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ABSTRACT OF THE DISSERTATION

Retro Modulators and Fast Beam Steering for Freee&@ptical Communications

by

Trevor Keith Chan

Doctor of Philosophy

University of California, San Diego, 2009

Professor Joseph Ford, Chair

Free-space optical (FSO) communications is a meainssecure, high

bandwidth communication through the use of a mdddlgaser beam in free-space as

the information medium. The chaotic nature of @bmosphere and the motion of the

communication nodes make laser alignment a crucatern. The employment of

Xii



retro-reflecting modulators makes the bidirectiogahlity of a communication link
into a one sided alignment problem. While there axisting retro-reflecting
modulators, their trade-offs create a lack of &b8gi (such as aperture size, angular
range, high modulation speeds, economic viabilityhich do not fulfill the
requirements for certain applications. Also, tle&arm must be directed towards the
intended receiver. Form mobile or scintillated coamication links, beam direction
must be adaptable in real time. Once again, tt@a auffers from trade-offs where
beamsteering speed is often limited. Research teseditigate the trade-offs and
adapt the devices into viable options for a widerge of applications is explored in
this dissertation.

Two forms of retro-modulators were explored; a MEM&ormable mirror
retro-modulator and a solid silicon retro-modulatbat modulated the light by
frustrated total internal reflection (FTIR). TheEMIS version offered a high speed,
scalable, wavelength/angle insensitive retro-mddulahich can be massed produced
at low cost, while the solid retro-modulator offére large field of view with low cost
as well. Both modulator's design, simulated perfances, fabrication and

experimental characterization are described indisisertation.

An ultra-fast beamscanner was also designed u@sigighensional dispersion.
By using wavelength switching for directional catra beamscanner was developed
that could switch light faster than pre-existingatmscanners while the beams
characteristics (most importantly its aperture) ldobe freely adjusted by the

independent optics. This beamscanner was predadedr work on a large channel

Xiii



wavelength demultiplexer which combined two orthoglty oriented wavelength
demultiplexers. This created a 2-dimensional aofagpots in free-space. The light
was directed be a collimating lens into a spedirection based on its wavelength.
The performance of this beamscanner was simulajeanddeling the dispersive

properties of the components.
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Chapter 1

Introduction

1.1 Free-space optical communications

Wireless radio links and fiber optics are two proemt communication
solutions in modern technology. Wireless radikdiroffer freedom from static by
transmission cords; the only requirements are fresteiver and the receiver. They
are easy to install and have a flexible commurocagiath; however, radio signals are
broadcast over a large area allowing them to be bgaunwanted receivers. On the
other hand, fiber optic communication offer highntaidth inherent of optical
signals. While these two communication methodshhbeir advantages, there are still
niches such as the “last mile” [1][2] and securdtlbzeld communication where
neither method will suffice.

Free-space optical (FSO) communications combihesativantages of radio
wireless and fiber optic systems by projected anbed light as the information
carrier. This method incorporates the speed aadri$g of an optical signal with the
flexibility and freedom of a wireless signal.

In the atmosphere, the establishment of the contation link comes with
several costs due to the chaotic nature of the sghreye which the optical signal must
traverse. Water particles become a deterrentafgr|transmission due to its highly
absorptive nature. Other atmospheric gases, [emtand temperature gradients also

result in refraction or diffraction of a light beanthereby interfering with the



transmitted signal. Thus, for terrestrial commatians, FSO communications has
only been successfully applied to short range (~ &emimunication links. This has
been previously demonstrated between stationargsf8)[4]. On the other hand, we
can use active pointing and tracking to combatfifects of scintillation and maintain
signal fidelity. Active alignment also allows fazommunication links to be
maintained between mobile nodes. Current techiyoisdimited in the speed and

distance at which it can maintain such a dynamic. li

1.2 Components of a FSO link

The establishment of a typical FSO link requiregesal components. This
starts with the source of light which is typicadlyaser beam. Infrared light, especially
in the C-band (1530 to 1565 nm), is usually setedtm optical communication
because the human eye is relatively insensitivast@ffects. Although commonly
used, monochromatic light is not necessary forcapttommunications. For certain
applications, a broad spectrum of light is sufintier advantageous.

Modulation is typically in the form of binary, orifomodulation of a laser
beam. This has been demonstrated where high $g&&d are modulated on and off
at sufficient modulation speeds for video transioisg5]. If the light source is not
directly modulated, an optical modulator would de¥ the light source to encode the
signal. Optical modulators include, but are natitéd to, electrooptic (EO) Mach

Zender interferometers, acoustooptic (AO) moduatMEMS and liquid crystals.



The modulated beam is then transmitted through Heaming optics. When
long distance transmission is the goal, the ideanb is a large aperture collimated
beam which results in a small divergence and madmipower delivery. This
typically requires the expansion and wavefronttdiaing of the optical signal during
or after modulation.

Additionally, a FSO communication node would alsmngist of a receiver
component. This can consist of a collection lehsctv concentrates the light onto an
optical detector. Once the signal has been digitainverted, it can then be processed

for information.

1.2.1Beamsteering

The above requirements are enough to create amdtd@tmodulated light
signal. For FSO communications, this signal netxlde directed towards the
intended receiver. In most FSO communication systehe pointing direction of the
optical signal will not be stationary and activegaiment to the target is necessary. In
some cases, the entire laser assembly can be manuahechanically tilted to the
proper direction [6]. In most systems, howevels thethod is not fast enough to keep
up with the dynamics of agile FSO links. This ud#s communication between
mobile communicators (including unmanned aerialicstes (UAVS) [7] which is
ideally suited for FSO) and communication througgtaiting atmospheric conditions
[8].[9][10],[11],[12],[13].

Several methods have been used to steer a beana aage of angles. An

obvious solution involves simply reflecting the Higoff a tiltable mirror, such as a



galvanometric scanner. Although these large nsrreuffer in speed and power
dissipation, tiltable mirrors can be small when ytheare made as
microelectromechanical systems (MEM$)],[15][16]. These mirrors operate
considerably faster with multi-kHz sweeping spedus, are limited to millimeter
sized apertures. This trade-off between size peeddsis a concern because a smaller
aperture leads to a greater beam divergence whmchurn decreases the range.
Acousto-optic [17] deflectors are limited in théatal angular range and electro-optic
[18] crystals require kilovolt drive voltages totalm an adequate angular range and
aperture. Table 1.1 provides a summary of theimessof beamscanning systems and

their typical characteristics.

Table 1.1: Summary of beamscanning solutions

Speed RangApertureKey limitation
GalvanometriflKHz |~ 30° [ ~10mm| Bulk, power, reliability
MEMS mirror|KHz ~5° |~1mm | Aperture, power handlifg
Acousto-optigkHz |~ 1° |[~10mm]| Angle range
Liquid 100 HZ~ 60° | >100mrSpeed, environmen
Crystals constraints
Electro-optic | MHz | ~ 1° | ~10mn} Drive current, anglegegn

The ideal beamsteering device for FSO links wow@deha combination of fast
switching speeds, large aperture, pointing accur@ny low power. Usually, the
desired performance parameters are intertwined gwathwhen high speed (> kHz) is

achievable, it is reached at the expense of otleeabther parameters.



An indirect way to increase aperture size withadrdasing performance is by
segmenting the aperture into an array of sub-ap=tuEach sub-aperture functions as
its own device and therefore, maintains the adym#taof a small aperture device.
However, the cost of segregation is that each apehas to be phase matched to one

another.

Alternatively, phase matching itself can be used asans of beamsteering.
This has been done with arrays of liquid crysta® where the phase delay from each
element in an array is given a phase delay sudrethdting wavefronts match in the
desired beam propagation direction. However, quystals can only be tuned at
kilohertz speeds.

For bidirectional communications, all of the regunents listed above would
be required at both ends of the communication Ihdyever, this is not necessary if
we make use of a retro-reflecting modulator (alst@mred to as a retro-modulator).
Put simply, the retro-modulator recycles opticalvpo by reflecting it in the opposite
direction while encoding a returned signal, therdbgstically simplifying the remote
optical communications terminal. This arrangemsnliustrated in Figure 1.1. It is
ideally suited for asynchronous communications whar lower frequency return
signal can be carved over the original high fregqyenodulated signal. This includes
applications such as remote telemetry or tagginmgidentification [20],[21],[22].
Retro-communication is ideally suited for thesepmses where stealth, security, light

weight, low cost and low power consumption becomaluable. In fact, the power



consumption of retro-modulators can be so smalhgbat it can be powered by the

incoming light signal [23][24].

condenser —eMOX,
s @

scatter 2 ‘ RETRO Modulator

Figure 1.1: Retro-communications system using aatmm retro-reflected
alignment

collimatorl

transmitter [ —
|
local receivelL -« I

condensel

As its name suggests, the retro-reflecting modul&doa combination of a
retro-reflector and a modulator. They can cangggaal into the retro-reflected beam
by either absorbing the incident signal, or by tecatg the reflected wavefront so that
it does not propagate back to the source. Therénar types of retro-reflector that are
prevalently used: the Cat's Eye retro-reflector anel Corner Cube retro-reflector.
Both of these are passive devices which makes thasier to incorporate into a

system.

1.2.2Cat’s eye retro-reflector

The Cat’s Eye retro-reflector, illustrated in Figulr.2, consists simply of a lens
followed by a reflective surface at its focal plan€ollimated light shone into the
retro-reflector passes through the lens to creg@ra source at the reflective surface.
The light is then reflected back through the lend gecollimated. Since the light has
not been translated at the focal plane, the lightetro-reflected in the same but

opposite direction from which it came.
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Figure 1.2: Cat's Eye retro-
reflector

1.2.3The Corner Cube retro-reflector

The Corner Cube retro-reflector, illustrated in Uy 1.3, consist of three
planar reflectors connected at right angles to eatbler like the corner of a cube
(hence the name). Each mirror changes one Cartdsiction of the light to its exact
opposite. When the light is reflected off all #areurfaces, it exits the corner cube in

its conjugate direction. Like the Cat’'s Eye reteflector, a retro-reflected image will

AN

be inverted.

AN N
Mirrors

a

Figure 1.3: Corner-cube retro-reflector



An important consideration for retro-modulatorshe amount of power that is
returned to the interrogator. Since retro-modutatye used in far-field operation, the
diameter of the retro-reflector can be mathemdyicgimulated as a diffracting hole.
As such, the amount of power returned is propodalicio aperture of the retro-
reflector. Equation 1.1 describes the metric regméng the reflected power density,
where a is the diameter of the retro-reflectors the wavelength of the optical beam
and z is the distance separating the interrogatorttze retro-reflector.

a
2.44)2

n= (1.1)

This shows that more light is returned as we irsgdhe size of the retro-
reflector.

Since long distances are involved, the alignmenthef three sides of the
corner-cube is crucial. If one mirror of the retedlector is tilted more than half the
angle of the returning diffraction limited beameththe retro-reflected beam will not
be received by the interrogator. This is descrimgéq. (1.2).

1224
a

AG <

(1.2)

For example, for 1550 nm light and a 1 cm diamego-reflector, the mirrors

need to be aligned to approximately one hundretithdmgree.

1.2.4Retro-reflecting Modulators

These two retro-reflectors operate with differeebmetries; therefore, each

are suited for different types of modulators depegan their mode of operation. For



example, modulation can be achieved by placinggelarea, transmissive modulator
in front of the retro-reflector. This mode hasteemonstrated with EO [25] and AO
[26] modulators, although studies of these formsedfo-modulators are not highly
pursued due to their limited field of views.

A more promising area in this field has come wille tdiscovery of the
guantum confined Stark effect [27]. This phenonmenmwvolves the spectral shifting
of an absorption peak in multiple quantum wells wia@ electric field is applied to
the stack. This is appropriately called an eleatrsorption modulator (EAM). These
modulators have the potential for modulation spaguigo 10 Gbit/s and have been
used in reflective [28] and transmissive [29][30paes. The current challenge
governing these modulators is their manufacturireddg at large sizes [31][32][33]
with a large angular field of view and wavelengtisansitivity. Current EAM retro-
modulator systems have demonstrated fields of wexd0° for 5 mm apertures [34].

The other major area in retro-modulation employsM@&Emodulators. These
have come in various forms. One method simply egyslphase modulation by
moving the retro-reflector along the beam directiath MEMS actuators [35]. This
is done using a spherical cat’'s eye retro-refleatoite the mass of this retro-reflector
is inversely proportional to the resonant frequemtych it can be moved. Another
variation consists of a corner-cube retro-reflestbere MEMS actuate the orientation
of one of the three mirrors [36][37][38]. This dipts the tight alignment tolerances
necessary for retro-reflection such that a sigaaid longer returned when the mirror

is tilted. Again, the mass which moves limits tgpeed of modulation. This
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modulator achieved 1000 Hz resonance for a|@@0moving mirror. The mass, and
also the switching times, can be reduced by segngetite moving parts. This was
accomplished where one of the mirrors in a corndecretro-reflector was replaced
with an MEMS actuated grating [39]. This gratiransisted of deformable ribs which
would convert it from a diffraction grating intofat mirror. This had an increased
switching speed of 13.4 kHz, but its diffractivetura limited its angular range to

approximately £5°,

1.3 Scope of the Dissertation
While there has been much development in FSO conuations, we have

seen that the existing devices are unable to nileet the requirements which would
make them cheap and versatile for a wide rangeppfiations. For instance, a
common theme that is seen is the tradeoff betwae laperture and device speeds.
In the area of UAV communications with involving fast moving surveillance
vehicle, the requirements would include a largeusargfield of view retro-modulator
which can transmit video signals over a respectédadeeral kilometers) range. None
of the aforementioned retro-modulators simultanBousatisfy all of these
requirements. My work incorporates unconventiaregigns and optical phenomena
into new retro-modulators and beamscanners to reetha trade-offs and better suit

the needs of specific FSO niches.

While my devices are not unrelated, the dissertasmrganized such that each

chapter details the work done on a different devitkis is done as follows.
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Chapter 2 discusses the work done on a MEMS defdamanirror retro-
reflecting modulator. This includes mathematicahwdation work to find the
optimum deformable mirror arrangement as well &sligtions on its performance. |
has the deformable mirror fabricated based on ithelation results and demonstrate
its performance both as a deformable mirror andnwihés integrated into a corner-

cube assembly.

Chapter 3 discusses the work done on a solid silbooner-cube retro-reflector
which modulates using the phenomenon of frustrédéa internal reflection (FTIR).
This begins with modeling of FTIR between silicoreqes and a discussion on
possible ways to extinguish the light once it idsale of the corner-cube. | then
created a nano-positioning system to have nanoretdrol over the FTIR gap size.
This revealed that it was necessary to have pregsetveen the corner-cube and the
parasitic absorber to achieve FTIR. | describewa set of experiments which explore
this realization and create a prototype accordindlthen present the results from the

characterization of this prototype.

Chapter 4 discusses the work done on creating in@rgional wavelength
controlled beamscanner. This describes the wodombining two dispersive devices
to achieve raster scanning over a field of anglRgsults show that this system can

also be applied as an ultra large channel wavédiethgnultiplexer.

Chapter 5 outlines the major contributions of tledlected work and gives

some future directions that can be extrapolateah froy findings.



Chapter 2

MEMS Deformable Mirror Retro-Reflector

2.1 Introduction

Several retro-modulator characteristics directlpatt overall communications
system performance: wavefront aberration and e¥kecoptical aperture affect
maximum operational range; modulation response ame contrast ratio determine
data bandwidth; and operational tolerances inclydimdulator acceptance angle,
wavelength range, and ability to withstand physiaatl thermal shock determine
overall system utility and robustness. In remelerhetry the communications range
may extend from 0.1 to 10 km, and must operate munaeying environmental
conditions. This means that the effective optagadrture must be 1 cm or larger, and
the wavefront distortion should be beldwl0. Further, we require that the system
operate under a wide range of incident anglesoug/430° is possible with a hollow
corner-cube retro-reflector. To allow spread-spentand wavelength-agile systems,
and to avoid excessive system costs, we want tliulator to function over the 1.45
to 1.55 um spectrum in the eye-safe communicatiange. Finally, we prefer a data
modulation contrast of 10:1 (2:1 required) and & daodulation rate of at least 100
kHz. Data rates as high as GHz are desirablealwide range of remote telemetry

application requirements can be satisfied with K62 modulation.

12
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Previous MEMS retro-modulators demonstrated usinwllsaperture tilting
mirror [38] successfully yielded large contrastaat Their functional angular range is
limited only by the acceptance angle of the cormeibe. However, the
electromechanical switching of the tilting mirra@quires switching time which is a
function of the mirror size. This approach limite response time of larger aperture
(long-range) retro-modulators to milliseconds. #mew successful MEMS retro-
modulator used a diffractive structure [39], a eefive diffractive grating which is
electromechanically switched into a flat, refraetigurface. This grating light
modulator provides faster modulation (~1 MHz) singery little mechanical
deflection (%/4, or 0.3 um) is required. However, this modula&muires wavelength
and angle matching, which limited the operatinglamgnge to 6 degrees even for low
(0.4 dB) contrast. So far, researchers have noeaed the desired combination of
speed, aperture, and wavelength and angle insatysiti

Reflective MEMS etalons using a drumhead structuth a variable air gap
have been extensively investigated for use in telenunications as data modulators
[40] and broad spectrum variable attenuators [4lje response time of such devices
depends on several parameters, including the diameader and membrane tension,
but have been demonstrated to operate at well bWz [42]. This is still orders of
magnitude slower than multiple quantum well mocaia{43], but the MEMS devices
are also far less expensive to manufacture (edpeéia large apertures) and less

sensitive to operating wavelength and temperaturefact, a large-aperture MEMS
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etalon modulator based on this design and interfdeduise with cat's-eye retro-
reflector optics was recently successfully tested].[

In this chapter, we present theoretical and expartal results on a MEMS
device based on the same device structure but eddib act as a first-surface
deformable mirrors rather than an etalon. Whes dievice is assembled into a corner

cube, the result is a highly efficient wavelengtid angle insensitive retro-modulator.

2.2 Deformable micro-mirror array concept and design

The basic device, shown in Figure 2.1, is a fitstace MEMS deformable
mirror switching from flat to a hexagonal arrayaaincave microlenses. This device
concept was first proposed in 1996 [45], and a sadmaé different rectangular
structure was tested in Delft University of Teclogy [46]. When the device is
structured as an array of spherical microlenses, rttodulator operates midway
between the geometrical and diffractive regimeghtlidistribution is substantially
determined by geometrical curvatures, but interfeeebetween multiple diverging
beams produces strong diffraction effects that seggpthe zero-order reflectivity.
The microlenses are separated with 1 mm pitch ave la 75% deformable surface
area. The active area, when arrayed in smallarohetble sections, achieves greater
lenslet curvatures and shorter switching timesis @lows for scaling of the device to

large (10 cm +) apertures without sacrificing speediffraction efficiency.
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Figure 2.1: Diagram of the MEMS deformable mirrehowing a
section of the device to reveal air pockets thlmwabeformation at
selected areas.

We calculated the diffractive behavior of the lehsgrrayed micromirror using
Huygens-Fresnel diffraction theory on a single dafable mirror structure. The other
two mirrors of the corner-cube were not includedthese calculations so that we
could understand the direct effect of the deformabirror on a reflected wavefront.
The device surface profile was modeled and samipyeal 250x250 grid of pixels. In
accordance with Huygens-Fresnel diffraction theeach pixel on the device surface

projected a spherical wave given by Egs. (2.1Ndala

M
1 )
ulx',y',z)= _—e"‘r"" 2.1a
( Y ) m:lnz:l JAN ( )
M = \/(XI_Xm)2 + (yl_yn)2 + (Zl_zmn )2 (Zlb)

The resulting phased signals are propagated 6.6 rthe readout plane,
effectively in the far field. Figure 2.2 a and /s the resulting far field diffraction
patterns from the flat and deformed mirror wheis illuminated by a plane 1550 nm

wavelength wavefront at normal incidence. The treavder diffracted beam is
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shown at the center of the figures. Both figures a logarithmic scale to best display
the diffracted far-field pattern which, by Fraunfesfdiffraction theory, is the Fourier

transform of the deformed mirror surface. We sdexagonal array of spots in an
envelope created by the refractive aperture ofrttiridual microlenses. Each spot in
the array replicates the original reflected beampsdd by the mirror array aperture.
The spots are separated by a pitch inversely ptiopai to the array spacing of the

deformable mirror lenslets.

(@) (b)

Intensity Profile From the Undeformed Mirror Intensity Profile From the Deformed Mirror Array
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Figure 2.2: Calculated far-field patterns (normediz with (a) 0
deflection and (b) 0.55 um deflection and theielprofiles (c) and
(d). The line profile from the deformed mirror (& calculated
using 1500 nm and 1600 nm light to demonstratewtheelength
insensitivity of diffraction. Photos and plots baise a logarithmic
intensity scale.
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Fresnel diffraction theory predicts the near linealationship, Eq. (2.2),
between the period of the arrayed diffraction patend the spatial frequency (1/T) of
the microlens array. Figure 2.2 ¢ and d showitleeprofile of the far-field diffraction
pattern where Figure 2.2id calculated with 1500 nm and 1600 nm light. Ehtsgo
line profiles are difficult to distinguish; showintipat the simulations predict low
wavelength sensitivity. Unlike a single-wave dethffractive MEMS modulator, the
diffraction pattern scales with wavelength by 4u@ad/nm, while maintaining

approximately the same contrast.

tané = A

- TCO{Q (2.2)

For FSO communications, the signal energy collettgdhe original source
transmitter is proportional to the power in theatkrorder diffracted beam. In all of
our simulations, the detector aperture is takenraddhis beam. Figure 2.3 shows the
computed relative power incident on the detector was increase the device
deformation. This is shown for different mirroft tangles,a, which are also the
angles of incident light. An increase in the defation immediately results in a
decrease of power at the detector for all incidemgies. With further deformation, the
detected power oscillates, typical of diffractionepomena, and dampens to a lower
intensity. The detected power does not approach gmce spaces between the
deformable drums remain flat and always refledttligto the detector. We can note

that 10 dB contrast ratio is maintained for incidangles up to +/- 68° at 14m
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deformations. This demonstrates that the deforenattror will work as a modulator
for a large range of angles. The three mirrora aorner cube retro-reflector are each
oriented 54.7° to the normal of the corner cubdigdd would typically be incident on

the deformable mirror around this angle.
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Figure 2.3: The relative intensity reaching theedtdr as a function
of the mirror deformation. This relationship isosn at various
mirror tilt angles.

A single deformable MEMS mirror can replace a miirothe corner cube to
form a retro-reflecting modulator. Furthermorel #iree of the mirrors can be
deformable MEMS mirrors. In this case, Figure gr8dicts 10 dB contrast with 0.8
um sag for the entire angular aperture of the cocnbe. Further calculations verify
these contrast ratios are maintained for increagmgagation distances of at least 1
km. A mechanical deflection of less than 0.1% le# tnhembrane width, combined
with the non-contact nature of the structure, mahas this device will be extremely

robust to mechanical shock and sustained high-&ecyioperation.
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2.3 Experimental demonstration of the deformable micro-
mirror array

Our devices were fabricated by MEMSCAP using ncandard MEMS
processes [40],[41][42]. The layered structuréhefdevice is illustrated in Figure 2.4.
A silicon substrate was covered with a8 sacrificial layer of phospho-silicate glass
(PSG), and a 1 um active structural layer of silicatride. The mechanically active
“drum” regions were defined by patterning the diriwith sets of etch access holes
arranged into a hexagon array on a 1 mm pitch. €ltie access holes in the samples
tested were 5 microns in diameter, distributed isqaare array with a 46 microns
center-to-center pitch. Reactive ion etching wasduto cut through the nitride into
the sacrificial layer, then a timed isotropic etetdercut the active layer to release the
freestanding circular drumheads. The top gold anjrwith roughly 95% reflectivity
in the near infrared wavelength of interest, wgsodéed on the released structure.

An applied voltage between the membrane and subslagers cause an
electrostatic attraction which pulls the membramoenfits normal flat state, producing
a dip in the reflective surface wherever there texagspocket in the PSG layer. The
honeycomb pattern of pockets in the PSG layer eseidte hexagonal array of dips in
the gold layer. Each dip acts as a concave, tefeetens. The resonant frequency of
this device was measured to be 160 KHz which isablé for video transmission.
Moreover, we can increase the device response dgeabh MHz by increasing the

nitride film stress and drive voltage.
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Figure 2.4: (a) Layered device diagram (b) fabddatdie and (c) close-up of individual
micromirror cells.

We first characterized the deformable mirror bystitbbting it as one of the
mirrors in a michelson’s interferometer. Thus]eeted 1550 nm light was combined
with a plane wave to give an interference pattemesponding to the deformations of
our mirror. These patterns allowed us to extrapothe profile of the deformable
mirror surface, shown in Figure 2.5. The first efmental samples achieved a
maximum sag of 0.55m with an applied voltage of 79 V, short of theemied 0.8
um sag. This deformation limit is caused by anreimdhe deposition composition of
the SIiN layer, making the deformable membrane conductivel somewhat
nonuniform in layer stress. This caused the dedbion to be nonuniform on the large
(10 mm) scale of the device, and also caused atrield short circuit when we
applied significantly more than 79 V to the devick.spare device was sacrificed to
show that arcing from the short circuit puncturkd membrane surface, rendering it
useless as a reflective mirror. Although we coubd produce greater than 0.5
deformations with this initial prototype device| device problems can be corrected

upon re-fabrication with a uniform non-conductiviél glayer.
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Figure 2.5: (a) Profile of the device surface after
deformation, extrapolated from interferometry

measurements.  (b) Profile of the device
deformation.

The device was illuminated with a collimated, 146énh to 1580 nm
wavelength-tunable laser and the reflected lighs weopagated 6.6 m onto a white
screen, effectively in the far field. The integgitattern was captured on the screen by
a Sensors Unlimited 320M InGaAs camera. FigureaZa®d b show the logarithmic
far-field intensity pattern before and after 0.pB mirror deformation with near
normal illumination by 1520 nm wavelength light. héBe patterns resemble the

patterns predicted in the simulations; a repetitbthe zeroth-order reflected light in



22

a hexagonal array that is confined by a circularetpe. The diffracted spots are
noticeably smaller because the mirror was illunmedatvith an apodized Gaussian

beam profile which was smaller than the aperturda@imirror.

Figure 2.6¢ and d correspond to the intensity fireiles along the horizontal
white lines as indicated. These line profiles e¢vime relative intensities of the
diffraction patterns. Here, approximately 90% lo¢ fpower has been diverted from
the original beam into the hexagonal pattern ofaurding beams, yielding 10:1
extinction. These results agree with the theaaéfcedictions made earlier in this
paper. Furthermore, diffraction patterns produgsithg 1460 nm and 1575 nm light
created far field diffraction patterns which wenglistinguishable from these results,

thereby demonstrating wavelength insensitivity.
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Figure 2.6: Experimentally measured far field irsignpatterns
from a triangular-aperture device in the (a) zeoitage (flat
mirror) and (b) off state, and their line profilés) and (d).
These far field patterns were observed using 1520laser
light. Photos and plots both use a logarithmiensity scale.

Figure 2.7shows the measured line profile for the same f&ldfdiffraction
pattern when the deformed mirror was illuminatedhwa 14 nm bandwidth ASE
optical source centered at 1532 nm, instead of mogtwromatic, coherent laser beam.
There is a strong correlation between Figure 21tdl Fagure 2.7; there are distinct
diffraction orders which are separated by approxya0.11° divergence and the
zeroth order beam experiences approximately 11xtiBation. This example further
demonstrates the wavelength insensitivity of théomeable mirror; moreover, the

deformable mirror functions with temporally incobet white light.
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Figure 2.7: Line profile of the mirror far-field ftliaction pattern
using incoherent illumination.

Experiments verified that our device followed thegalar response predicted
by our calculations up to its maximum 0.55 um achide deformation, but a
deformation of 0.8 um would be necessary to obsgiysficant diffractive effects at

incident angles greater than 40°.

To study the temperature dependence of our dewacdsformable mirror was
mounted on a thermo-electric cooler (TEC) with #ached thermistor. We used a
deformable mirror with 50% (instead of 75%) defobheaarea because these mirror
types were readily available for “test to destrmgtisacrificing. As you might expect,
these 50% active deformable area devices requine moltage and produce less
extinction. The TEC and thermistor allowed foriaettemperature control during
these experiments. The mirror was illuminated veith550 nm laser at near normal
incidence and the reflection was propagated 6.@tma collection lens and detector.

The detector aperture isolated the zeroth orddradied beam and measured its
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extinction ratio as the device was driven with &\Bamplitude binary signal at 10,
50 and 100 kHz. Figure 2shows a decrease in the extinction ratios as thiae
temperature was increased. Further interferomm&gsurements of the mirror surface
profile revealed that thermal expansion resultethenbending of the overall surface.
The consequential curved mirror surfaced reducgdasipower in the high signal
power (flat mirror) state but had less of an effentthe off signal level when the
mirror was sagged. These changes account for #esumed decrease in extinction
and can be mitigated with better packaging. Usirgimilar device, we ramped the
temperature to over 400°C with no visible impa¢tese results are compatible with
previous measurements on membrane modulators, wiech shown to operate in

liquid nitrogen and at 400°C temperatures.
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Figure 2.8: Optical contrast ratio
(extinction) as a function of retro-
modulator temperature. The modest
decline in extinction comes from the
thermally-induced curvature of the
device mounted on the heater.
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2.4 Experimental demonstration of the corner-cube retro
modulator

The deformable mirror was assembled with fixed drbke (90° angle) gold
mirrors to form the corner cube retromodulator show Figure 2.9. We apply
voltage to the deformable mirror through the eleatrleads displayed at the top of
this photograph. We mounted the deformable moroa tilt stage to allow accurate

alignment with respect to the other two mirrors.

. 5 : = \"‘_ Electrical

leads

MEMS % u’

defor mables, =
mirror ' » ;

r Gold mirrogs

Figure 2.9: Photograph of the assembled MEMS dedbtenmirror
retro-modulator

Light must strike each of the three mirrors forroateflection. Therefore,
there are six different paths for retro-reflecti@ach path corresponds to a different

permutation of reflections off of the three mirrofSigure 2.10a is a photograph of the
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retro-reflected light at the retro-reflector mirrgurfaces. It is combined with a
slightly tilted plane wave which creates the obable interference fringes. The
reflected light is divided into the six sections ¢gps between mirrors of the corner
cube; each section corresponds to one of the Herelt paths of light. Each of these
paths encounters the deformable mirror once, addivase modulation to the entire
signal. Figure 2.10b shows the retro-reflectiamfrthe deformed device, revealing at

leastA/2 phase distortion over the entire return beam.

(b)

Figure 2.10: Interferometer photographs of the oretodulator
surface (a) flat\/9 aberration) and (b) deformed\(2 aberration).

Figure 2.11shows the far-field intensity pattern created gy ibtro-modulator
with normal incident light into the corner-cube ¢kanirror normal is oriented at the
same angle, 54.7°, from the incident light). Rleda&t diffraction from only the
deformable mirror created a single hexagonal adiffyaction pattern. Figure 2.11
shows several hexagonal arrays patterns that datedoby different angles and
superimposed. This is a result of the differerthpavhich the light can travel within

the retro-reflector each creating a diffractiont@at of their own. Depending on the
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order of reflections, the phase distortion acquifienn the deformable mirror can

become inverted at various angles with subseqediettions within the corner-cube.

Intensity Pattern from the Deformed Mirror Array . Intensity Pattern from the Deformed Mirror Array
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Figure 2.11: Far-field diffraction pattern from thetro-modulator
with an applied voltage of (a) 0 V and (b) 79 Vhokbs and plots
both use a logarithmic intensity scale.
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Figure 2.12: Far-field diffraction pattern from thetro-modulator,
tited 31.7° towards the deformable mirror, with @pplied voltage
of (@) 0 V and (b) 79 V. Photos and plots both adegarithmic
intensity scale.

To achieve better contrast, the corner-cube idtil81.7° towards its
deformable mirror side such that the incident rstyke the deformable mirror at 23°.
Figure 2.12shows the resulting far-field diffraction patterfiea this adjustment is
made. This orientation is more indicative of minimm performance when using
multiple MEMS mirrors instead of a single MEMS noirrwith two fixed glass

mirrors.

2.4.1Modulation time response

The retro-reflecting modulator was driven by a agusignal with 79 V

amplitude. In these experiments, the retro-refieetas rotated by 31.7° towards the
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deformable mirror for high extinction. The reteflected signal was separated from
the incoming beam path using a 50/50 IR beam spkind collected by a Fourier lens
6.6 m away. A detector was placed in the Fourang of this lens on axis and only
captured the zeroth order diffracted spot. FigRre3 shows the detected signal
intensity. This shows 7.1:1 signal contrast wisle rand fall times of 4.3 pus and 6.8 us
respectively. Recall that the deformation was tieahiby the maximum deformation
(0.55um) that could be achieved by our samples. AccagrdinFigure 2.3, from our
calculations, a correctly fabricated device wilheswve 17 dB extinction with 0.8m

deformation.
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Figure 2.13: Received (a) 10 kHz and (b) 100 kHmai from the retro-
modulator 6.6 m distant.
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2.4.2Angular Dependence

The retro-reflecting modulator is used in a FSO gamication system to
automate the alignment at one side of the linkretfoge, retro-reflecting modulators
must function at a wide range of incident angléscordingly, we tested the MEMS
deformable mirror retro-modulator at a range oflasg Our simulations, shown in
Figure 2.3 predicted a decrease in contrast with an increase the angle between
the incident light and the deformable mirror suefaamrmal. We note that this angle,
a, is not the same as the normal of the corner sutee each mirror is tilted 54.7°
relative to the corner cube face. We measurextiaction ratios in relation to this
angle and show these results in Figure 2.14 whetle d and the tilt of the corner
cube, B, are displayed. These results agree with ourutstlons of angular
dependence and show 2:1 extinction from 23° tof68°10 kHz modulation. Thus,
this particular device demonstrated a functionguter range of at least 35°. These
extinction ratios are in strong agreement withgimulations presented in Figure 2.3.
Based on these calculations, we expect that a attyrabricated, fully deformable
device can achieve higher extinctions and therefcaa operate with a much greater

angular range.



32

Retro-Modulator Tilt Angle, [3 (9
-14.7 -4‘.7

g-34.7 =247 b B
7
\ B
6
. \io‘kHZ
5 \‘
5 50 kHz ‘\\
g4 S - <
b \\\
w 3 4 =
A \\\;\\
..... L RPN I3
2 m I S
....... ‘1~‘
100kHz | AT
1 :
0
20 30 I - o "

Incident Angle on Deformable Mirror in Retro-Modula  tor, O (9

Figure 2.14: Extinction ratio achieved as a functaf retro-
modulator tilt angle

2.4.3Wavelength Dependence

Figure 2.15shows the extinction ratio as a function of wavgtan It reveals
constant extinction from 1520 nm to 1570 nm wawvgilernwhich is consistent with our
calculations. This indicates that the MEMS defdotaaetro-modulator will reliably

operate at a large range of wavelengths withousoraale impact on contrast.
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Figure 2.15: Extinction as a function of wavelength
showing essentially  wavelength-independent
contrast.

2.5 Conclusions

This chapter has described a novel MEMS retro-naddulfor free-space
optical communications and especially for remotentetry applications. This retro-
modulator combines excellent wavelength, angle tentperature insensitivity while
maintaining scalability for large apertures andgenlink distances. Our theoretical
analysis of the MEMS deformable mirror accuratedgatibes the device’s diffraction
performance in relation to the physical designh& mirror. The deformable mirror
was fabricated and tested to verify the waveleagith angle insensitivity predicted by
our calculations. We also demonstrated large thktaterance, observing consistent
device performance from 20°C to 100°C. Finally, assembled a single deformable
micro-mirror array device into a prototype retrogutator that demonstrated up to 7:1

extinction and modulation speeds up to 100 kHz.
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The deformable mirror was designed to achieve gredformations but was
limited by the initial device fabrication run ton@aximum mirror deformation of 0.55
pm as opposed to the design value of 0.8 um. €utevice fabrications with better
control on the composition of the Silicon Nitrideyér will enable better extinction
ratios to extend the angular, temperature and wagéh operating range. Increasing
the strain of the deformable membrane can incrgsachievable switching speeds to

1 MHz.

This particular device is the first example of ass of optical MEMS
components based on spatially segmenting the pdiysptical aperture into an array
of smaller sub-aperture devices that require aespondingly small physical
movement to control the optical response. Thievadl the device to scale to very
large physical apertures, limited only by the wadfize of device fabrication, and also
enables a much faster mechanical response thardvatikkrwise be possible. The
particular design demonstrated here was an arraseftdctive micro-mirrors with
variable focal length. This concept can be extdrtdeother segmented structures, for
example an array of planar tilt-mirrors, only privig that one state of the MEMS

device is uniformly flat to within a fraction ofv@ave across the full device array.

The authors gratefully acknowledge support from i€uorporation and the
Natural Sciences and Engineering Research CouhCidonada. We also acknowledge
PROsystems, Inc. for fabricating the gold mirrdrediral which we used as part of

the prototype retro-modulator.
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The text of Chapter Two, in part or in full, is e@print of the material as it

appears in the following publications:

 T. K. Chan, J. E. Ford, “Retroreflecting optical etator using an MEMS

deformable micromirror array”, J. Lightwave Teck, (1), January 2006.

The dissertation author was the primary researahdrauthor. The co-authors
listed in these publications directed and supedvibe research which forms the basis

for these chapter.



Chapter 3
Frustrated Total Internal Reflection (FTIR)

Retro-Modulator

3.1 Introduction

One key purpose for using a retro-reflecting mottules to eliminate the need
for active alignment for one size of a free-spapical communication link. The
retro-modulator described in the previous chapget &n operational field of view of
35°. For hollow corner cube retro-modulators, tikiselatively large; however, this
retro-modulator would still need to face the inbgaitor for retro-reflection to occur.
Active control can be eliminated by using multipé¢ro-modulators to cover the entire
360° planar field of view. This means that 11 af MEMS retro-modulators would
be needed for completely passive alignment. Magomore devices would be
required to account for a full 3-dimensional spterifield of view. With this
consideration, one can understand the appeal ofrge langular ranged retro-

modulator.

One method for creating a larger angular field mw is by introducing a
solid, high index retro-reflector. Unlike a holloworner-cube retro-reflector, light
reflects within the device in a high index matesath as silicon. When light strikes

the entrance face of the corner-cube retro-reftectdraction bends the light towards

36
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the normal direction of the corner-cube. Thishewn in Figure 3.1 where the same
incident ray of light is seen escaping a hollowneor cube while retro-reflecting

within the solid one.

Hollow Retro-reflector Solid Retro-reflector

D

Figure 3.1: lllustration of the increased field wwéw which is
caused by selecting a solid, high index corner-cubto-
reflector.

If we consider a 2-dimensional corner cube, asdegiin Figure 3.1, we can
calculate the amount of power returned by calautgthe retro-reflecting area which
is visible to the optical source. We calculated taturned light from both a hollow
corner-cube, and a solid corner-cube using theximdiesilicon. The results from this
calculation are shown in Figure 3.2 where the amofineflected light is plotted as a
function of incident angle. Here, we assume tlmrd are no losses due upon
refraction or reflections. Figure 3.2 shows thatusing a solid corner cube, we can

double its angular range; the full-width-half-maadwe has increased from 45° to 90°.
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Figure 3.2: The amount of retro-reflected lightnfra a) hollow and b)
solid silicon corner cube retro-reflector as a timcof incident angle.

The reflection surfaces can be coated with a nmefkdctor, or they can be left
bare since total internal reflection (TIR) will agcat incident angles above the critical
angle. When TIR occurs, an evanescent wave isecteaitside of the medium, or in
this case, the silicon corner-cube. Reflectionuce@s the evanescent wave couples
back into the high index medium. This processheotetically 100% reflective but
drops off sharply below the critical angle. In ttentext of the incident angles within
a corner-cube, the condition for TIR is easily raetl there is virtually no power lost

upon reflections.

In the previous chapter, we accomplished modulatypdeforming one of the
mirrors to distort the reflection. For that catbes mirror was fabricated using MEMS
processes where a thin, flexible layer could beowheéd by electro-static attraction.
In the case of the solid silicon retro-reflectdristis not possible since nothing inside
the corner-cube can be mechanically manipulated.mddulate the reflected signal
from a solid corner-cube retro-reflector, a metlhd@xternal manipulation is needed.

This has been accomplished previously with exteetedtro-optic [25] acoustro-optic
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[26] and quantum well [34] modulators. These mdthmodulate the optical beam

while it is outside of the retro-reflector.

Rather than applying modulation to the optical beautside of the corner-
cube, we take advantage of the fact that the liglolergoes TIR at the uncoated faces
of the corner-cube. One of the requirements f&® T occur is that there is a low
index space for the evanescent wave tail outsidh@fmedium. If, however, this
evanescent wave encountered another high indexumedilR would no longer occur
and the optical wave would be transmitted into thésv medium. This process is
appropriately known as FTIR. We can use a sinM&MS arrangement that was
employed in our hollow retro-reflector to move amsarbing material in and out of

FTIR range.

3.2 Frustrated Total Internal Reflection
TIR occurs when a wave strikes an interface fromeadium with a higher
index of refraction at an incident angle greatanthihe critical angle. Under this
condition, the transmitted electric wave found bhg Fresnel equations is given by
Equation 3.1 where E is the, is the incident angle,;ns the ratio of indices of the
external to the internal medium, y is the directpmrpendicular to the interface and x

is the direction parallel to the interface.
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Eq. 3.1 describes the evanescent wave that iseckregton TIR. There is an
exponentially decaying factor in the y-directionupted with a resonating surface
wave along the interface. Since this wave canmaintain power, the surface wave
creates a reflection back in the initial media.r @oal is to capture the light and pull it
out of the media during TIR. For this purpose, tleeaying factorp, is important
here because it gives us the extent of the fieldide the solid corner-cube. This is

the portion of the field which we must manipulateorder to achieve FTIR.

The evanescent field can be pulled out of the agecnbe by absorbing it with
another solid silicon substrate. This is done bgding the absorber in contact with
the evanescent field. Although we know the amgétof this field from Eqg. 3.1, this
is not an indication of the amount of field that vk be transmitted instead of
reflected. To calculate the amount of light whisltransmitted across the air gap, we
treat the gap like a thin film and use characteristatrixes of thin films [47] which

are derived from Maxwell’s equations. The chanastie matrix is given by

B] | coss isind 1
o, ]

in,SINd  cosd

where
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_ 2mnd cosf@

o 3.3
y (3.3)
and
n = ;cosd for s-polarizations (3.4)
n= M for p-polarizations
cosd

where a subscript denoted the corresponding lalfsre, n is the index of refraction
for the media, d is the thickness of the film &nd the angle which the light travels in
that layer. Multiple layers can be accounted fgrniultiplying their corresponding
matrixes (the first matrix on the right hand sideEg. 3.2 in the appropriate order.

The reflectance and transmittance are given by E§sand 3.6 respectively.

R= n,.B-C\ n,B-C|, (3.5)
n,B+C\7,B+C
_ 4n,Rdn,)
~ (2B +C)7,B+C)" (36

The most effective way to get transmission from FETi$ to use an index
matched substrate to collect the evanescent wkee.our purposes, our corner-cube
retro-reflector will be made of silicon since itsha high index of refraction (n =
3.628) and it does not absorb light in the C-baarthe. Using Eq. 3.6 for the case of
an air gap between two silicon pieces, we calcdl#te amount of TIR across the air
gap at the nominal angle of a corner-cube, 541/is result is shown in Figure 3.3
where we require a mechanical translation of apprately 200 nm to go from total

reflection to near zero reflection.
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Figure 3.3: Calculated TIR from an air gap
between two silicon substrates at 54.7° incident
angle. This is shown as a function of the spacing
between the substrates and gives an indication of
the gap size change that is needed for mechanical
modulation by FTIR.

To have absolutely no reflection, the substratesladvmeed to be in contact
with each other. Contact is not practical as any af repeated collision will expedite
wear of the device. For our purposes, an extinabb5:1 would suffice. Figure 3.3
reveals that this is achieved when the substratesvighin 30 nm of each other. This
close proximity is primarily due to the sharp dwfp of the p-polarization component
of light. In practical uses, we cannot take adagatof the polarization dependence
since the orientation of this device and the aoflde incoming optical waves will be

unknown.

Despite the sufficiency of near contact, this giiésents a practical problem
since close contact does not allow for much errothe motion. If electrostatic
attraction, like that which was used for the MEM®dulator in Chapter 2, was the

method for modulation, the close proximity wouldhrine risk of the electric current
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arcing across the gap. As seen with the MEMS natdylthe arcing would result in

the destruction of the device.

Thin-film coatings offer a potential solution toighproblem. Anti-reflection
coatings have been fabricated where destructiverference eliminates any back-
reflected light. In this case, the amount of liglttich is collected by the parasitic
substrate can be tunneled back into the corner-tuldestructively interfere with the

internally reflected optical power.

We used the characteristic equations shown abovaltolate the behavior of
an anti-reflection coating designed for FTIR. Hssembly examined consisted of the
structure shown in Figure 3.4. Here, the parasitigstrate is shown on below the air
gap separating the two pieces. 1550 nm light @avshstriking the interface at the
nominal angle for a corner-cube retro-reflectort tde interface, the light splits as
some of it tunnels across the gap while the resarsmitted. The thin film of TiN (n
= 3.1477 — 5.8429i at 1550 nm) embedded in thesgaraubstrate reflects some of
the light back towards the interface. A portiorttué back-reflected light tunnels back
into the corner cube to destructively interferehwihe internally reflected power,

thereby leading to extinction.
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Figure 3.4: Thin-film anti-reflection coating for
FTIR. This is the basic structure that was
optimized for lowest internal reflection.

The design parameters are the thickness of thelayér and the thickness of
the Si layer on top of the TiN. Since TiN absofbéand light, its thickness affects
the amplitude of light which is reflected back vehihe thickness of the above Si layer
determines the phase of light which is returnetis Thickness will be adjusted so that
the wave returned to the corner-cube is out of @héth the internally reflected light

for maximum cancellation.

As an example, the film thicknesses were optimipegroduce extinction for a
100 nm gap at the nominal angle for the corner cubar these parameters, the most
FTIR was generated with a 114.3 nm TiN layer a28@&5 nm Si layer. The resulting
reflectance is shown in Figure 3.5 when this péakyer is brought to within 100

nm of the corner-cube. At this large of a gap,dize s component of polarization can



45

be completely transmitted out of the corner-cubmydwver, the p component remains
in the cube. Figure 3.6 shows that these antotfle coatings are also very
wavelength insensitive; 70% of the s-polarized tlighll undergoes FTIR into the

substrate within 100 nm of the designated wavelengt

Reflectance (%)

1] 10 20 30 40 a0 G0 70 a0 90

Incident Angle (degrees)

Figure 3.5: Calculated residual reflection afterl®Twith an antireflection
coating on the parasitic substrate. This is oaifor an incident angle of
54.7° to produce a maximum extinction when the giap is 100 nm.
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Figure 3.6: Wavelength dependence of
FTIR with an anti-reflection coating.

Despite the strong angular dependence exhibitethdgalculations displayed
in Figure 3.5, the high index of the silicon corgeibe will bend the light towards the

nominal angle of a corner cube. Moreover, a lang@dulation contrast can be
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obtained by using a modulator at all three reflecgurfaces of the corner-cube. This
was calculated using the beam path shown in Fi§ufe The amount of internal
reflection is shown in Figure 3.8 a and b. Thisludes the calculated “on” state
which was found when the gap size is increased3&r#n for near TIR within the
corner-cube. The angles displayed here are novexternal incident angles before
entering the corner cube, plotted with respectht® mormal of the entrance face.
Along the z-axis of rotation, 2 to 1 contrast candbtained for =+ 15° field of view. In

the x-y axis, we see that this contrast ratio eallst for the entire field of view.

Z
A
3

V' ~Na
X y
Figure 3.7: Beam path used in
calculations of retro-reflector
modulation  contrast. In this

arrangement, all three mirrors are FTIR
modulators. The polarization of the light
is divided into the blue and green
components shown.
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Figure 3.8: Reflection from the solid silicon corueibe where all three
mirrors experience FTIR. The green and blue legsesent the polarization
directions shown in Figure 3.7 while the dasheddinepresent the “on” state
where the gap is increased to relieve FTIR.

A similar analysis was done when we designed fbb am air gap. The best

structure for this design consisted of a 3.7 nm Tej)er beneath a 243.1 nm silicon

layer.

achieved along both directions of rotation.

The calculated results are shown in FigBi@ where 10:1 extinction is

Corner Cube Reflection Efficiency w/ 3 Modulating Mirror Corner Cube Reflection Efficiency w/ 3 Modulating Mirror
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Figure 3.9: Reflection from the solid silicon corueibe where all three
mirrors experience FTIR. The green and blue lmegsesent the polarization
directions shown in Figure 3.7 while the dasheddinepresent the “on” state
where the gap is increased to relieve FTIR.

These calculations of an anti-reflection coatingovehmuch promise in

decreasing the proximity requirements needed featorg FTIR.

In the scope of this
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thesis, this technique was not experimentally peoldout shows worthiness for further

investigation.

3.3 Extinction of the FTIR energy
Fabrication processes makes it convenient to usgli@on wafer as the
substrates which collects the evanescent wave. e BfldR has been achieved, a
silicon wafer, which has two coplanar surfaces, ioact as an etalon and return
optical power back into the corner cube by the saméR phenomena. If this
happens, then the light would return into the cooube at the same angle as TIRed
light and retro-reflection would still occur. Thuse need to extinguish the optical

power once it has been transmitted across theagir g

One method to absorb the infrared light is to emtd@dmium in the substrate.
The index of refraction of chromium at 1550 nm tigh4.24 + i4.81. The imaginary
component of this index shows that c-band lightighly absorbed by chromium. We
introduce this chromium component to the parasitiostrate by coating the back with
a chromium layer. With time and heat, the chromneadily diffuses into the silicon
as described by Eq. 3.7 which is derived from FKckaw. Here, Cs is the
concentration of chromium at the edge of the sabstrx is the depth under the
surface, t is the time and D is a diffusion constalRor chromium diffusing through
silicon doped with boron, D is given by Eq. 3.8][#&ere T is the temperature and k
is Boltzman’s constant. Here, it is important ttie chromium does not diffuse all
the way to the front side of the wafer. This maiim$ the silicon index at the front side

for index matching with the corner-cube which imtallows for efficient FTIR.
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Figure 3.10 shows an example of the calculated exanation profile of
chromium diffusing in silicon for 4 hours at 250.°CThe concentration level of 1

represents the concentration of chromium at the edghe wafer.

Concentration (AU)

0 5

10 15 20
Depth (um)

Figure 3.10: Calculated concentration levels of
chromium diffusing into a silicon wafer. In this
calculation, the diffusion time was 4 hours at 250
°C.
Accordingly, we coated a 10@m thick silicon wafer with an approximately
230 nm thick layer of chromium. This wafer was nthannealed at various

temperatures to achieve various diffusion lengths.

We can estimate the amount of absorption withiieoa wafer by measuring
the spectrum of reflected, normal incidence lighthis is because a silicon wafer

functions as an etalon and creates a period refigcspectrum. With the backside
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covered by chromium, this etalon yields approxinyae? dB contrast between the
peaks and valleys of the spectrum. When an abspdjent lies within the silicon,
the amount of light reflecting within the siliconafer becomes attenuated. This
results in a decrease in the contrast ratio irréHectivity spectrum. This relationship
is described by Eqg. 3.9 where the variables areelefin Figure 3.11. Here, the
variable T is included to account for any absorptihich may occur in the silicon. T
accounts for the amount of the field that is nadabed in a double pass through the
wafer (T = 1-a, where a is the fraction of lighsalbed). If all of the light is absorbed
within the wafer (T = 0), the etalon becomes a Isingurface reflector and the

reflectivity will be equalized for all wavelengtlis= Ey’re?).

E°—>

Eoro —
EOtertZT —

Si Cr

Figure 3.11: Diagram defining the
variables involved in a Fabry-Perot
Etalon. This etalon has two different
interfaces, one between silicon and
air and the other between silicon and
chromium.
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A number of chromium coated wafers were annealadm@ous temperatures
up to 240 °C for 4 hours. Their reflectance speetre plotted in Figure 3.12 along
with theoretical spectra having different levelsabkorption within the silicon etalon.
These curves are plotted at increments of 10% @saimgabsorption. In general, this
reveals that annealing the wafer at higher temperatincreases the amount of
absorption in the wafer by a very slight amount rehall wafers had an estimated
absorption within 5% of 55%. Since annealing thafess appeared to have little
effect on their absorption, our subsequent expearimeised unheated, chromium

coated silicon wafers.
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Figure 3.12: Measured reflectance spectra for asilic
annealed at various temperatures. These are glotte
along with theoretical spectra for an absorbindoetat
various absorption magnitudes. This allows us to
estimate the amount of absorption in our wafers.

3.4 Nanopositioning
According to Figure 3.3, the change in FTIR becosigsificant when the air
gap decreases below 30 nm. To investigate the p&rmance, this means that we
require nanometer positioning accuracy. In MEMS$s is easily achievable with a
properly fabricated device; however, for proof-ofagiple experiments involving

bulk components, nanometer positioning presentalenge.

We used a Thorlabs Three Axis MicroBld¥kTranslation system to perform
the motion in our system. This device operatesgupiezo-actuators controlled by
voltage signals. By using small increments in agédt, we hoped to gain nanometer

positioning accuracy. As shown in Figure 3.13, thestical distance of a wafer
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attached to the piezo-actuator is measured reldbve reference wafer using a
MicroXAM Profilometer. This profilometer measurgsofiles interferometrically
with 0.1 nm accuracy which is sufficient for oureds. In order to use this

profilometer, the reference wafer needed to bearaplwith the controlled wafer.

MicroXAM
Profilometer

bndl)y

O Thorlabs Plezoellet_:tnc
MicroBlock translation
translation stage =~ —

—

Figure 3.13: Setup used to calibrate the motion
of the piezoelectric translation stage. Here, the
vertical displacement between two wafers
(arranged coplanarly) is measured by a
MicroXAM Profilometer while the voltage
applied to the piezo-actuator is adjusted.

Tilt stage

Extraordinary steps were required because of thesiteety needed for
nanometer alignment. These included isolating ¢hére system for wind and
temperature stability, gluing components in pladoeating it on the ground floor,
placing it on a large, air stabilized optical tabled giving the system hours to settle
before taking measurements. All of these thingairhte external disturbances which
would lead to extraneous motions detrimental to @avice characterization

experiments.

Figure 3.14 shows the performance of the stabilegstem as the voltage is

monotonically increased. This shows two separat®es taken on different days



which demonstrate repeatability of motion and ar+#ieaar response.
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Most

importantly, we see that we have sub-nanometertipogig accuracy. Due to the

nature of a piezo-electric motion system, hystsregists meaning that the linearity

and repeatability of motion would not exist if thetion was reversed.
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Figure 3.14: Response from the pizeo-actuator tinareasing

voltage signal.

3.5 FTIR Setup

The two curves were carried outddferent
days to demonstrate repeatability.

The calibration setup for the piezo-actuator wagliffexl to demonstrate FTIR

from a solid silicon corner-cube retro-reflectoiThe modifications are shown in

Figure 3.15. Here, the wafer resting on the pieleatric stage is replaced with a 450

nm thick silicon wafer coated with chromium undextieto act as the parasitic wafer

with an absorbing element. The MicroXAM profiloraetmeasured a +/- 6 nm surface

roughness of this wafer. A 7.5 mm diameter comare is supported by the reference

wafer.

The corner of the retro-reflector hangs dlfe reference wafer by

approximately 1.5 mm so that the silicon absorlzer lse moved into proximity with

the corner.

In this setup, we can only achieve RFhhodulation at the small
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overhanging surface of the corner-cube. Light Whieflects in the corner-cube
further from the over-hanging corner will experieng slight translation upon retro-
reflection. Thus, this arrangement is sufficiemt éur proof-of-principle experiments
as light reflecting off this overhanging corner Iwfibllow the same path back and

comprise of most of the light returning to the ooltor.

Collimated U
Piezoelectric
Q translation

—A—

Figure 3.15: Mechanical portion of the setup usedneasure
FTIR when an absorber is brought within nanometdrghe
corner-cube retro-reflector.

The complete setup, including the optical companemd shown in the
photographs in Figure 3.16. A beamsplitter divittesretro-reflected beam and sends
it to a Sensors Unlimited 320M InGaAs IR camera dralcollimator. The camera is
focused on to the back plane of the retro-reflestothat we can see where FTIR is
occurring. The light sent back into the collimatsrcirculated into a detector to
measure the entire return signal. Also, the cecobe is now held down a spring
loaded clamp. This pressure keeps the substrdte@tom face of the corner cube in
alignment. These sit on a stage which is tiltedhsd the reference wafer and the

parasitic wafer are collinear.
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Figure 3.16: Photograph of the setup used to aetfé@\uR in a solid silicon

corner-cube retro-reflector. For the purposeslloktration, the housing
used to stabilize the air and temperature in thepse not present. The
housing would shelter everything in the photograpcept for the beam
collimator which would project the beam through rma#f hole in the

housing.

75 mm
cube diameter

In our experiments, we increased the voltage agpppid¢he piezo-actuator once
it was brought into close proximity. No changesthe retro-reflected signal were
obvious until contact was made. The point of contaas identified when the
MicroXAM had shown that the reference substrate @dov Figure 3.17 shows the
images of FTIR as the absorber is lifted into conwath the corner cube to the point
where the corner cube has been slightly lifted. rifi@u this process, the voltage
applied to the piezo-actuator is increased by apprately 167 V from the point of
contact. Since the reference wafer moves durilgpiocess and there is an added
load silicon absorber, we were not able to know e¢ikact position of the silicon

absorber during this process.
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a) Contact made

b) Pressure applied

c) More pressure applied
(absorber aligns with
cube)

| ——
d) Absorber tilts cube |
e —] [E——

Figure 3.17: Images of the retro-reflected light tag
voltage on the pizeo-actuator is increased. Thike center

is caused by damage to the delicate corner of etre-r
reflector. As the voltage to the actuator lift® thilicon
absorber, the absorber a) makes contact with tiheeco
cube, then b) shows signs of FTIR. Eventuallyth®
maximum amount of FTIR is achieved and then FTIR
decreases as d) the corner-cube becomes tilted.

Figure 3.17 a) shows a dark box surrounding thdecesf the image. This
dark area is caused by FTIR occurring between ¢ineec cube and the silicon wafer
holding it. As the absorber is lifted, FTIR doest nccur until after there is pressure
between the absorber and corner cube. We obspprexamately 2:1 contrast until
the corner-cube begins to tilt. Once the corndrecis tilted, the darkest areas in the
image, the areas where the pressure is the greslest approximately 5:1 contrast.

This is contrary to our calculations which suggéstieat FTIR could be achieved



58

before contact. It is not clear to us why coniaatecessary to observe modulation;
however, our experiments have shown that the maduolaf pressure between the
absorber and the corner-cube is still effectivénc& contact is required, this idea can

no longer be applied to a MEMS device.

3.6 FTIR by Pressure

The results from the previous section suggest Wetturn our attention to
applying pressure between the corner-cube anasiabsorber to achieve FTIR. In a
simple study, we simply placed the corner-cubeoregflector on a 100 nm thick
silicon wafer absorber. We chose a thinner waféiciv is more flexible and
susceptible to bowing, allowing for the pressure sfwread evenly between the
surfaces. We simply applied approximately 30 psuafipressure to the top of the
corner-cube using human force and observed thegelsashown in Figure 3.18. This
shows only localized regions of extinction whictpard as more pressure is applied.
The extinction in these areas is approximately @:tonclude that it is necessary to
flex the silicon absorber since the submicron proti required to observe FTIR is

smaller than the roughness and alignment toleraofcéee surfaces.
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Figure 3.18: Images of the reflecting surface ef ¢brner-cube retro-reflector
as a) it rests on top of a silicon absorbing wafed b) the corner-cube is
pressed down onto the wafer.

We designed a housing to create a prototype detiae operated on the
principle of using pressure to generate FTIR. @ligh this strays from our original
conception of a MEMS based, non-contact device, tiew arrangement provides a

less expensive alternative. A photograph of teck is shown in Figure 3.19 a).

smg_ against _Glass Siide

ezo actuator

} | __Si Absorber

Housing

olid-S
'CC Retroreflecto
~ 7mm diameter

Figure 3.19: a) Packaged FTIR retro-modulator ahdthe cross-section
revealing mechanisms of modulation.

Figure 3.19 b) shows the cross section of this adewhich reveals its
operation. Here, the piezo actuator rests in dycauthin the housing. A sapphire

sphere is attached to the end of the piezo with NSBAJV cured epoxy. Two glass
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slides are UV-cured together and rest on top af $phere. This creates a glass layer
totaling 2 mm in thickness. A thin layer of flelebtwo toned epoxy holds the silicon
absorber on the top slide. The glass slides ad tesapply the force from the piezo
uniformly across a large area of the silicon absorbrhey are allowed to freely pivot
on top of the sapphire sphere. This freedom alltives silicon absorber to align
collinearly with the surface of the corner-cubaagtflector. A biased pressure can
be applied by tightening the screw located undergiezo. This will minimize the

work needed by the piezo actuator.

We also used this device with a glass corner-cueo-reflector which
exhibits looser tolerances for FTIR due to its lowwlex of refraction. Calculations
show that FTIR occurs in glass with approximatel90 lnm gap separation.
Consequently, the silicon absorber was also remawedhe glass slides were used to
collect the light. The bottom of the top slide vasnted black to absorb the light and

insure that it would not be retro-reflected.

The prototype was characterized using the setupoghephed in Figure 3.20.
The transceiver consisted of a Thorlabs, ASE-FL7@2dband source which passed
through an optical circulator before exiting thedspace collimator. The received
signal entered the collimator, and was guided téPa81531A power sensor by the
circulator. The beamsplitter, shown in Figure 3@@ected 50% of the retro-reflected
light into an SU 320 InGaAs camera. This camel@aadd us to view the reflecting

surface of the retro-reflector so that we couldtbesoccurrence of localized FTIR.
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Figure 3.20: Photograph of the setup used to cterae the retro-
modulator.

3.6.1Driver Circuit

The piezo actuator had 600 nF capacitance. Toewehsuitable switching
speeds, a driver would require more power than wfféered by standard signal
generators and voltage amplifiers. One cost eWfecolution to this was to recycle
the drive energy by using it in resonance with milar capacitor. This was

accomplished in a circuit designed by Justin Halliés description follows.

“The purpose of this circuit is to modulate a faithrge capacitance at high
voltage with minimum power. The basic idea of tiveuit is that a dummy capacitor
that is approximately the same capacitance as twulating device stores the charge
when the modulating device is in a low voltageestastead of discharging to ground.
This is accomplished with an inductor and switchwleen the two capacitors. When
the switch closes, the energy is resonantly trarexdiefrom one capacitor through the

inductor to the other capacitor. Two unidirectiorieansfer paths between the
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capacitors are implemented such that the only remqant for full transfer is that the
switch be closed at least half of the resonantoperiSince losses exist and the Q of
the resonant circuit is finite the capacitors mustrecharged periodically, but only a

small fraction of the total energy needs to bedéed.”

The mismatch in capacitance between the dummy ttapaand the piezo
actuator resulted in more losses and more eneaynéeded to be re-added. Thus,
the achievable voltage amplitudes and speeds weited as shown in the following

results.

3.6.2Experimental results

Extinction could be seen simply by tightening tloeesv. This could be done
to the point of failure where cracking would resalbne of the components. In failed
experiments, cracking occurred in the corner-c@e4reflector, the silicon absorber
or the glass slides transferring the force from prezo. Therefore, the force was
limited to an arbitrary amount, depending on thaditoon and arrangement of the
components. FTIR can be seen with the maximum amotipressure applied in
Figure 3.21. This shows localized and non-unifesttinction of approximately 13 dB
near the central region. This occurs along an ediglee corner-cube, suggesting that

there is still some linear tilt between the cornebe face and the silicon absorber.
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Figure 3.21: Image of the silicon retro-reflectoctdised on
the reflecting plane when pressure is applied )(leftd
released (right).

Figure 3.22 shows the reflection surface when metehrl is done on a glass
retro-reflector. This shows FTIR occurring over tlentire aperture where the
extinction in these areas is approximately 10.5 dBis is expected since glass does
not confine light as well as silicon, and it is risfere easier to pull out of the corner-

cube.

Figure 3.22: Image of the glass retro-reflectoufed on the
reflecting plane when pressure is applied (lefj asleased

(right).

The signal received by the optical detector, shawRigure 3.23, shows that

signal modulation is achieved. Figure 3.23 wagmakith a silicon retro-modulator at
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500 Hz and 10 kHz modulation with the drive signalso displayed. These drive
signals were taken at the maximum amplitude achievhy the drive circuit at that

frequency. They are not true square waves; rathey, contain an artifact resulting

from the driving method.
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Figure 3.23: Optical signals from the silicon retnodulator
measured with the drive voltage signal for a a) bl@20and b)
10 kHz signal.
The same measurements were done with the glassmetiulator and the

results are shown in Figure 3.24. As expectedydrignodulation depths are easier to

achieve. The maximum depth observed was 8 dB slmowigure 3.24 a).
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Figure 3.24: Optical signals from the glass retrmdoiator
measured with the drive voltage signal for a a) B20and b) 10
kHz signal.
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Although we were not able to achieve the same gel@mplitudes at higher

speeds, we can still extrapolate the modulationitdinmherent to our modulator

design.

voltage amplitude over a range of drive speedsguairsilicon retro-reflector.

Figure 3.25 shows the relationship betwienextinction and the drive

The

higher frequencies were not run at high voltagesabge the drive circuit could not

provide enough power.

beginning at speeds of a few kilohertz.

Regardless, we can obserdeo@ in modulation ratios

Extinction (dB)

T
W
!
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\
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/_,/"/
/ 3 kHz ]
i
g o 5 kHz

Figure 3.25: Relationship between the modulatidrosaand

the voltage for the silicon

frequencies.

retro-reflector at difént

Figure 3.26 shows the measurements taken with ss gitro-modulator. As

seen before, the glass retro-modulator achieveuehignodulation depths; however, it

follows a nearly identical trend of decreasing matian as the signal frequency

increases. One possibility for this decrease ithenresponse of the piezo actuator.
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Although the piezo actuator is specified with aoremt frequency of 135 kHz, its
response at lower frequencies is not documentedoth®r possibility lies in the

transient response of the mechanics used in ouceleWhen the pressure is applied,
a mechanical deformation occurs. The motion regufor this deformation may also

limit the device speed.

o /
= 6 ;/ 4
S s / o 1
3 Vel 3 kHz
£ a4 _ — 1
> - d
w4l __,--"'/5 kHz = g
/ . =
2 ot = - - b
//:* =
1 _,:-:” ':.-— - 10 kHz T
o -‘L’__:-E-IP —1 s e Y I I 2 1 I 1
o 10 20 0 an =1} & 70 a0 3 100 110
Voltage (V)

Figure 3.26: Relationship between the modulatidrosaand
the voltage for the glass retro-reflector at deéfarfrequencies.

The main advantage of using a silicon retro-refledver a hollow MEMS
retro-reflector is in the greater angular rangeoeaissed with the refraction into the
device. Figure 3.27 shows are experimental dematiast of this angular consistency
in both extinction and overall insertion loss. tiese experiments, the bottom surface
of the corner cube experienced FTIR while it waster around a vertical axis. This
modulator was run with a 500 Hz signal with 80 Vpditnde. As expected, the power

returned from the retro-reflector remains withirdB of the maximum power up to
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+70°. The extinction gradually decreases with bigangles. This is to be expected
since this would increase the angle hitting theRFirterface, thereby creating more
TIR. The other corner-cube surfaces may experiendecrease in incident angle;
therefore, the contrast may also increase if théRFdccurred on the appropriate

surface.
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Figure 3.27: Angular dependency of the silicon aetr
modulator.

3.7 Conclusion
Retro-modulation involving solid corner-cube reteflectors have involved
modulating the light outside the entrance of theoreeflector since it is difficult to
manipulate it once it is in a solid material. histchapter, | presented an alternative
method for modulating light in a solid corner-cutegro-reflector by using FTIR to

extract the light. | presented calculations shgwihat FTIR can be achieved in a
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silicon corner-cube by bringing a silicon wafer it less than 100 nm of proximity.

With bulk optics, | was able to demonstrate FTIRaoGCR; however, the modulation
suffered from non-uniformity due to difficulties thialigning the pieces collinearly to
maintain the proximity over a significant area. r@uals showed that FTIR became
observed after contact and pressure was applieeebatat the FTIR interface. This
resulted in an attempt to create a retro-modulatuich applied pressure by using a
voltage actuated piezoelectric stack. Here, | a@e to demonstrate 3 dB modulation
at 1 kHz. We also used a glass retro-reflectorctwidiemonstrated 8 dB modulation.
At higher speeds, the contrast ratio began to dffjgalling below 1 dB at 10 kHz for

both types of modulators.



Chapter 4

Beamsteering

4.1 Introduction
An inherent complexity in establishing a FSO comiuaition link is that the
optical beam must be aimed to its targeted receividris is routinely accomplished

between stationary nodes [4] where large anglé/eaatignment is not required.

FSO alignment becomes more complex when the pahtsommunication
(either or both) become mobile, as this requiresd-time alignment. In order to
maintain the communication link, the laser beam tnings constantly pointed at the
receiver, thereby requiring fast beamsteering spded a large angular range. In
addition to the relative motion of the receivemaspheric effects such as scintillation
may also misdirect the beam, thereby calling farhsteering speeds much faster than

the pointing errors caused by scintillation (onesrdf a few milliseconds[49]).

In our work, we accomplish phased array beamstgesith passive phased
arrays. Passive phased arrays can be diffractimtngs, arrayed waveguide gratings
(AWG) or virtually imaged phased arrays (VIPA). Maonventional ‘beamsteering’
optics controls the properties of the steering cdevo deflect an entire wavefront (or
image). Instead, orthogonal diffraction uses fixesponse optics and directs a single
beam of monochromatic light by changing the wawgllenof the beam. This

effectively decouples the speed dependence fronother parameters by utilizing

69
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wavelength flexibility as another degree of freedamne that can have a negligible

effect on the FSO link.

4.2 2-D Wavelength beam-scanning concept
A diffraction grating has the ability to dispersghit in one dimension. When a
single wavelength is transmitted through a gratihgs diffracting according to the
grating equation, Eq. (1), where P is the gratiegqga, m the diffraction ordeh, the

wavelength, ané,, ando; the transmitted and incident angles respectively.
P(sing, —sing, )= m/ (4.1)
This equation shows that the deflection by the iggatchanges as the
wavelength is changed. Thus, when a laser is taceass a wavelength range, the
beam scans along a line [50]. This alone is ingefit for FSO pointing and tracking
since objects exist in a 2-dimensional field ofwieTo reach the second dimension,

we can include another diffraction grating thatrgented orthogonally to the first.

This arrangement is shown in Figure 4.1.
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Figure 4.1: 2 diffraction gratings oriented to ast@ beamscanning in 2-
dimensions. The difference in diffraction orderstvieen the two
diffractive structures allows for raster scannirg) the wavelength is
increased.

There are three characteristics which these gmatmgst have in order to
function as a viable beam scanner that raster saansntire 2-dimensional range.
Firstly, both gratings should be fabricated sucht tmost of the power is diffracted
into one diffraction order. For example, in theseaf a diffraction grating, a blaze
angle would be required to restrict the power withh angular range that contains
only one order. Second, the free spectral rangbeofower order grating should be
greater than the total wavelength scanning rangerdly, the total wavelength range
should be greater than N times the free spectrajeraf the higher order grating,
where N is the number of lines that are scannedsaadn the raster scan. When the
second and third conditions are combined, a scarugih the wavelength range will
make one pass across the angular range of onegrahile also making N passes
through the range of the other. Since the gratiags oriented orthogonally, this

creates a raster scan through a 2-D range of angles
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4.2.1An AWG and a free space optical grating

One such arrangement that can meet the aboveaigean AWG followed by
a free-space optical grating. The AWG has higlpefision because it operates in a
high diffraction order. The diffraction order istdrmined by the increment in length,
AL, between adjacent waveguides in the array, daetbby Eq. 4.2. Heregagis the
index of refraction of the waveguides akg is the central output wavelength within

the ni" diffraction order.

n, AL
m:—a”j’ (4.2)

The wavelength separation between diffraction arderknown as the free-
spectral range (FSR). Eg. 4.3 gives the FSR wrlsctiirectly related to the final

angular separation created by the diffraction geati

A
m 4.3
— (4.3)

FS? = Am _Am+l =

To determine all of the achievable directions, westrfirst know the exact
wavelengths that are transmitted through our systédthen we assume no wavelength
dependant losses from reflections and transmistgioough optical materials, the
transmitted wavelengths from our system are emtideitermined by the diffractive
properties of the AWG. To explore this, we staithwthe grating equation, and
modify it to account for optical path delays in tA&/G. This yields Eq. 4.4 which
now includes the index of the waveguidegygnand the phase shift induced by the

incremental lengthAL, of successive waveguides.
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Nang Pasg (SING,, —SING, )+ N AL = A, (4.4)
In the AWG, the diffracted light out of the wavedeiarray is coupled into
another array of output waveguides. Each of tiveseeguide channels collect the

light at a certain angld)y, coming out of the waveguide array. The wavelerajt

channel N and order m is found by isolatiagin Eq. 4.4 to arrive at Eq. 4.5.

n n,.P
Ay =29 (AL - P, SiNG )+ 2" sing, (4.5)
m m

Here, we make the assumption that the output wastegare arranged with an
angular period,, and that the output waveguides are centered thath, is zero at
the middle of the output array. When these aremasd, the first term on the right
hand side of Eq. 4.5 is equal to the wavelengttingitthe middle of the array\.
These are found using Eqg. 4.3. With these coraiders, we now arrive at Eq. 4.6
where N is the output channel number and,s the total number of channels.

N, P
A=A, +Msin{9{[\] _'\‘ma_x”ﬂ (4.6)
' m 2

Eq. 4.6 can be rewritten as Eq. 4.7 to explicitBid/N.

miA, .. — A
Sin_l|: ( N,mP C)}
n
N = awg © awg + Nmax +1 (47)
7 2

(o]

Ideally the AWG waveguide would be directly intetgich with the second
stage, avoiding intermediate fiber coupling lossek our system, however, we

connected a fully-packaged AWG to a linear v-groamay to spatially separate the



74

wavelengths within each diffraction order. Thepuitarray of spots yielded by the v-
groove array (pitch B is re-imaged by the free-space grating demubtgrdefore it

is directed by the output lens (withfbcal length). The output angle is given by Eq.

4.8.

Nmax +1
Pv(N‘zj
f

(o]

tang, = (4.8)

The output angle in the orthogonal direction isabed by the dispersion of the
diffraction orders by the free-space grating deipléker. This demultiplexer might
contain a 4-f imaging system with a reflection grgof period R, tilted by6,, at the
Fourier plane and uses identical Fourier lenses ¥atal length f. The resulting

output angle deflection caused by the diffractioatigg is given by Eq. 4.9.

tand, :fitar{sin‘l(g+sineg] +6’g} (4.9)
0 g

4.3 2D wavelength demultiplexer
A natural application of this wavelength disperstemcept is in the area of 2D
wavelength demultiplexing. A 2D wavelength denpléxer is created by simply
excluding the final output lens described in thevpyus section. This system is
illustrated in Figure 4.2. Because of its potdnéipplication, this intermediate step

towards a 2D beamscanner is worth exploring irhrtetail.
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Figure 4.2: Hybrid waveguide — free-space grating
multiplexer producing a two-dimensional array
output.

This hybrid multiplexer was proposed by Ford anadamni in 2001 [51]. In
2004, Xiao and Weiner successfully demonstrateelatad array multiplexer using a
virtual imaged phased array (VIPA) multiplexer aqged with multiple diffraction
orders, followed by a free space grating demulki@teo create the 2-D array output
[52]. This system produced 41 demultiplexed ch&nfrows of 10 channels) with

about 1.75GHz spectral bandwidth per channel anthanum 17 dB insertion loss.

In our work on wavelength demultiplexers, we figtowed a proof of
principle demonstration of the demultiplexing copicésee Appendix A) which
produced 72 demultiplexed channels, and then aemtedemultiplexer intended for
ultra-large data capacity (see Appendix B). Theradbrge data capacity
demultiplexer carries over 1000 individual chanreisapproximately 50 GHz pitch
and spread over a 600 nm wavelength spectrum, foaggregate potential data

capacity of over 40 Th/s. Due to its free-spacayed output, this optical system is
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primarily intended to be integrated with optoelenic or micromechanical devices to
construct wavelength switches and dynamic speetaklizers for ultra-large data

capacity networks.

4.3.1Demultiplexer setup

Figure 4.3 shows a photograph of the experimeny&em. The first stage of
our system consisted of a conventional 1x40 AWG wlgptexer with 50 GHz output
channel pitch. The 40channel of the AWG had anomalously high loss &edefore,
only 39 outputs were used. At 1560 nm, the AWGwsdtbless than 5 dB insertion
loss and a 27.2 nm free spectral range (FSR). r@laéon between FSR, wavelength

and diffraction order m is given by Eq. 4.3.
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Figure 4.3: Experimental setup, showing the V-
groove array that carries the 40 outputs from ttst f
stage multiplexer, and the free space grating
multiplexer that produces a 2-D output array whgh
tested using an single individually-aligned output
fiber for channel characterization

We find that the channels near 1560 nm lie in t8& diffraction order. The
AWG is designed for this order and is typically nated outside of this range.
However, other diffraction orders are produced w#qually high transmission

efficiency when the AWG is illuminated outside big range.
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Figure 4.4: Transmission spectra carried by a singl
AWG output fiber when illuminated with a 600 nm
bandwidth, showing 28 diffraction orders separated
by the approximate 25 nm FSR. This is the firagst
(partially demultipled) output of our demultiplexer
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Figure 4.5: Transmission spectra coupled to a fiber
positioned at the image plane of the second st&g& F
demultiplexer, showing a single AWG diffraction
order in the final output.

For our system, we illuminated the AWG with a higightness
supercontinuum source with spectral output rand@riagh 1150 nm to well over 1800

nm. With this source, the AWG operation bandwwts limited only by the spectral
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range of our optical spectrum analyzers, from 1460to 1800 nm. With a 600 nm
input bandwidth, the AWG produces a spectral cornat deast 28 diffraction orders

in each output channel, as shown in Figure 4.4.

All outputs of the AWG must be integrated with teecond stage (FSG)
multiplexer to create the fully demultiplexed outpuldeally the AWG waveguide
would be directly integrated with the second staggeshown in Figure 4.2, avoiding
intermediate fiber coupling losses. In our systéoyever, we connected a fully-

packaged AWG to a 1x40 linear v-groove array withghed fibers at a 1204m pitch.

The second stage demultiplexer consists of a 5 coal flength Fourier
transform lens followed by a 75 Ip/mm blazed rdftat grating. The grating is coated
with aluminum for adequate reflectivity of a brogectrum of visible to near infrared
wavelengths. The grating is oriented near Littrangle, so that the first-order
diffracted output is backreflected and returns tigio the Fourier lens and is
refocused, creating an image of the v-groove aahgcent to itself. Since the grating
is a diffractive element, the horizontal positiohtbe image is determined by its
wavelength. Since each diffraction order lies aiféerent wavelength range, we
generate multiple images which are horizontally pldised from each other.
Moreover, the image of the array appears slantedt@uwavelength variations among
the channels within a diffraction order. We tiitetv-groove array in the opposite
direction to align the spots in a vertical columWith broadband input into our
system, this ultimately produces a rectangular yaroé spots raster positioned

according to their wavelength. These spots eaplesent the output position of a
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demultiplexed wavelength channel. The signal cedipb an optical fiber positioned
at one of these output spots is shown in Figureshéwing suppression of all but one
diffracted orders visible in Figure 4.4. Thishetfully demultiplexed (single channel)

output of the hybrid demultiplexer.

4.3.2Arrayed demultiplexer output

We photographed the entire spot array using aranedr camera, a Sensors
Unlimited 320M camera with a 320x240 array of InGadetector pixels at a 25
micron pitch. The output array is located adjadenthe fiber V-groove array, so to
obtain this photograph we temporarily inserted lal goirror to reflect the light out of
the demultiplexer and into an imaging system caimgjsof two identical Fourier
transform lenses in a unit-magnification 4f confafion. The image of the spot array
is shown in Figure 4.6. Each column of the aregyresents a single AWG diffraction
order, or in other words, a single image of thenmiediate v-groove array. These
spots are raster positioned according to wavelefngth top to bottom, and then from
left to right. The nonuniformity of the array ig@sult of several factors, including the
relatively course sampling grid of the detector gigx the nonuniformity of the
supercontinuum source (which varied by 15 dB oker@00 nm operating range), and
wavelength dependent losses. An accurate meas$uttee dnsertion loss for each

wavelength channel is shown in Appendix B.
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Figure 4.6: Photograph of the entire output array
taken by relay imaging the output into an InGaAs
sensor array, showing the 39 columns (first stage
AWG fiber inputs) of 28 diffraction orders each
(dispersed by the FSG). The 320x240 InGaAs
camera does not fully resolve the 1090 spots.

A standard SMF-28 single mode fiber mounted in lea V-groove and
polished flat was used to characterize the eatheol092 individual channel outputs.
The fiber was mounted on a Pl model F206 hexapages(visible at left in Figure
4.3) to provide <0.1 micron absolute positioningwaacy. This fiber was scanned
across the plane of best overall focus. The fimipled signal was connected to
external components for intensity measurementsctigieanalysis, polarization

dependence loss measurements and bit error réte tes

Figure 4.7 diagrams the calculated output spotridigion. The rows are
separated by 0.127 mm, equal to the pitch of th Mxgroove array. The separation

between the columns is set by dispersion fromatitfon from the free space grating,
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and so is proportional to the FSR (Eq. 4.3) andeiases monotonically with
wavelength. In the equations shown, imthe AWG diffraction order at wavelength
A, and f is the lens focal length and d is the goatperiod of the free space

demultiplexer.

The output spot wavelengths are distributed instéerafashion. The shortest
wavelength signal is in the lower right, increasing0 GHz steps as you move up the
column. There is a longer interval before you hetie next diffraction order, which
starts at the next column to the left. The longestelength output is in the upper left
corner. The design of the AWG (delay arm leng#tridiution and output waveguide

arrangement) determines the space between ditiraotders.

Figure 4.8 shows crosses at the measured posifiomaximum coupling
efficiency for each channel into the fiber. These plotted against their predicted
positions, represented by circles, calculated basedheir diffraction order in the
AWG and the grating equation, and measured focajtke of the Fourier transform
lens. The absolute position of the predicted axpeemental data are aligned to
minimize the RMS difference, which was 6. In our measured data set, the
column pitch decreases by more than half, from &.126n near 1800 nm (at left) to

0.114 mm near 1160 nm (at right).
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4.4 Experimental setup

For our experimental demonstration of beamscannivey,used the system
illustrated in Figure 4.9 and Figure 4.10. We usedDSU 1x8 channel arrayed
waveguide grating as the first diffractive elememhich operated in the 184
diffraction order at 1550 nm. Since the AWG giwdiscrete outputs at specific
wavelengths, the achievable scanning angles exstriearly rectangular array rather
than a set of lines. The AWG channels were traresie@nto free space through a 635
um pitch v-groove array. This led into a free spapéical grating demultiplexer,
taken from a Network Photonics WDM switch, consigtof a 100 mm focal length
Fourier lens followed by aorder, 300 Ip/mm reflection grating (Newport cetal
code 53-*-013R). Like the demultiplexer shown poesgly, the output from the two
demultiplexers is a grid of single mode Gaussiastssprhere each one corresponds to
a different wavelength. This is converted intoeain scanner with the addition of a
gold mirror (to divert the light away from the cooments) and a Nachet Vision 8x, 25

mm focal length microscope objective to collimatel airect the beam.
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Lens Gdrating
JDSU 1x8 Mirror f, =100 mm 3 order
Tunable Source | AWG y. 300 lp/mm
Source Options: /_5', 7 //
* Tunable Laser V-groove array ! | “l
* Broadband noise source 635 um pitch ll
UG 8x Microscope Objective
f, =25 mm

N

Collimated output beam

Figure 4.9: System and components used to demtmsiemmscanning.
The demultiplexed channels from the AWG are ejeaténl free space by
a V-groove array which sits at the focal plane &foarier lens. This lens
is part of a free space grating demultiplexer wrgeparates the multiple
orders from the AWG. The output is focused at theal plane of a
microscope objective which collimates and direhtslight.
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Figure 4.10: 2-dimensional illustration of a
monochromatic beam propagating through the
system.

The AWG and free-space optical grating were botsigieed for the C-band

(1530 — 1562 nm) of the telecommunication spectruhimese wavelengths are also
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popular for free-space optical communications; thesir demonstrations are

appropriately carried out using wavelengths ne&0lim.

Figure 4.11 shows the predicted output angles ef directed beam for
wavelengths from 1546 to 1590 nm using the equst&hown previously and the
parameters illustrated in Fig. 2. Here, we usedheeguide index, 44, of 1.5 and a
AL of 199 um to have the AWG operate in the ¥%liffraction order at 1550 nm. We
also assumed that there is no apodization fromageytures which might have limited
the field. The figure shows 6 columns and 8 roWwaahievable directions. Each row
corresponds to a single channel from the AWG, aedhbrizontal separation between
the rows is created by dispersion from the difi@ctgrating. The 6 columns are a

result of fitting 5 FSRs (~ 8nm for the AWG) in ttegal wavelength range.
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Figure 4.11: Calculated output
angles from the beam scanner.
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Ideally, the range of a beam scanner should bamanis instead of a discrete
array of spots. This functionality can be incogied into our beam scanner with the
addition of a continuous beam scanner to coverdhge in between the spots. The
requirements of this beam scanner are achievalheexisting technology (such as an
electro-optic scanner) since the required scanrange is now limited to the distance

between our discrete directions.

4.5 Experimental results

Figure 4.12 shows a photograph of the actual setugre the output beam is
projected onto a white screen 20 inches distane udéd a Sensors Unlimited 320M
camera with visibility in the NIR wavelength rante image the projected beams.
This photograph also shows an Agilent tunable |lasethe optical source. In our
experiments, we used a number of different optscairces to characterize different
properties of the beam scanner. For fast beamsugrihe ideal source would be a
fast, wavelength tunable laser. To the authorswkadge, the fastest tunable lasers
are grating-assisted codirectional coupler withr iEmpled reflector (GCSR) lasers
which can switch across its entire wavelength ramgeinder 50 ns [53]. The
wavelengths from these lasers are limited to areliscset of wavelengths; however,

this does not harm our system’s scanning ability.
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.
Free-spaCe 2.
reflection gratinga *

Figure 4.12: Photograh of the beam scanner with a
tunable laser acting as the optical source.

We used a C- and L-band ASE source to simultangdrehsmit power into

the entire output array of beams. Figure 6 shdwscaptured image of all of these

beams projected onto the screen.

ASE illumination
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Figure 4.13: An ASE optical source is used to
send power towards every achievable direction of

the beam scanner. The camera is saturated to
show all spots.
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Figure 4.13 shows that the achievable range frombeam scanner was 10.3°
and 11.0° and exists as discrete directions in by 8 array. This is consistent with
the predictions shown previously. The apparentgrovariation over the different
directions is primarily due to the spectral profdethe ASE source. Our work on
creating a wavelength demultiplexer suggests thatimsertion losses are uniform

across the wavelength tuning range with approxilp&elB loss.

For the next part of our experiments, we used afeADg81642A tunable laser
to send power to a single direction. The outpatnb®f a single wavelength is shown
in Figure 4.14a. While this laser’s slow tuningeg (2.8 seconds to scan through 100
nm) makes it infeasible for FSO beamscanning, thgdeAt tunable laser was still
useful in observing the output beam quality of bleam scanner. The beam profile is
a result of a re-imaged fiber output (from the wayre array) directed and collimated
by the microscope objective. Figure 4.14b showsaayge of the single spot. This
was captured using a bare InGaAs sensor placed dmatey after the output of the
beam scanner. We measured a 6 mnf beam diameter which matches the
expectations of a bare fiber output being collirdatg the microscope objective. We

note that this beam waist can be changed by safeatdifferent collimating lens.

Figure 4.14b also shows that the beam maintaingnaaply Gaussian form
which is indicative of low distortion through the/steem and yielding a smooth

wavefront.

Our work with the 2D demultiplexer also showed timathese 2D dispersive

systems, the crosstalk inherent in the AWG andlitrewidth of the optical source
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determines the amount of crosstalk between neigidpavavelength channels. The
prior results also show that there is virtually(mo30 dB) crosstalk between channels
which are separated by one FSR. Using the dewicesr setup as an example, the
Agilent laser linewidth is 100 kHz which is neghtg compared to the 100 GHz
AWG channel pitch. This means that the crosstalkletermined by the crosstalk
between AWG channels which we measured as gréster35 dB. Figure 4.14a also

shows no apparent leakage of the optical powematghboring channels.

Gaussian Output Beam Profile
Coherent illumination

1655.25 nm

1/e2 diameter
6 mm

(b)

Figure 4.14: a) The output of a single wavelengtl h) its profile
immediately exiting the beamscanner.

Since this system is intended for use in FSO conications, the transmitted
beam may carry a modulated signal and would inlzefihite bandwidth. Since our
system is dispersive, a significant bandwidth wosiigttch the output beam over a
linear range of directions. The amount of stretghivould depend on the degree of
dispersion of the free space optical grating. €k may also cause a limitation
when the signal is modulated with a bandwidth gredahan those of the AWG

channels.
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An alternative to using a tunable laser as thecsig to use an ASE source
passed through a tunable filter. We demonstratex dption using the same ASE
source used above along with a CoreTek MEMS tunetalon filter. Two separate
detectors were placed at different points in theldfiof view. These points
corresponded to 1546.7 nm and 1578.3 nm wavelengiigaire 8 shows the transient
response of the power at the simultaneously medsuositions when the filter was
switched between these two wavelengths. This sloo®83us switching time (time
for the signal to go from 10% to 90% of its steadyue) which is purely determined
by the switching speed of the tunable filter. TmeTek MEMS filter used here had
a passband of 0.47 nm which is larger than theradlgmtch of our AWG. Thus, this

filter produced approximately 5 dB of crosstalkaisiacent channels and would not be

suitable as a secure FSO beamscanner.
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Figure 4.15: Transient response when
switching between two directions.
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4.6 Beam scanner with VIPA

An alternative implementation of this beam scans@me that uses a VIPA in
place of the AWG. The VIPA, invented by M. Shirasg4][55], is a glass slab that
acts much like a highly dispersive diffraction gngt The VIPA operates on the
principle of virtual images interfering with oneaher, as illustrated in Figure 4.16.
These virtual images are of a line source whichréated by focusing a collimated
beam with a cylindrical lens. This line sourcddsused at the entrance aperture of
the glass slab which is tilted at a small angldie Back surface of the slab is nearly
100% reflective with the exception of the entraaperture, while the front slab has a
graded reflectivity to allow output light. In thearangement, the light will undergo
multiple reflections and create a series of stagfjesirtual line sources. The light
leaks out of the front surface into free-space whbe cylindrical waves created by
the virtual line sources interfere with each oth€he graded reflectivity equalizes the
leaked power of successive reflections. Ultimatdhis resembles a diffraction

grating operating with a large tilt and very higider.

Virtual point sources

L
Collimated

light —>

Cylindrical lens

Figure 4.16: A VIPA with the virtual line sourcdlistrated.
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One beneficial advantage of the VIPA over the AWsXhat the VIPA can
easily operate in a much higher diffraction orddrhis allows for more raster lines
over a chosen wavelength range. This is descryethe grating equation for the
VIPA, Eq. 4.10, where mis the diffraction order, tis the thickness of the VIPA, s

its index of refractionf, is the tilt angle of the VIPA ang}, is the output angle.
mA _ . (m
——=sin —+6, -6, (4.10)
2t,n, 2
The output angld), is shown explicitly in Eq. 4.11.

6, =0, —7—T+sin‘1(m“—)'j (4.11)
2 2t.n

The f-number of the cylindrical lens determines fie&l of view of the virtual
line sources. This subsequently restricts the gasfgpossible output angle&, and
will therefore keep the optical power in diffragtiorders that fall within this angular
range. In a beamscanner, especially one used doures free-space optical
communications, only one diffraction order shoukisewithin the field of view for
each wavelength. To ensure this, the optical fatgth of the VIPA, n,, inherits a
maximum limit. When this optical path length isamthe value of the last factor in
Eq. 4.11 is significantly different at adjacentfidittion orders. This difference should
be large enough such that the adjacent diffracirders fall outside the possible range
of 0, and only one diffraction order exists for each alamngth. This requirement is

shown in Eq. 4.12 where iis the f-number of the cylindrical lens.
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tan’l(ij < sin’l(rm—/‘] - sin‘{Mj (4.12)
f, 2t,n, 2t,n

The VIPA is made into a 2D beamscanner by layeaimtffraction grating on
the VIPA'’s output surface. This is depicted in Ufigg 4.17 where every wavelength,
represented by different colors, is shown projectt of the beamscanner. Also, a
planar waveguide creates the line source entehagviPA instead of a cylindrical
lens. This creates a more seamless and compagratibn of fiber optic input into
the VIPA. The angular range of the cylindrical was now determined by diffraction
from a slit. In other words, the angular rangetioé beamsteerer is inversely
proportional to the width of the slit and indepenidef the total aperture. To increase
the aperture size, the length of the line sourcebmmechanically increased and the
transmissivity through exit surface of the VIPA cha decreased to create more
internal reflections and distribute the power oadonger distance. Unlike the fiber
coupled AWG, the VIPA gives a spatially continuofieg-space output meaning that

the beamscanner can scan continuously along oine afirections.
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Figure 4.17: Beam scanner consisting of a VIPA and
free-space optical grating demultiplexer.

Eq. 4.10 can be used to find the wavelength ramgach diffraction order in
the VIPA's field of view as well as the output amgbf each wavelength in one
direction. The grating determines the output anglde orthogonal direction which is

predicted by Eq. 4.1.

We envisioned a VIPA beamscanning system with dieviing parameters to
demonstrate its potential performance. The cyloadiwave feeding into the VIPA
has a numerical aperture of 0.05 and the diffracgoating has a 500 Ip/mm pitch
operating in the $Lorder. VIPAs typically have a 1.5 index, 1 mnckriess. Figure
4.18a shows the output if we use a typical VIP£edtlat 2.5° where the spots at 1553
nm are circled. This figure reveals that multigiéraction orders are created. As

mentioned earlier, this is because the optical,gathof the VIPA is too large.
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In order to create a viable beamscanning systenchwtransmits only one
beam, the VIPA would have 1.5 index of refractiaomd&.1 mm thickness. The
thinness of the VIPA is atypical and may pose aaolddtl problems such as coupling
the light into the slab, sturdiness or uniformifytioee VIPA. For the purposes of this
investigation, we assumed that such a device cexilst and operate with the same
properties of a typical VIPA. The same sectiothef output is shown in Figure 4.18b

with the thinner VIPA.

Figure 4.19 shows the entire calculated outputdfigthere the optical
wavelength range used is 1400 — 1600 nm. Withetpasameters, Figure 4.19 shows

approximately 5° x 9° total output range existing026 columns of output angles.

1.00 1.00
0.80 VIPA thickness = 0.1 mm 0.80 VIPA thickness = 1 mm

0.60 0.60

0.40 0.40

0.20 0.20
0.00 0.00
-0.20 -0.20

-0.40 -0.40

Angle (degrees)
Angle (degrees)

-0.60 -0.60

-0.80 -0.80
[0)
-1.00 -1.00

070 -050 -0.30 -0.10 0.0 030 050 0.70 070 -050 -0.30 -0.10 0.0 030 050 0.70
Angle (degrees) Angle (degrees)
(a) (b)

Figure 4.18: A section of the output of a 2D denpigker which
uses a) a 1 mm thick VIPA and b) a 0.1 mm thick AJIPSpots
created at 1553 nm are circled and show degenettamugh
multiple diffraction orders when the VIPA is tooidk. For secure
FSO communications, only one diffraction order dti@xist.
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Figure 4.19: Calculated output directions (in degje
using a VIPA in the beam scanner.

4.7 Conclusion and discussion
| presented a beamscanning method where the inpuelength is directly
related to the output direction in a 2-dimensidielt of view. This is accomplished
by combining two wavelength dispersive devicesagtmnally and in series. With the
proper devices, the beam raster scans through ttenénhsional field as the

wavelength from an optical source is increased.

An intermediate step in this work was the creatba 2D hybrid wavelength
demultiplexer by combining an AWG with a free-spagéical grating demultiplexer.
With the goal of a large channel count, we desigaemultiplexer which created a
near-rectangular array of 1092 distinct wavelergjtannels which were focused onto
a plane in free space. The measured output gredoeasistent with our calculations

of channel positions.

| have experimentally demonstrated beamscanningdayng a 25 mm focal

length microscope objecting to collimate and ditbet free-space array of points from
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a customized version of the wavelength demultiplex&sing this combination of
parts, we obtained 2-dimensional beamscanning ddxé@rgrid of discrete directions.
This output yielded a total angular range of 10b§°11.0°. These results were
consistent with calculations based on diffractihieary and geometric optics. We
achieved 183is scanning times using an ASE source followed ©BpeeTek tunable

filter which switched the power from 1546.7 nm &/8.2 nm.

We also discussed an improved version of the besanngr which uses a
VIPA combined with a free-space optical grating d#iplexer. Because the VIPA
has a continuous output, one dimension in the auipld of view can be scanned
continuously. In the other dimension, the highpdrsion of the VIPA allows us to
point to a greater number of discrete directiongctvlare spaced closer together. This

was verified with theoretical calculations on a cgpotual system.

The text of Chapter Four, in part or in full, isrgprint of the material as it

appears in the following publications:

« T. K. Chan, J. Karp, R. Jiang, N. Alic, S. Radic,C Marki, J. E. Ford,
“1092 channel two-dimensional array demultiplexer Gltra-large data

bandwidth”, J. Lightwave Tech., 24 (1), March 2007.

 T. K. Chan, E. Myslivets, J. E. Ford, “2-Dimensibb@amsteering using
dispersive deflectors and wavelength tuning”, Opkpress, 16 (19),

September 2008.
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The dissertation author was the primary researahdrauthor. The co-authors
listed in these publications directed and supedvibe research which forms the basis

for these chapter.



Chapter 5

Conclusion

5.1 Summary

FSO is a maturing technology which has yet to gathe advantages and
viability to become attractive for large scale ieplentation. This has come from the
lack of technology and innovation to fulfill theqwirements of a large scale, dynamic
and economical communication system. This dissentdnas presented a number of
my contributions in the form of devices which bringw ideas to realize a more
practical FSO system. This was based on asynchsometro-communication; a
method ideal for many short range applications udiclg remote sensing,

identification, UAV communication and the “last mdilproblem.

First, | designed a hollow MEMS corner-cube rewflector. This device was
utilized an arrayed MEMS deformable mirror which rfpemed the optical
modulation. | simulated the optical response @& deformed state of the mirror to
show that more than 10 dB attenuation in the redtbcbeam was possible at
achievable deformations. In addition, | showed thé attenuation was maintained
for large angle and wavelength ranges. This mwras fabricated and characterized
to verify the predicted performance. The speed @miperature response of this
mirror was also characterized. Despite fabricatesrors which limited the total

deformation of the mirror below the designated ampthe mirror still produced

100
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adequate modulation. This mirror was integratdd e corner-cube with two gold
coated mirrors to complete the retro-reflecting olatbr. The overall motion of the
MEMS components remained well under 1 um, therebintaining 100 kHz speeds.
The arrayed aspect of this device garnered thealsitiy lacking from alternative

MEMS devices.

To accommodate a larger angular range, | designetdulator for a solid
silicon corner-cube instead of a hollow one. Thedunlation was created by
disrupting the internal reflections within the culme creating FTIR when a parasitic
wafer was brought close to the reflecting surfad@espite theoretical calculations
suggesting that no contact was necessary for mooilulahe experiments showed that
physical restrictions made modulation only possilnkee contact was made between
the parasitic wafer and the corner cube. Suitatddulation was only created with the
application of pressure. A more thorough studpesded to understand why this is
necessary. Although | could not produce a nonaarfETIR modulator, | prototyped
a solid retro-modulator using a piezo-actuator datml the pressure. Experiments
demonstrated that this method of modulation wagdinto speeds of a few kilohertz
and produced larger extinction when glass was asdtie corner-cube retro-reflector.
This provides a low cost alternative for applicaiarequiring low data modulation

such as friend or foe identification.

Finally, | created a fast beamscanner to accompiisgnment from the
interrogator side of the FSO link. This systemcsacled work on a 2-dimensional

hybrid wavelength demultiplexer which produced armay of raster scanned spots in
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free-space. The demultiplexer consisted of an AWdEbined with a free-space
optical grating which orthogonally separated thdfraition orders from the
waveguide array output in space. This demultiplecancept was modified into a
wavelength controlled beamscanner by directingairay of spots into an array of
directions. This arrangement separates the sognoontrol from the optical
components, meaning that the optical beam can bdifiesb independent of the
scanning speed. This increases the potential stamspeeds to the limits of
wavelength scanning speeds (currently reachingcbwig speeds of under 50 ns).
Diffractive analysis was done on this system tausately predict the achievable beam
directions which were possible with different AWGhda grating demultiplexer
parameters. | also proposed an improved systerahwiged a VIPA instead of an
AWG. Its performance was predicted and showed nagigevable angles over a

lower wavelength range.

5.2 Future Work
When the MEMS deformable mirror retro-modulator waototyped, a
fabrication error with the silicon nitride layer the MEMS component limited its
performance. In the future, proper fabricationtloé layer can be carried out to
improve upon the possible deformation and obsepedormance. According to
simulations, an increase in deformation would y@eér 10 dB extinction for a larger
range of angles. Experiments can be done to vidrédge simulations and ultimately

create a more reliable and effective retro-modulato
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Our experimental work creating the FTIR retro-refite showed that the goal
of obtaining modulated FTIR in silicon requires matevelopment. A more viable
solution was shown with glass which had a loos@uirement for FTIR while
sacrificing angular range. While this became aapheolution for a slow, piezo
actuated retro-modulator, there is the opportutdtinvestigate using glass in a non-

contact, MEMS retro-modulator.

The driver circuit which designed by Justin HalEtsowed that the power
could be provided to our retro-modulators in a canpackage; however, this circuit
was limited in speed and voltage amplitude. Fdurki work, this circuit can be
developed to drive our high capacitance devicesiitable speeds and voltages. This
drive should also be designed to read an arbitrgmyt signal and encode into its drive

voltage.

Once the driver circuit is completed, it can bekaaed with the packaged
retro-modulators into a free-standing, portableicke\that can function outside the

laboratory environment.

The beamscanner was shown as a viable table to@nsysFor practical use,
the optics of this device should be integrated afmwrtable device. This work can be
continued to completion by integrating these conepd® together as a freestanding

component which can be tested in a real worldregtti

By combining a packaged beamscanner and eithdreafetro-modulators, we

can create a dynamic bi-directional FSO link. Hadelition of a tracking algorithm
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would allow us to create an active tracking systehere the retro-modulator can
become mobile as it is functioning. By overcomihg challenging of implementing
these devices in a system, we can provide a tateofeour device’s abilities as they

are used in real world situations.

5.3 New Directions

A common trend seen in modulators is the inverdatiomship between
modulator size and speed. This applies to thetaeesize of retro-modulators since
modulation is usually done on a large field. Onethnd of simultaneously creating
both size and speed is by dividing the aperture amt array of smaller devices; each
element of the array would have the speed advardhgedevice of that size. This
also limits the lateral dimension of a device, ailoy for planar devices for easy
integration. In an array, each element contribwespart of the larger aperture;
however, there is now a phase mismatch betweeeléments. In other words, the
retro-reflected beam from each element will intexfewith each other, likely
destructing the retro-reflected beam. To accomieofia this phase mismatch, phase
control of each element needs to be introducedis ¢an be done with an array of
phase modulators that are lined up with the arfaseto-reflectors. This in and of
itself becomes a method of modulation since thesgrees of phase matching

determines if the retro-reflected signal is retdrback to the interrogator.

To create the proper phase match, the incidenteanigthe incoming beam
must be known. An angle detector must be introduae which point our retro-

modulator become an active retro-reflector. F82=a32 array of 1.5 mm pitch retro-
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reflectors, the return beam has a divergence @630 This divergence is the degree
of accuracy required by the angle detector; an racguwhich is not achieved by
conventional angle detectors. One idea for amasénsitive angle detector is an array
of etalons followed by an array of detectors. Tiamsmission through an etalon is
highly wavelength and angle sensitive. Howevetraasmission value through an
etalon is not unique to a specific angle; therefargeries of etalons which each have a
different thickness is needed. The quantizatioorein the detectors decreases the
accuracy of each etalon-detector combination, nmggifiat more etalons are required.
Early analysis suggests that complex optimizatigorehms are needed to find the

best combination of etalon thicknesses for thet laa®unt of etalons.

In this arrangement, we assume that the incomingelgagth is known.
Conversely, if the incoming angles are fixed, tHevice can be used as an ultra-

sensitive wavelength detector.

Preliminary calculations were done using a VIPApast of a beamscanner.
These calculations showed viability in such a devialthough they revealed tight
tolerances on parameters such as VIPA thicknessuatidrmity. Nevertheless, the
advantages gained from using a VIPA warrant thel fieemore investigation of this

system.
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2-D Array Wavelength Demultiplexing by
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Abstract: We demonstrate wavelength demultiplexing into a raster-scanned 8x9 array by
combining a 1x8 arrayed waveguide grating with a free-space grating multiplexer. 9 diffraction
orders from each AWG output are separated onto a 2D array on an InGaAs camera or coupled
into a scanned output fiber. This first proofof-principle device had 0.2 nm channel -20 dB width,
=35 dB spectral extinction and 15 to 25 dB insertion loss over the 70 nm operating range.

© 2005 Optical Society of America

OCIS codes: (060.1810) Couplers, switches, and mmltiplexers: { 060.2340) Fiber optics compeonents

1. Introduction

Wavelength demultiplexers for high channel-count (32+) WDM systems are made using arrayed wavegmde
gratings (AWG) waveguide [1] or blazed diffraction grating [2] free-space optics (FSO). Both approaches convert a
multiplexed input spectrum into a linear arrav of output channels where the separate signals are either coupled into
individual output fibers or into devices (e.g.. detectors or sources). Very large channel count WDM systems for
access networks may require more than 1000 channels, where linear array demultiplexers become unwieldy: 1024
output fibers on the standard 230 micron pitch would create a 256mm long fiber array.

2-D array demultiplexers are capable of handling large channel counts in a reasonable footprint: a 32x32
channel array on a 250 micron pitch would cover an 8x8 mm area. 2-D output fiber arrays are difficult to fabricate,
but may not be necessary for many important applications. Surface-normal optical devices include optoelectronics
passtve filters (detector, modulator, and WVCSEL arravs) active components [3] as well as MEMS (spectral
equalizers, add/drop switches, and
dispersion compensators) [4-6]. Array
demultiplexers are ideally suited to
such devices, where the physical lavout
of the individual elements is often
limited only by the electrical

AWG Demultiplaxet Froe-Space Domultiploxer

connections to the package Here we Mitied 10 Fiber

experimentally demonstrate 2-D array

demultiplexing using a  free-space DiebL Piarie

optical / arrayed waveguide grating A

(FSO/AWG) as shown m Figure L. ;ESFuL? i Fauner-Transtam Blazed Grating
This system was proposed by Dragone Lens

and Ford [7] but not, to our knowledge. Figure I: Hvbrid array demultiplexer concept

previously implemented.
2. Hybrid Arraved Waveguide Grating / Free-Space Optical Demultiplexer

A conventional AWG 1s operated with a restricted band of wavelengths such that the output wavelengths are all
contained within the free spectral range (FSR) of a single ourpur diffraction order, but each fiber output of an AWG
illumanated with a broader spectrum will contain mult:gie diffraction orders. For an AWG operated near the design
wavelength of 7.. the FSR 1s given [8] by FSR = 7. [ (ary )™ ao -1) 1. where M 1s the diffraction order. neis the
waveguide core index and n, 1s the waveguide cladding index. For example, JDS Uniphase 1x8 AWG muluplexer
model AWGWB-1x8-50G-1.5-M-LC/SPC used in this experiment has a channel pitch of 50 GHz (0.4 nm), a
design wavelength of 1554 nm, a FRS of 8.1 nm. which means that it is operated in approximately 193 diffraction
order. Illuminating this AWG with the 80 nm bandwidth of a C+L-band ASE source produces 9 diffraction orders
on each fiber output, as shown in Fig, 2 These diffraction orders can be further separated by cascading a second
wavelength demultiplexer. The FSO/AWG arrangement of Figure 1 separates the diffraction orders so that they are
effectively raster scanned mte a 2D array. each line separated by the FSR of the AWG. If the AWG 15 designed
with waveguide outputs across the entire FSE, there can be little or no wavelength separation between output rows.
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The [:\'I-"m_lj.] dependence of the FSR on
= B I diffraction order means that even if the FSO
b ) : delMUX 1s perfectly linear. the vertical pitch of
5 the output array increments by about 0.5% for

" e wea, M each outpur order. If the output 15 to be coupled

g & into a 2D fiber array, the separation between

g rows must conpensate as the shift will add up to

£ more than the 1 micron lateral alignment

tolerance. For surface normal devices the shaft

0 can be corrected by device layout, though 1t 1s
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Wavesength fnm) output is quite flexible. The horizontal pitch

Figure 2: AWG output with C+L-band ASE input spectra. depends on the spacing of the waveguide outputs

while the vertical pitch 1s determined by the FSO
deMUX dispersion, which 1s proportional to the lens focal length times the grating spatial frequency. With

reasonable physical paramerers. the grid pitch can be varied from 20 microns to over 1 mm, depending on
application requirements.

3. Proof-of-Principle Experiment

The experimental system was constructed using the JDS Uniphase AWG described above. This AWG was fiber
coupled, and rather than de-package the AWG waveguide the outputs were connected to a separate 1x40 silicon W
groove fiber array with fibers separated by 127 micron pitch. We chose to use every 5% fiber, producing a 0.635 mm
pitch between inputs to the FSO system . The FSO deMUX, which was taken froma Network Photonics wavelength
add/drop switch, used a =100 mm Fourier-transform lens and a 600 line/mm holographic grating. with a 7/2 plate to
rotate the output light polanization as described i ref [5]. This combination yields 130 mueron/nm spatial dispersion
and so converts the 8.1 nm FSR separation between diffraction orders seen in Figure 2 mto a 1.05 mm line spacing.
A polanzing beam sphtter (PBS) was inserted between the AWG wputs and transform lens to separate the output to
the orthogonal plane, where the demultiplexed spot array was detected by an InGaAs imager and later measured
with a fiber mounted on a translation stage to provide fiber coupling efficiencies and measure output power spectra.

Figure 3 shows the array demultiplexed output. At left. the detected output intensity shows 8 columns (AWG
output channels) and 11 rows (AWG diffraction orders). as well as a famnt tilted row of spots near the center from a
surface reflection off the beamsplitter. This illustrates the angle between the input fiber array and demultiplexed
output. The center image 15 a perspective view with height corresponding to mntensity, defocused to make the spot
location more visible, and labeled with wavelengths on selected spots. The nonuniform output intensity indicates the
ASE source power spectra. At right 1s the position of the output coupled into the output fiber on a rectangular grid.
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Figure 3: Array demultiplexed output showing ASE source spectral power variations. Left, image-plane intensity.

Center, a defocused perspective plot of the output. Right, peak power locarions plotted on a rectangular grid.
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The output wavelength spectra 15 shown 1n Figure 4 and 5. Figure 4 shows the output wavelength spectra for all 72
outputs supertmposed on a single plot. The signal to background level 1z 35 to 40 dB, consistent with WDM
communications systems. The noise near the edges arises from the low ASE input power, not from the deMUX
performance. The insertion loss of the system ranges from 17 to 23 dB, much greater than the sum of the AWG (-5
dB) and FSO demultiplexer (~3 dB) losses. The difference comes from inserting the 12.5 mm thick PBS into the gap
between input fiber and transform lens, which was designed for an 11 mm air gap. The optical beam profile
aberrations were revealed by measuring the mtensity coupled into multimode fiber, which was approximately 10 dB
higher in efficiency. Figure 5 shows the individual passband profile for three channels taken near the midpoint and
edges of the wavelength spectrum. The 0.2 nm 20 dB rolloff passband is identical to the AWG output.
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Figure 4: 72 channel FSO/AWG array deMUX output Figure 3: Representative channel passband profiles.

4. Conclusions

We presented a first proof-of-principle demonstration of a hybrid free-space / waveguide spectral demultiplexer
which produces a 2-D array output. The spectral performance (passband and signal to background level) of the
hybnid device 1s excellent. In on-going research, the msertion loss will be improved by modifying the FSO optics to
reduce aberrations and by integrating the AWG device directly mnte the system. We believe that such 2-D array
demultiplexers will prove valuable for large channel-count WDM systems, especially those based on surface normal
opto-electronic and MEMS devices.
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1092 Channel 2-D Array Demultiplexer for
Ultralarge Data Bandwidth

Trevor K. Chan, Jason Karp, Rui Jiang, Nikola Alic, Stojan Radic, Christopher F. Marki, and Joseph E. Ford

Abstract—We demonstrate 1 x 1092 channel wavelength de-
multiplexing with 50-GHz channel pitch and a 600-nm total band-
width. Outputs from 1 < 40 channel arrayed waveguide gratings
operating with multiple orders enter a free-space optical grating
demultiplexer which separates the orders into a 2-D spot array,
where the light can be coupled into discrete output fibers or oper-
ated on by a surface normal device (i.e., microelectromechanical
system switch or detector array). Supercontinuum source input
from 1140 to 1750 nm produced a 28 > 39 spot array at the output
plane. The insertion loss for light is coupled into a single mode
fiber ranged from 7 to 18 dB with less than 10-dB loss in channels
between 1300 and 1750 nm. Bit-error-rate measurements show a
negligible 0.1-dB power penalty at 10 GB/s.

Index Terms—DBroadband communication, gratings, micro-
electromechanical systems (MEMS), optical communication,
wavelength division multiplexing.

I. INTRODUCTION

HE POTENTIAL bandwidth capacity of optical fibers,
T estimated to be over 100 Thfs [1], remains unfulfilled
in modern fiber communication systems, which reach up to
1.6 Th/s. Even in research experiments, the maximum data
capacity shown is on the order of 12 Th'/s [2]. Achieving
100-Thfs capacity requires a combination of large channel
counts and large per-channel data rates, with nearly an order of
magnitude increase in wavelength spectrum over the ~ 100 nm
used in current communication systems. One Key component in
reaching this goal is a large channel count and broad spectral-
bandwidth wavelength multiplexer to combine and separate the
data streams. Wavelength multiplexers are also instrumental
in other wavelength management components including chan-
nel level monitors, wavelength switches, and spectral power
equalizers.

Commercial wavelength multiplexers, including both
waveguide and planar grating-based components, use a single
diffractive element to separate wavelength channels into a
spatially linear 1-D array of outputs. This is practical when
dealing with approximately [00 channels, but a single linear
array becomes problematic for large channel counts. For
example, the linear alignment of 1000 collection fibers at
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Fig. 1. Two approaches to hierarchical
(Left) Banded. (Right) Interleaved.

wavelength  multiplexing.

a 125-pm pitch (from the diameter of single mode fiber)
requires submicrometer alignment accuracy for each fiber in
a 125-mm-long array. This is a major packaging challenge
especially for components which may need to be hermetically
sealed, leading to costly and potentially unreliable components.

This problem is avoided by using hierarchical (multistage)
multiplexing. Takada et al. showed multistage demultiplexing
using a cascade of two arrayed waveguide gratings (AWG) [3].
A course-spectral-pitch multiplexer was followed by multiple
fine spectral multiplexers. The first stage consisted of a single
AWG to create 25 channels spaced by | THz (8 nm). Each of
these channels was further divided into 168 channels spaced
at 5 GHz (0.04 nm) by the second stage of AWG. A separate
AWG is used for each output of the primary stage, leading to
26 individually packaged components. The entire multiplexer
produced a total of 4200 channels over a 159-nm spectrum.
Assuming 80% bandwidth utilization, reasonable for the AWG
Gaussian passbands, Takada’s staged demultiplexer potentially
allows up to 16.8-THz aggregate data bandwidth.

There are two categories of multistage multiplexing, as
shown in Fig. 1. “Banded™ multiplexers, as a first stage, use
a course-pitch filter to separate spectrally adjacent clusters
of channels, and as a second stage, a sel of fine-pitch filters
which further separate these groups into individual channels.
Takada’s is one example of a banded multiplexer. The alter-
native “interleaved”™ multiplexers, as a first stage, use a filter
which isolates sets of individual data channels separated by
some multiple of the individual channel pitch. The second stage
is a relatively course filter which further separates these widely
spaced channels into individual output channels. More complex
(higher level) hierarchical multiplexers can also be constructed
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Fig. 2. Hybnd waveguide—FSG multiplexer producing a 2-D array cutput.

with three or more stages, potentially combining both banded
and interleaved approaches.

AWG multplexers are normally operated with a restricted
spectral bandwidth so that each output waveguide carries a sin-
gle channel. This is true in the multiplexer of Takada er al. [3]
as each secondary AWG receives a signal that has been filtered
to within one free spectral range (FSR) by the first AWG stage,
which has a much wider FSR. However, as with all diffractive
elements, AWG can yield multiple diffraction orders for a
sufficiently broad input spectrum.

An interleaved multiplexer can be constructed using, as the
first stage, an AWG in this higher order mode., where the input
spectrum is much larger than the FSR. Each output waveguide
then carries multiple channels, each corresponding to one dif-
fraction order, and each separated from the adjacent channels
by the AWG’s FSR. These channels can be separated into
individual waveguides by the second stage. Because the first-
stage output produces fine channels with large gaps, the second-
stage multiplexer can be a course wavelength multiplexer with
narrow passbands. Free-space-grating (FSG) multiplexers are
ideal for the second stage, especially because a single optical
multiplexer can operate with a row of parallel inputs, provided
the direction of dispersion is oriented perpendicular to the
input row, so that the final output is a 2-D array of individual
wavelength channels. The resulting system is shown in Fig. 2.

Such a hybrid multiplexer was proposed by Dragone and
Ford in 2001 [4]. In 2004, Weiner and Xiao successfully
demonstrated a related array multiplexer using a virtual imaged
phased array multiplexer operated with multiple diffraction
orders, followed by an FSG demultiplexer to create a 2-D array
output [5]. This system produced 41 demultiplexed channels
(four rows of ten channels) with about 1.75-GHz spectral
bandwidth per channel. vielding a potential aggregate data
bandwidth of 71.75 GHz. In 2005, we demonstrated an array
multiplexer using the system in Fig. 2, a 1 = 8 AWG with
50-GHz pitch. and an FSG second stage, yielding 72 demul-
tiplexed channels (nine rows of eight channels), which, again
assuming a maximum spectral channel utilization of 807,
provided a potential aggregate data capacity of 2.88 Th/'s [6].
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-
—1x40 input array

Fig. 3. Experimental setup showing the v-groove array that carries the
40 outputs from the first-stage multiplexer and the FSG multiplexer that
produces a 2-D output array which is tested using a single individually aligned
output fiber for channel characterization.

In this paper, we extend our earlier results to an ultralarge
data capacity multiplexer which carries over 1000 individual
channels at approximately 50-GHz pitch and spreads over a
600-nm wavelength spectrum for an aggregate potential data
capacity of over 40 Th/s. We characterize the performance of
individual demultiplexed channels using a single-mode output
fiber. This optical system, however, is primarily intended to be
integrated with optoelectronic or micromechanical devices to
construct wavelength switches and dynamic spectral equalizers
for ultralarge data capacity networks.

II. DEMULTIPLEXER SETUP

Fig. 3 shows a photograph of the experimental system.
The first stage of our system consisted of a conventional
1 » 40 AWG demultiplexer with 50-GHz-output channel pitch.
The 40th channel of the AWG had anomalously high loss, and
therefore, only 39 outputs were used. At 1560 nm, the AWG
showed less than 5-dB insertion loss and a 27.2-nm FSR. The
relation between FSR. center wavelength A_, and diffraction
order m is given by [7]

FSR = ). [ UL 1] . (n

m—1

We find that the channels near 1560 nm lie in the 53rd
diffraction order. The AWG is designed for this order and
is typically not used outside of this range. However, other
diffraction orders are produced with equally high transmission
efficiency when the AWG is illuminated outside of this range.

For our system, we illuminated the AWG with a high
brightness supercontinuum source with spectral output ranging
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Fig. 4. Transmission spectra carried by a single-AWG output fiber when

illuminated with a 600-nm bandwidth shawing 28 diffraction orders separated
by approximately 25-nm FSR. This is the first-stage (partially demultipled)
output of cur demultiplexer.

from 1150 to well over 1800 nm. With this source, the AWG
operation bandwidth was limited only by the spectral range of
our optical spectrum analyzers (OSAs) from 1100 to 1800 nm.
With a 600-nm input bandwidth, the AWG produces a spectral
comb of at least 28 diffraction orders in each output channel, as
shown in Fig. 4.

All outputs of the AWG must be integrated with the second-
stage (FSG) multiplexer to create a fully demultiplexed output.
Ideally, the AWG waveguide would be directly integrated with
the second stage, as shown in Fig. 2, avoiding intermediate fiber
coupling losses. In our system, however, we connected a fully
packaged AWG toa | = 40 linear v-groove array with polished
fibers at a 127-pm pitch.

The second-stage demultiplexer consists of a 5-cm focal-
length Fourier transform lens followed by a 75-Ip/mm blazed
reflection grating. The grating is coated with aluminum for
adequate reflectivity of a broad spectrum of visible-to-near in-
frared wavelengths. The grating is oriented near Littrow angle,
so that the first-order diffracted output is backreflected and
returns through the Fourier lens and is refocused, creating an
image of the v-groove array adjacent to itself. Since the grating
is a diffractive element, the horizontal position of the image
is determined by its wavelength. Since each diffraction order
lies at a different wavelength, we generate multiple images
which are horizontally displaced from each other. Moreover, the
image of the array appears slanted due to wavelength variations
among the channels within a diffraction order. We tilt the
v-groove array in the opposite direction to align the spots in
a vertical column. With a broadband input into our system,
this ulimately produces a rectangular array of spolts raster
positioned according to their wavelength. Each of these spots
represents the output position of a demultiplexed wavelength
channel. The signal coupled to an optical fiber positioned at one
of these output spots is shown in Fig. 5, showing suppression
of all, but one diffracted order is visible in Fig. 4. This is
the fully demultiplexed (single channel) output of the hybrid
demultiplexer.

Transmission (dB)
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Fig. 5. Transmission spectra coupled to a fiber positioned at the image plane
of the second-stage FSG demultiplexer showing a single-AWG diffraction order
in the final output.

1
o+
TR
+ 8-
E8 =
. 3
T 1
SEEE
+ =
E 9
&+ 1
x
1
E 3 1
-
3 "
-

Fig. 6. Photograph of the entire output array taken by relay imaging the
output into an InGaAs sensor array showing the 39 columns (first-stage
AWG fiber inputs) of 28 diffraction orders each (dispersed by the FSG). The
320 » 240 InGaAs camera does not fully resolve the 1090 spots,

II. ARRAY-DEMULTIPLEXER OUTPUT

We photographed the entire spot array using an infrared
camera, a Sensors Unlimited 320M camera with a 320 < 240
array of InGaAs detector pixels at a 25-pm pitch. The output
array is located adjacent to the fiber v-groove array; therefore,
to obtain this photograph, we temporarily inserted a gold mirror
to reflect the light out of the demultiplexer and into an imaging
system consisting of two identical Fourier transform lenses in
a unit-magnification 4f configuration. The image of the spot
array is shown in Fig. 6. Each column of the array represents
a single-AWG diffraction order, or in other words, a single
image of the intermediate v-groove array. These spots are raster
positioned according to wavelength from top to bottom and then
from left to right. The nonuniformity of the array is a result of
several factors, inchuding the relatively course sampling grid of
the detector pixels, the nonuniformity of the supercontinuum
source (which varied by 15 dB over the 600-nm operating
range), and wavelength dependent losses. An accurate measure
of the insertion loss for each wavelength channel is shown in
the following section.
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Fig. 7. Expected arrangement of the output spots. The vertical separation of
the rows is constant. assuming negligible imaging system distortion, but the
space between columns Is a function of the diffraction order.

A standard SMF-28 single mode fiber mounted in a silicon
v-groove and polished flat was used to characterize each of
the 1092 individual channel outputs. The fiber was mounted
on 4 Pl model F206 hexapod stage (visible at left in Fig. 3) to
provide < 0.1-pm absolute positioning accuracy. This fiber was
scanned across the plane of best overall focus. The fiber coupled
signal was connected to the external components for intensity
measurements, spectral analysis, polarization dependence loss
measurements, and bit-error-rate (BER) tests.

Fig. 7 diagrams the calculated output-spot distribution. The
rows are separated by 0.127 mm, which is equal to the pitch of
the | = 40 v-groove array. The separation between the columns
is set by the dispersion from diffraction from the FSG, and
50 is proportional to the FSR (1) and increases monotonically
with the wavelength. In the equations shown, m,, is the AWG
diffraction order at wavelength A, f is the lens focal length.
and d is the grating period of the free-space demultiplexer.

The output-spot wavelengths are distributed in a raster
fashion. The shortest wavelength signal is in the lower right,
increasing in 50-GHz steps as you move up the column. There
is a longer interval before you reach the next diffraction or-
der, which starts at the next column to the left. The longest
wavelength output is in the upper left corner. The design of
the AWG (delay arm length distribution and output-waveguide
arrangement) determines the space between diffraction orders.

Fig. 8 shows crosses at the measured position of maximum
coupling efficiency for each channel into the fiber. These are
plotted against their predicted positions represented by circles,
calculated based on their diffraction order in the AWG and
the grating equation, and measured focal length of the Fourier
transform lens. The absolute position of the predicted and
experimental data is aligned to minimize the RMS difference,
which was 6.5 pm. In our measured data set, the column pitch
decreases by more than half, from 0.268 mm near 1800 nm
(at left) to 0.114 mm near 1160 nm (at right).

Irregularities in the output-spot position would be problem-
atic if the output channels were to be coupled directly into
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Fig. 8. Mapping of both theoretical and experimental spot locations in the
output plane.

Fig. 9. Dynamic spectral equalizer employing the demultiplexer with an
MEMS mirror array.

a 2-D fiber array: A lateral offset of 5 pm would change
the insertion loss by approximately 5 dB. In the intended
application, however, the signals are incident on optoelectronic
detectors (for signal monitoring) or on microelectromechanical
system (MEMS) mirrors or reflective liquid crystal modula-
tors (for wavelength switching and equalization). The large
lateral pitch between active regions makes it straightforward
to fabricate individual devices with oversized apertures. In
such devices, reflected signals are automatically realigned to
the output fibers when they are remultiplexed by a second
pass through the optical system [8]. [9]. A dynamic spectral
equalizer shown in Fig. 9 serves as an example of a typ-
ical setup where tiltable MEMS mirrors control individual
channel alignment for attenuation control in a double pass
configuration.

[V. OUTPUT CHANNEL CHARACTERIZATION

The collected signals were relayed to an optical spectrum
analyzer to measure the channel passband profiles shown in
Figs. 10 and 11. Fig. 10 shows the insertion loss of a single
channel at 1533.7 nm as well as its intermediate passband
spectrum immediately following the AWG. The AWG insertion
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Fig. 10. Insertion loss and passband profile for a single output channel
isolid line) closely following the Gaussian profile of the AWG output in the
intermediate demultiplexing stage.

loss was 4 dB, and a combined additional loss of 3.4 dB
came from the grating demultiplexer, the v-groove array, and
the fiber connections. The Gaussian profile, the 0.24-nm 3-dB
rolloff, and the 25-dB signal-to-background ratio of the AWG
are maintained in the fully demultiplexed output.

In wavelength-division-multiplexing systems, crosstalk from
neighboring channels is a concern. In our 2-D raster-positioned
array of outputs, crosstalk may alse come from adjacent chan-
nels in the array. This includes channels that are one FSR. over
in the neighboring diffraction orders. Fig. 12 shows the output
spectrum of a single channel with the adjacent spots labeled
where their passbands would appear. This reveals that there is
no leakage of the signal into neighboring channels.

Fig. 11 shows the insertion loss of all 1092 channels, super-
imposed on a single 600-nm spectrum. The plot is sectioned
to fit into a column format. The increase in the background
noise near the minimum (1140 nm) and maximum (1750 nm)
wavelengths is due to the lower input signal levels and OSA
sensitivity at these wavelengths. Insertion losses over the entire
spectral range vary smoothly between 7 and 18 dB with the
greatest losses occurring in channels below 1300 nm. This is
a result of the wavelength dependent losses of the two stages
of demultiplexer at wavelengths far outside of their intended
C-band function.

If we only accept channels with less than 10-dB inser-
tion losses, our channel count is reduced to approximately
663 channels. With 30% bandwidth utilization, our demulti-
plexer would manage approximately 30% (26.5 THz) of the
total spectral bandwidth. Much of the unaccounted data comes
from high insertion losses far outside of the C-band wave-
lengths. Near the C-band, specifically at 1533.75 nm. we mea-
sured 4-dB loss from the AWG and 3.4-dB loss from the FSG.
At approximately 1730 nm, both of the components exhibit
almost no change in performance with 5-dB loss from the
AWG and 3-dB loss from the grating. We see the components
start to fail further away from the C-band below 1300 nm.
At 1135 nm. we measured 7-dB loss from the AWG and an
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even greater 10.5-dB loss from the FSG demultiplexer. These
results show that the usable bandwidth in our setup is largely
limited by the reflectivity of the grating demultiplexer and not
by the AWG. Fig. 11 also shows that much of the spectrum
is unused between diffraction orders. This is inherent from
our AWG and can be avoided with a suitable AWG design.
Customized AWG fabrication also allows flexibility in the
channel spacings to fit a different number of total channels in
the usable wavelength range. For example, the two-stage AWG
demultiplexer developed by Nippon Telegraph and Telephone
(NTT) Corp. generates 4200 channels over a shorter range by
using an AWG with 5-GHz channel pitch [3]. The capacity of
this demultiplexing scheme is only limited by the wavelengths
that are filtered out through the components.

Both waveguide and free-space multiplexers can introduce
significant polarization dependent loss (PDL). Current fabrica-
tion techniques have been proven effective in minimizing PDL
in commercial AWG and are effective over a broad wavelength
spectrum. PDL in planar diffraction gratings depends on operat-
ing spectrum and dispersion, but for the relatively course pitch,
we require (75 Ip/mm. as opposed to the 600 Ip/mm used in
[71) low PDL gratings available: Ours had a specification of
less than 0.1 dB over the bandwidth of our supercontinuum
source. When the AWG and the grating are combined in the
2-D demultiplexing system, the total PDL across the active
spectrum is less than 0.4 dB. This is shown in Fig. 13 which
reveals very little wavelength dependence on PDL.

Although the spectral passband profile of the AWG was
maintained, it was possible that the second-stage demultiplexer
introduced a nenuniform chromatic dispersion which could
adversely impact data transmission. To verify that this was
not the case, we performed BER tests to measure any loss in
signal integrity. The output fiber was positioned to collect the
1543.9-nm  wavelength channel. We then modulated a
1543.9-nm signal with a pseudorandom binary sequence and
nonreturn-to-zero coding to perform BER tests on the demulti-
plexer. We used both 2.5- and 10-Gb/s modulation rates. Fig. 14
shows the results of these tests, and it is evident that the demul-
tiplexer maintains signal quality. The penalty suffered by the
2.5-Gb/s signal was superimposed on the back-to-back signal,
and the 10-Gb/s signal showed a still-negligible power penalty
of 0.1 dB. Since all channels encounter the same optical com-
ponents, we expect similar results for the remaining channels.
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Fig. 14. BER testing of the 1543.9 channel of the demultiplexer showing a
negligible penalty at both 2.5 and 10 Gb/s.

V. CONCLUSION

‘We have demonstrated a 2-D wavelength demultiplexer with
1092 channels spread over a 600-nm spectral band. If we
assume an 80% utlization of the 50-GHz pitch channels, this
device supports a record aggregate potential data capacity of up
to 44 Th/s. The channel passbands were Gaussian in profile and
showed to support 10-Gb/s data modulation without significant
power penalty. The outputs were characterized using a single
scanned fiber, but this demultiplexer is primarily intended to
be used in wavelength switching, equalization. and monitoring
components using MEMS. inductance—capacitance ( L-C"), and
optoelectronic devices. We believe that the total channel ca-
pacity of such array-parallel demultiplexers can be increased to
5000 or more channels by optimizing the AWG to reduce dead
space between diffraction orders and by designing the FSG to
operate over a 1200-nm spectral band.
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