprising:

an array of lasers;

a lens positioned to focus an optical beam from the array of lasers; and

an optical element positionable to receive the focused optical beam from one of
the array of lasers and to direct the focused optical beam into an optical output path.

- 59.  The optical transmission apparatus of Claim 58, wherein the optical
element is a moveable mirror, the lens has a back focal plane, and the mirror is disposed
in the back focal plane of the lens. '

60.  The optical transmission apparatus of Claim 58, wherein an optical axis of
the focused beam of light is substantially parallel to an optical axis of the optical output

path.

61.  An optical transmission apparatus, comprising:
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an array of lasers,

a collimating lens positioned to collimate an optical beam from the array of lasers;

an optical deflector positionable to receive the collimated optical beam from one
of the array of lasers, the deflector shifting the collimated optical beam responsive to a
predetermined voltage applied thereto and forming a shifted collimated optical beam; and

a focusing lens positioned to receive the shifted collimated optical beam and to
direct the focused optical beam into an optical output path.

62.  The optical transmission apparatus of Claim 61, wherein the optical

deflector is one of an electro-optical deflector and an acousto-optical deflector.
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