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Professor Joseph Ford, Chair 

 

 Free-space optical (FSO) communications is a means of secure, high 

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

the information medium.  The chaotic nature of the atmosphere and the motion of the 

communication nodes make laser alignment a crucial concern.  The employment of 
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retro-reflecting modulators makes the bidirectional quality of a communication link 

into a one sided alignment problem.  While there are existing retro-reflecting 

modulators, their trade-offs create a lack of abilities (such as aperture size, angular 

range, high modulation speeds, economic viability) which do not fulfill the 

requirements for certain applications.  Also, the beam must be directed towards the 

intended receiver.  Form mobile or scintillated communication links, beam direction 

must be adaptable in real time.  Once again, this area suffers from trade-offs where 

beamsteering speed is often limited.  Research used to mitigate the trade-offs and 

adapt the devices into viable options for a wider range of applications is explored in 

this dissertation. 

Two forms of retro-modulators were explored; a MEMS deformable mirror 

retro-modulator and a solid silicon retro-modulator that modulated the light by 

frustrated total internal reflection (FTIR).  The MEMS version offered a high speed, 

scalable, wavelength/angle insensitive retro-modulator which can be massed produced 

at low cost, while the solid retro-modulator offered a large field of view with low cost 

as well.  Both modulator’s design, simulated performances, fabrication and 

experimental characterization are described in this dissertation. 

 An ultra-fast beamscanner was also designed using 2-dimensional dispersion.  

By using wavelength switching for directional control, a beamscanner was developed 

that could switch light faster than pre-existing beamscanners while the beams 

characteristics (most importantly its aperture) could be freely adjusted by the 

independent optics.  This beamscanner was preceded by our work on a large channel 
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wavelength demultiplexer which combined two orthogonally oriented wavelength 

demultiplexers.  This created a 2-dimensional array of spots in free-space.  The light 

was directed be a collimating lens into a specific direction based on its wavelength.  

The performance of this beamscanner was simulated by modeling 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 prominent communication 

solutions in modern technology.  Wireless radio links offer freedom from static by 

transmission cords; the only requirements are the transceiver and the receiver.  They 

are easy to install and have a flexible communication path; however, radio signals are 

broadcast over a large area allowing them to be read by unwanted receivers.  On the 

other hand, fiber optic communication offer high bandwidth inherent of optical 

signals.  While these two communication methods have their advantages, there are still 

niches such as the “last mile” [1][2] and secure battlefield communication where 

neither method will suffice. 

 Free-space optical (FSO) communications combines the advantages of radio 

wireless and fiber optic systems by projected a beam of light as the information 

carrier.  This method incorporates the speed and security of an optical signal with the 

flexibility and freedom of a wireless signal. 

 In the atmosphere, the establishment of the communication link comes with 

several costs due to the chaotic nature of the atmosphere which the optical signal must 

traverse.  Water particles become a deterrent for laser transmission due to its highly 

absorptive nature.  Other atmospheric gases, particles and temperature gradients also 

result in refraction or diffraction of a light beam, thereby interfering with the 
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transmitted signal.  Thus, for terrestrial communications, FSO communications has 

only been successfully applied to short range (~ km) communication links.  This has 

been previously demonstrated between stationary nodes [3][4].  On the other hand, we 

can use active pointing and tracking to combat the effects of scintillation and maintain 

signal fidelity.  Active alignment also allows for communication links to be 

maintained between mobile nodes.  Current technology is limited in the speed and 

distance at which it can maintain such a dynamic link. 

 

1.2 Components of a FSO link 

The establishment of a typical FSO link requires several components.  This 

starts with the source of light which is typically a laser beam.  Infrared light, especially 

in the C-band (1530 to 1565 nm), is usually selected for optical communication 

because the human eye is relatively insensitive to its effects.  Although commonly 

used, monochromatic light is not necessary for optical communications.  For certain 

applications, a broad spectrum of light is sufficient or advantageous. 

Modulation is typically in the form of binary, on/off modulation of a laser 

beam.  This has been demonstrated where high speed lasers are modulated on and off 

at sufficient modulation speeds for video transmission [5].  If the light source is not 

directly modulated, an optical modulator would follow the light source to encode the 

signal.  Optical modulators include, but are not limited to, electrooptic (EO) Mach 

Zender interferometers, acoustooptic (AO) modulators, MEMS and liquid crystals.   
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The modulated beam is then transmitted through beam forming optics.  When 

long distance transmission is the goal, the ideal beam is a large aperture collimated 

beam which results in a small divergence and maximizes power delivery.  This 

typically requires the expansion and wavefront flattening of the optical signal during 

or after modulation.   

Additionally, a FSO communication node would also consist of a receiver 

component.  This can consist of a collection lens which concentrates the light onto an 

optical detector.  Once the signal has been digitally converted, it can then be processed 

for information. 

1.2.1 Beamsteering 

The above requirements are enough to create and detect a modulated light 

signal.  For FSO communications, this signal needs to be directed towards the 

intended receiver.  In most FSO communication systems, the pointing direction of the 

optical signal will not be stationary and active alignment to the target is necessary.  In 

some cases, the entire laser assembly can be manually or mechanically tilted to the 

proper direction [6].  In most systems, however, this method is not fast enough to keep 

up with the dynamics of agile FSO links.  This includes communication between 

mobile communicators (including unmanned aerial vehicles (UAVs) [7] which is 

ideally suited for FSO) and communication through distorting atmospheric conditions 

[8],[9][10],[11],[12],[13].  

Several methods have been used to steer a beam over a range of angles.  An 

obvious solution involves simply reflecting the light off a tiltable mirror, such as a 
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galvanometric scanner.  Although these large mirrors suffer in speed and power 

dissipation, tiltable mirrors can be small when they are made as 

microelectromechanical systems (MEMS) [14],[15][16].  These mirrors operate 

considerably faster with multi-kHz sweeping speeds, but are limited to millimeter 

sized apertures.  This trade-off between size and speed is a concern because a smaller 

aperture leads to a greater beam divergence which in turn decreases the range.  

Acousto-optic [17] deflectors are limited in their total angular range and electro-optic 

[18] crystals require kilovolt drive voltages to obtain an adequate angular range and 

aperture.  Table 1.1 provides a summary of the versions of beamscanning systems and 

their typical characteristics. 

Table 1.1: Summary of beamscanning solutions 

  Speed Range Aperture Key limitation 

Galvanometric KHz ~ 30° ~10mm Bulk, power, reliability 
MEMS mirror KHz ~ 5° ~1mm Aperture, power handling 
Acousto-optic KHz  ~ 1° ~10mm Angle range 

Liquid 
Crystals 

100 Hz ~ 60° >100mm Speed, environmental 
constraints 

Electro-optic MHz ~ 1° ~10mm Drive current, angle range 
 

The ideal beamsteering device for FSO links would have a combination of fast 

switching speeds, large aperture, pointing accuracy and low power.  Usually, the 

desired performance parameters are intertwined such that when high speed (> kHz) is 

achievable, it is reached at the expense of one of the other parameters.   
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An indirect way to increase aperture size without decreasing performance is by 

segmenting the aperture into an array of sub-apertures.  Each sub-aperture functions as 

its own device and therefore, maintains the advantages of a small aperture device.  

However, the cost of segregation is that each aperture has to be phase matched to one 

another.   

Alternatively, phase matching itself can be used as a means of beamsteering.  

This has been done with arrays of liquid crystals [19] where the phase delay from each 

element in an array is given a phase delay such that emitting wavefronts match in the 

desired beam propagation direction.  However, liquid crystals can only be tuned at 

kilohertz speeds. 

For bidirectional communications, all of the requirements listed above would 

be required at both ends of the communication link; however, this is not necessary if 

we make use of a retro-reflecting modulator (also referred to as a retro-modulator).  

Put simply, the retro-modulator recycles optical power by reflecting it in the opposite 

direction while encoding a returned signal, thereby drastically simplifying the remote 

optical communications terminal.  This arrangement is illustrated in Figure 1.1.  It is 

ideally suited for asynchronous communications where a lower frequency return 

signal can be carved over the original high frequency modulated signal.  This includes 

applications such as remote telemetry or tagging for identification [20],[21],[22].  

Retro-communication is ideally suited for these purposes where stealth, security, light 

weight, low cost and low power consumption become invaluable.  In fact, the power 



6 
 

  

consumption of retro-modulators can be so small such that it can be powered by the 

incoming light signal [23][24]. 

RETRO Modulatortransmitter

local receiver

collimator

condenser

remote

receivercondenser

atmospheric absorption, aberration, scatter RETRO Modulatortransmitter

local receiver

collimator

condenser

remote

receivercondenser

atmospheric absorption, aberration, scattertransmitter

local receiver

collimator

condenser

remote

receivercondenser

atmospheric absorption, aberration, scatter

 

Figure 1.1: Retro-communications system using automatic retro-reflected 
alignment. 

As its name suggests, the retro-reflecting modulator is a combination of a 

retro-reflector and a modulator.  They can carve a signal into the retro-reflected beam 

by either absorbing the incident signal, or by scattering the reflected wavefront so that 

it does not propagate back to the source.  There are two types of retro-reflector that are 

prevalently used: the Cat’s Eye retro-reflector and the Corner Cube retro-reflector.  

Both of these are passive devices which makes them easier to incorporate into a 

system.   

1.2.2 Cat’s eye retro-reflector 

The Cat’s Eye retro-reflector, illustrated in Figure 1.2, consists simply of a lens 

followed by a reflective surface at its focal plane.  Collimated light shone into the 

retro-reflector passes through the lens to create a point source at the reflective surface.  

The light is then reflected back through the lens and recollimated.  Since the light has 

not been translated at the focal plane, the light is retro-reflected in the same but 

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

1.2.3 The Corner Cube retro-reflector 

The Corner Cube retro-reflector, illustrated in Figure 1.3, consist of three 

planar reflectors connected at right angles to each other like the corner of a cube 

(hence the name).  Each mirror changes one Cartesian direction of the light to its exact 

opposite.  When the light is reflected off all three surfaces, it exits the corner cube in 

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

be inverted. 

a

Mirrors

a

Mirrors

 

Figure 1.3: Corner-cube retro-reflector 
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An important consideration for retro-modulators is the amount of power that is 

returned to the interrogator.  Since retro-modulators are used in far-field operation, the 

diameter of the retro-reflector can be mathematically simulated as a diffracting hole.  

As such, the amount of power returned is proportional to aperture of the retro-

reflector.  Equation 1.1 describes the metric representing the reflected power density, 

where a is the diameter of the retro-reflector, λ is the wavelength of the optical beam 

and z is the distance separating the interrogator and the retro-reflector. 

 
z

a

λ
η

44.2
=  (1.1) 

This shows that more light is returned as we increase the size of the retro-

reflector.   

Since long distances are involved, the alignment of the three sides of the 

corner-cube is crucial.  If one mirror of the retro-reflector is tilted more than half the 

angle of the returning diffraction limited beam, then the retro-reflected beam will not 

be received by the interrogator.  This is described by Eq.  (1.2). 

 
a

λθ 22.1<∆  (1.2) 

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

need to be aligned to approximately one hundredth of a degree. 

1.2.4 Retro-reflecting Modulators 

These two retro-reflectors operate with different geometries; therefore, each 

are suited for different types of modulators depending on their mode of operation.  For 
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example, modulation can be achieved by placing a large area, transmissive modulator 

in front of the retro-reflector.  This mode has been demonstrated with EO [25] and AO 

[26] modulators, although studies of these forms of retro-modulators are not highly 

pursued due to their limited field of views.   

A more promising area in this field has come with the discovery of the 

quantum confined Stark effect [27].  This phenomenon involves the spectral shifting 

of an absorption peak in multiple quantum wells when an electric field is applied to 

the stack.  This is appropriately called an electro-absorption modulator (EAM).  These 

modulators have the potential for modulation speeds up to 10 Gbit/s and have been 

used in reflective [28] and transmissive [29][30] modes.  The current challenge 

governing these modulators is their manufacturing yields at large sizes [31][32][33] 

with a large angular field of view and wavelength insensitivity.  Current EAM retro-

modulator systems have demonstrated fields of view of ±10° for 5 mm apertures [34]. 

The other major area in retro-modulation employs MEMS modulators. These 

have come in various forms.  One method simply employs phase modulation by 

moving the retro-reflector along the beam direction with MEMS actuators [35].  This 

is done using a spherical cat’s eye retro-reflector while the mass of this retro-reflector 

is inversely proportional to the resonant frequency which it can be moved.  Another 

variation consists of a corner-cube retro-reflector where MEMS actuate the orientation 

of one of the three mirrors [36][37][38].  This disrupts the tight alignment tolerances 

necessary for retro-reflection such that a signal is no longer returned when the mirror 

is tilted.  Again, the mass which moves limits the speed of modulation.  This 
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modulator achieved 1000 Hz resonance for a 500 µm moving mirror.  The mass, and 

also the switching times, can be reduced by segmenting the moving parts.  This was 

accomplished where one of the mirrors in a corner-cube retro-reflector was replaced 

with an MEMS actuated grating [39].  This grating consisted of deformable ribs which 

would convert it from a diffraction grating into a flat mirror.  This had an increased 

switching speed of 13.4 kHz, but its diffractive nature limited its angular range to 

approximately ±5°. 

1.3 Scope of the Dissertation 

While there has been much development in FSO communications, we have 

seen that the existing devices are unable to meet all of the requirements which would 

make them cheap and versatile for a wide range of applications.  For instance, a 

common theme that is seen is the tradeoff between large aperture and device speeds.  

In the area of UAV communications with involving a fast moving surveillance 

vehicle, the requirements would include a large angular field of view retro-modulator 

which can transmit video signals over a respectable (several kilometers) range.  None 

of the aforementioned retro-modulators simultaneously satisfy all of these 

requirements.  My work incorporates unconventional designs and optical phenomena 

into new retro-modulators and beamscanners to mediate the trade-offs and better suit 

the needs of specific FSO niches.   

While my devices are not unrelated, the dissertation is organized such that each 

chapter details the work done on a different device.  This is done as follows. 
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Chapter 2 discusses the work done on a MEMS deformable mirror retro-

reflecting modulator.  This includes mathematical simulation work to find the 

optimum deformable mirror arrangement as well as predictions on its performance.  I 

has the deformable mirror fabricated based on the simulation results and demonstrate 

its performance both as a deformable mirror and when it is integrated into a corner-

cube assembly. 

Chapter 3 discusses the work done on a solid silicon corner-cube retro-reflector 

which modulates using the phenomenon of frustrated total internal reflection (FTIR).  

This begins with modeling of FTIR between silicon pieces and a discussion on 

possible ways to extinguish the light once it is outside of the corner-cube.  I then 

created a nano-positioning system to have nanometer control over the FTIR gap size.  

This revealed that it was necessary to have pressure between the corner-cube and the 

parasitic absorber to achieve FTIR.  I describe a new set of experiments which explore 

this realization and create a prototype accordingly.  I then present the results from the 

characterization of this prototype. 

Chapter 4 discusses the work done on creating a 2-dimensional wavelength 

controlled beamscanner.  This describes the work in combining two dispersive devices 

to achieve raster scanning over a field of angles.  Results show that this system can 

also be applied as an ultra large channel wavelength demultiplexer.   

Chapter 5 outlines the major contributions of the collected work and gives 

some future directions that can be extrapolated from my findings. 
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Chapter 2   

MEMS Deformable Mirror Retro-Reflector 

 
2.1 Introduction 

Several retro-modulator characteristics directly impact overall communications 

system performance: wavefront aberration and effective optical aperture affect 

maximum operational range; modulation response time and contrast ratio determine 

data bandwidth; and operational tolerances including modulator acceptance angle, 

wavelength range, and ability to withstand physical and thermal shock determine 

overall system utility and robustness.  In remote telemetry the communications range 

may extend from 0.1 to 10 km, and must operate under varying environmental 

conditions.  This means that the effective optical aperture must be 1 cm or larger, and 

the wavefront distortion should be below λ/10.  Further, we require that the system 

operate under a wide range of incident angles: up to +/- 30° is possible with a hollow 

corner-cube retro-reflector.  To allow spread-spectrum and wavelength-agile systems, 

and to avoid excessive system costs, we want the modulator to function over the 1.45 

to 1.55 µm spectrum in the eye-safe communications range.  Finally, we prefer a data 

modulation contrast of 10:1 (2:1 required) and a data modulation rate of at least 100 

kHz.  Data rates as high as GHz are desirable, but a wide range of remote telemetry 

application requirements can be satisfied with 100 KHz modulation.   
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Previous MEMS retro-modulators demonstrated using a full-aperture tilting 

mirror [38] successfully yielded large contrast ratios.  Their functional angular range is 

limited only by the acceptance angle of the corner cube.  However, the 

electromechanical switching of the tilting mirror requires switching time which is a 

function of the mirror size.  This approach limits the response time of larger aperture 

(long-range) retro-modulators to milliseconds.  Another successful MEMS retro-

modulator used a diffractive structure [39], a reflective diffractive grating which is 

electromechanically switched into a flat, refractive surface.  This grating light 

modulator provides faster modulation (~1 MHz) since very little mechanical 

deflection (~λ/4, or 0.3 µm) is required.  However, this modulator requires wavelength 

and angle matching, which limited the operating angle range to 6 degrees even for low 

(0.4 dB) contrast.  So far, researchers have not achieved the desired combination of 

speed, aperture, and wavelength and angle insensitivity. 

Reflective MEMS etalons using a drumhead structure with a variable air gap 

have been extensively investigated for use in telecommunications as data modulators 

[40] and broad spectrum variable attenuators [41].  The response time of such devices 

depends on several parameters, including the drum diameter and membrane tension, 

but have been demonstrated to operate at well over 1 MHz [42].  This is still orders of 

magnitude slower than multiple quantum well modulators [43], but the MEMS devices 

are also far less expensive to manufacture (especially for large apertures) and less 

sensitive to operating wavelength and temperature.  In fact, a large-aperture MEMS 
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etalon modulator based on this design and intended for use with cat’s-eye retro-

reflector optics was recently successfully tested [44].   

In this chapter, we present theoretical and experimental results on a MEMS 

device based on the same device structure but modified to act as a first-surface 

deformable mirrors rather than an etalon.  When this device is assembled into a corner 

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

 

2.2 Deformable micro-mirror array concept and design 

The basic device, shown in Figure 2.1, is a first-surface MEMS deformable 

mirror switching from flat to a hexagonal array of concave microlenses.  This device 

concept was first proposed in 1996 [45], and a somewhat different rectangular 

structure was tested in Delft University of Technology [46].  When the device is 

structured as an array of spherical microlenses, the modulator operates midway 

between the geometrical and diffractive regimes; light distribution is substantially 

determined by geometrical curvatures, but interference between multiple diverging 

beams produces strong diffraction effects that suppress the zero-order reflectivity.  

The microlenses are separated with 1 mm pitch and have a 75% deformable surface 

area.  The active area, when arrayed in smaller deformable sections, achieves greater 

lenslet curvatures and shorter switching times.  This allows for scaling of the device to 

large (10 cm +) apertures without sacrificing speed or diffraction efficiency. 
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Figure 2.1: Diagram of the MEMS deformable mirror, showing a 
section of the device to reveal air pockets that allow deformation at 
selected areas. 

 
We calculated the diffractive behavior of the lenslet arrayed micromirror using 

Huygens-Fresnel diffraction theory on a single deformable mirror structure.  The other 

two mirrors of the corner-cube were not included in these calculations so that we 

could understand the direct effect of the deformable mirror on a reflected wavefront.  

The device surface profile was modeled and sampled by a 250x250 grid of pixels.  In 

accordance with Huygens-Fresnel diffraction theory, each pixel on the device surface 

projected a spherical wave given by Eqs.  (2.1) a and b. 
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The resulting phased signals are propagated 6.6 m to the readout plane, 

effectively in the far field.  Figure 2.2 a and b shows the resulting far field diffraction 

patterns from the flat and deformed mirror when it is illuminated by a plane 1550 nm 

wavelength wavefront at normal incidence.  The zeroth-order diffracted beam is 
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shown at the center of the figures.  Both figures use a logarithmic scale to best display 

the diffracted far-field pattern which, by Fraunhoffer diffraction theory, is the Fourier 

transform of the deformed mirror surface.  We see a hexagonal array of spots in an 

envelope created by the refractive aperture of the individual microlenses.  Each spot in 

the array replicates the original reflected beam shaped by the mirror array aperture.  

The spots are separated by a pitch inversely proportional to the array spacing of the 

deformable mirror lenslets.   

 

 
                 (a) (b) 

Detector apertureDetector aperture

1600 nm

1500 nm

Detector aperture

1600 nm

1500 nm

Detector aperture

 
                 (c) (d) 

Figure 2.2: Calculated far-field patterns (normalized) with (a) 0 
deflection and (b) 0.55 um deflection and their line profiles (c) and 
(d).  The line profile from the deformed mirror (d) is calculated 
using 1500 nm and 1600 nm light to demonstrate the wavelength 
insensitivity of diffraction.  Photos and plots both use a logarithmic 
intensity scale.   
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Fresnel diffraction theory predicts the near linear relationship, Eq.  (2.2), 

between the period of the arrayed diffraction pattern and the spatial frequency (1/T) of 

the microlens array.  Figure 2.2 c and d show the line profile of the far-field diffraction 

pattern where Figure 2.2 d is calculated with 1500 nm and 1600 nm light.  These two 

line profiles are difficult to distinguish; showing that the simulations predict low 

wavelength sensitivity.  Unlike a single-wave delay diffractive MEMS modulator, the 

diffraction pattern scales with wavelength by 4.0 µrad/nm, while maintaining 

approximately the same contrast.   
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For FSO communications, the signal energy collected by the original source 

transmitter is proportional to the power in the zeroth order diffracted beam.  In all of 

our simulations, the detector aperture is taken around this beam.  Figure 2.3 shows the 

computed relative power incident on the detector as we increase the device 

deformation.  This is shown for different mirror tilt angles, α, which are also the 

angles of incident light.  An increase in the deformation immediately results in a 

decrease of power at the detector for all incident angles.  With further deformation, the 

detected power oscillates, typical of diffraction phenomena, and dampens to a lower 

intensity.  The detected power does not approach zero since spaces between the 

deformable drums remain flat and always reflect light into the detector.  We can note 

that 10 dB contrast ratio is maintained for incident angles up to +/- 68° at 1.5 µm 
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deformations.  This demonstrates that the deformable mirror will work as a modulator 

for a large range of angles.  The three mirrors in a corner cube retro-reflector are each 

oriented 54.7° to the normal of the corner cube, so light would typically be incident on 

the deformable mirror around this angle. 

Tilt angle = 0º

±20º

± 40º

± 60º

± 68º
10 dB contrast

Tilt angle = 0º

±20º

± 40º

± 60º

± 68º
10 dB contrast

 

Figure 2.3: The relative intensity reaching the detector as a function 
of the mirror deformation.  This relationship is shown at various 
mirror tilt angles.   

A single deformable MEMS mirror can replace a mirror in the corner cube to 

form a retro-reflecting modulator.  Furthermore, all three of the mirrors can be 

deformable MEMS mirrors.  In this case, Figure 2.3 predicts 10 dB contrast with 0.8 

µm sag for the entire angular aperture of the corner cube.  Further calculations verify 

these contrast ratios are maintained for increasing propagation distances of at least 1 

km.  A mechanical deflection of less than 0.1% of the membrane width, combined 

with the non-contact nature of the structure, means that this device will be extremely 

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

 
Our devices were fabricated by MEMSCAP using now-standard MEMS 

processes [40],[41][42].  The layered structure of the device is illustrated in Figure 2.4.  

A silicon substrate was covered with a 3 µm sacrificial layer of phospho-silicate glass 

(PSG), and a 1 um active structural layer of silicon nitride.  The mechanically active 

“drum” regions were defined by patterning the nitride with sets of etch access holes 

arranged into a hexagon array on a 1 mm pitch.  The etch access holes in the samples 

tested were 5 microns in diameter, distributed in a square array with a 46 microns 

center-to-center pitch.  Reactive ion etching was used to cut through the nitride into 

the sacrificial layer, then a timed isotropic etch undercut the active layer to release the 

freestanding circular drumheads.  The top gold mirror, with roughly 95% reflectivity 

in the near infrared wavelength of interest, was deposited on the released structure.   

An applied voltage between the membrane and substrate layers cause an 

electrostatic attraction which pulls the membrane from its normal flat state, producing 

a dip in the reflective surface wherever there exists a pocket in the PSG layer.  The 

honeycomb pattern of pockets in the PSG layer creates the hexagonal array of dips in 

the gold layer.  Each dip acts as a concave, reflective lens.  The resonant frequency of 

this device was measured to be 160 KHz which is suitable for video transmission.  

Moreover, we can increase the device response to above 1 MHz by increasing the 

nitride film stress and drive voltage. 
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 (a) (b) (c) 

Figure 2.4: (a) Layered device diagram (b) fabricated die and (c) close-up of individual 
micromirror cells.   

 

We first characterized the deformable mirror by substituting it as one of the 

mirrors in a michelson’s interferometer.  Thus, reflected 1550 nm light was combined 

with a plane wave to give an interference pattern corresponding to the deformations of 

our mirror.  These patterns allowed us to extrapolate the profile of the deformable 

mirror surface, shown in Figure 2.5.  The first experimental samples achieved a 

maximum sag of 0.55 µm with an applied voltage of 79 V, short of the intended 0.8 

µm sag.  This deformation limit is caused by an error in the deposition composition of 

the SiNx layer, making the deformable membrane conductive and somewhat 

nonuniform in layer stress.  This caused the deformation to be nonuniform on the large 

(10 mm) scale of the device, and also caused an electrical short circuit when we 

applied significantly more than 79 V to the device.  A spare device was sacrificed to 

show that arcing from the short circuit punctured the membrane surface, rendering it 

useless as a reflective mirror.  Although we could not produce greater than 0.55 µm 

deformations with this initial prototype device, all device problems can be corrected 

upon re-fabrication with a uniform non-conductive SiNx layer.   
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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, 1460 nm to 1580 nm 

wavelength-tunable laser and the reflected light was propagated 6.6 m onto a white 

screen, effectively in the far field.  The intensity pattern was captured on the screen by 

a Sensors Unlimited 320M InGaAs camera.  Figure 2.6 a and b show the logarithmic 

far-field intensity pattern before and after 0.55 µm mirror deformation with near 

normal illumination by 1520 nm wavelength light.  These patterns resemble the 

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

a) 

b) 
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a hexagonal array that is confined by a circular envelope.  The diffracted spots are 

noticeably smaller because the mirror was illuminated with an apodized Gaussian 

beam profile which was smaller than the aperture of the mirror.   

Figure 2.6c and d correspond to the intensity line profiles along the horizontal 

white lines as indicated.  These line profiles reveal the relative intensities of the 

diffraction patterns.  Here, approximately 90% of the power has been diverted from 

the original beam into the hexagonal pattern of surrounding beams, yielding 10:1 

extinction.  These results agree with the theoretical predictions made earlier in this 

paper.  Furthermore, diffraction patterns produced using 1460 nm and 1575 nm light 

created far field diffraction patterns which were indistinguishable from these results, 

thereby demonstrating wavelength insensitivity. 
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voltage off 

 

voltage on 
 

voltage off 

 

voltage on 

 

Figure 2.6: Experimentally measured far field intensity patterns 
from a triangular-aperture device in the (a) zero voltage (flat 
mirror) and (b) off state, and their line profiles (c) and (d).  
These far field patterns were observed using 1520 nm laser 
light.  Photos and plots both use a logarithmic intensity scale. 

 
Figure 2.7 shows the measured line profile for the same far-field diffraction 

pattern when the deformed mirror was illuminated with a 14 nm bandwidth ASE 

optical source centered at 1532 nm, instead of a monochromatic, coherent laser beam.  

There is a strong correlation between Figure 2.6d and Figure 2.7; there are distinct 

diffraction orders which are separated by approximately 0.11° divergence and the 

zeroth order beam experiences approximately 11 dB extinction.  This example further 

demonstrates the wavelength insensitivity of the deformable mirror; moreover, the 

deformable mirror functions with temporally incoherent white light. 

 

(a) (b) 

(c) (d) 
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Figure 2.7: Line profile of the mirror far-field diffraction pattern 
using incoherent illumination.   

  

Experiments verified that our device followed the angular response predicted 

by our calculations up to its maximum 0.55 µm achievable deformation, but a 

deformation of 0.8 µm would be necessary to observe significant diffractive effects at 

incident angles greater than 40°. 

To study the temperature dependence of our devices, a deformable mirror was 

mounted on a thermo-electric cooler (TEC) with an attached thermistor.  We used a 

deformable mirror with 50% (instead of 75%) deformable area because these mirror 

types were readily available for “test to destruction” sacrificing.  As you might expect, 

these 50% active deformable area devices require more voltage and produce less 

extinction.  The TEC and thermistor allowed for active temperature control during 

these experiments.  The mirror was illuminated with a 1550 nm laser at near normal 

incidence and the reflection was propagated 6.6 m into a collection lens and detector.  

The detector aperture isolated the zeroth order diffracted beam and measured its 
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extinction ratio as the device was driven with an 85 V amplitude binary signal at 10, 

50 and 100 kHz.  Figure 2.8 shows a decrease in the extinction ratios as the device 

temperature was increased.  Further interferometry measurements of the mirror surface 

profile revealed that thermal expansion resulted in the bending of the overall surface.  

The consequential curved mirror surfaced reduced signal power in the high signal 

power (flat mirror) state but had less of an effect on the off signal level when the 

mirror was sagged.  These changes account for the measured decrease in extinction 

and can be mitigated with better packaging.  Using a similar device, we ramped the 

temperature to over 400°C with no visible impact.  These results are compatible with 

previous measurements on membrane modulators, which were shown to operate in 

liquid nitrogen and at 400°C temperatures. 

 

10 kHz modulation

100 kHz

50 kHz

10 kHz modulation

100 kHz

50 kHz

 

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 dihedral (90° angle) gold 

mirrors to form the corner cube retromodulator shown in Figure 2.9.  We apply 

voltage to the deformable mirror through the electrical leads displayed at the top of 

this photograph.  We mounted the deformable mirror on a tilt stage to allow accurate 

alignment with respect to the other two mirrors.   

 

 

Figure 2.9: Photograph of the assembled MEMS deformable mirror 
retro-modulator 

Light must strike each of the three mirrors for retro-reflection.  Therefore, 

there are six different paths for retro-reflection; each path corresponds to a different 

permutation of reflections off of the three mirrors.  Figure 2.10a is a photograph of the 

1 cm 

MEMS 
deformable 
mirror 

Gold mirrors 

Electrical 
leads 
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retro-reflected light at the retro-reflector mirror surfaces.  It is combined with a 

slightly tilted plane wave which creates the observable interference fringes.  The 

reflected light is divided into the six sections by gaps between mirrors of the corner 

cube; each section corresponds to one of the six different paths of light.  Each of these 

paths encounters the deformable mirror once, adding phase modulation to the entire 

signal.  Figure 2.10b shows the retro-reflection from the deformed device, revealing at 

least λ/2 phase distortion over the entire return beam. 

 

           

Figure 2.10: Interferometer photographs of the retro-modulator 
surface (a) flat (λ/9 aberration) and (b) deformed (>λ/2 aberration).   

 
Figure 2.11 shows the far-field intensity pattern created by the retro-modulator 

with normal incident light into the corner-cube (each mirror normal is oriented at the 

same angle, 54.7°, from the incident light).  Recall that diffraction from only the 

deformable mirror created a single hexagonal array diffraction pattern.  Figure 2.11 

shows several hexagonal arrays patterns that are rotated by different angles and 

superimposed.  This is a result of the different paths which the light can travel within 

the retro-reflector each creating a diffraction pattern of their own.  Depending on the 

(a) (b) 

5.5 mm 

7.2 mm 
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order of reflections, the phase distortion acquired from the deformable mirror can 

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

 

Figure 2.11: Far-field diffraction pattern from the retro-modulator 
with an applied voltage of (a) 0 V and (b) 79 V.  Photos and plots 
both use a logarithmic intensity scale.   
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Figure 2.12: Far-field diffraction pattern from the retro-modulator, 
tilted 31.7° towards the deformable mirror, with an applied voltage 
of (a) 0 V and (b) 79 V.  Photos and plots both use a logarithmic 
intensity scale.   

To achieve better contrast, the corner-cube is tilted 31.7° towards its 

deformable mirror side such that the incident rays strike the deformable mirror at 23°.  

Figure 2.12 shows the resulting far-field diffraction pattern after this adjustment is 

made.  This orientation is more indicative of minimum performance when using 

multiple MEMS mirrors instead of a single MEMS mirror with two fixed glass 

mirrors. 

 

2.4.1 Modulation time response 

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

amplitude.  In these experiments, the retro-reflector was rotated by 31.7° towards the 

(a) (b) 

(c) (d) 
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deformable mirror for high extinction.  The retro-reflected signal was separated from 

the incoming beam path using a 50/50 IR beam splitter and collected by a Fourier lens 

6.6 m away.  A detector was placed in the Fourier plane of this lens on axis and only 

captured the zeroth order diffracted spot.  Figure 2.13 shows the detected signal 

intensity.  This shows 7.1:1 signal contrast with rise and fall times of 4.3 µs and 6.8 µs 

respectively.  Recall that the deformation was limited by the maximum deformation 

(0.55 µm) that could be achieved by our samples.  According to Figure 2.3, from our 

calculations, a correctly fabricated device will achieve 17 dB extinction with 0.8 µm 

deformation. 
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 (a) (b) 

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

The retro-reflecting modulator is used in a FSO communication system to 

automate the alignment at one side of the link; therefore, retro-reflecting modulators 

must function at a wide range of incident angles.  Accordingly, we tested the MEMS 

deformable mirror retro-modulator at a range of angles.  Our simulations, shown in 

Figure 2.3, predicted a decrease in contrast with an increase in α, the angle between 

the incident light and the deformable mirror surface normal.  We note that this angle, 

α, is not the same as the normal of the corner cube since each mirror is tilted 54.7° 

relative to the corner cube face.  We measured the extinction ratios in relation to this 

angle and show these results in Figure 2.14 where both α and the tilt of the corner 

cube, β, are displayed.  These results agree with our calculations of angular 

dependence and show 2:1 extinction from 23° to 58° for 10 kHz modulation.  Thus, 

this particular device demonstrated a functional angular range of at least 35°.  These 

extinction ratios are in strong agreement with the simulations presented in Figure 2.3.  

Based on these calculations, we expect that a correctly fabricated, fully deformable 

device can achieve higher extinctions and therefore, can operate with a much greater 

angular range. 
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Figure 2.14: Extinction ratio achieved as a function of retro-
modulator tilt angle.   

 

2.4.3 Wavelength Dependence  

Figure 2.15 shows the extinction ratio as a function of wavelength.  It reveals 

constant extinction from 1520 nm to 1570 nm wavelength which is consistent with our 

calculations.  This indicates that the MEMS deformable retro-modulator will reliably 

operate at a large range of wavelengths without measurable 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-modulator for free-space 

optical communications and especially for remote telemetry applications.  This retro-

modulator combines excellent wavelength, angle and temperature insensitivity while 

maintaining scalability for large apertures and longer link distances.  Our theoretical 

analysis of the MEMS deformable mirror accurately describes the device’s diffraction 

performance in relation to the physical design of the mirror.  The deformable mirror 

was fabricated and tested to verify the wavelength and angle insensitivity predicted by 

our calculations.  We also demonstrated large thermal tolerance, observing consistent 

device performance from 20°C to 100°C.  Finally, we assembled a single deformable 

micro-mirror array device into a prototype retro-modulator 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 greater deformations but was 

limited by the initial device fabrication run to a maximum mirror deformation of 0.55 

µm as opposed to the design value of 0.8 µm.  Future device fabrications with better 

control on the composition of the Silicon Nitride layer will enable better extinction 

ratios to extend the angular, temperature and wavelength operating range.  Increasing 

the strain of the deformable membrane can increase the achievable switching speeds to 

1 MHz. 

This particular device is the first example of a class of optical MEMS 

components based on spatially segmenting the physical optical aperture into an array 

of smaller sub-aperture devices that require a correspondingly small physical 

movement to control the optical response.  This allows the device to scale to very 

large physical apertures, limited only by the wafer size of device fabrication, and also 

enables a much faster mechanical response than would otherwise be possible.  The 

particular design demonstrated here was an array of reflective micro-mirrors with 

variable focal length.  This concept can be extended to other segmented structures, for 

example an array of planar tilt-mirrors, only providing that one state of the MEMS 

device is uniformly flat to within a fraction of a wave across the full device array.   

The authors gratefully acknowledge support from Cubic Corporation and the 

Natural Sciences and Engineering Research Council of Canada.  We also acknowledge 

PROsystems, Inc.  for fabricating the gold mirror dihedral which we used as part of 

the prototype retro-modulator. 
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Chapter 3   

Frustrated Total Internal Reflection (FTIR) 

Retro-Modulator 

3.1 Introduction 

One key purpose for using a retro-reflecting modulator is to eliminate the need 

for active alignment for one size of a free-space optical communication link.  The 

retro-modulator described in the previous chapter had an operational field of view of 

35°.  For hollow corner cube retro-modulators, this is relatively large; however, this 

retro-modulator would still need to face the interrogator for retro-reflection to occur.  

Active control can be eliminated by using multiple retro-modulators to cover the entire 

360° planar field of view.  This means that 11 of our MEMS retro-modulators would 

be needed for completely passive alignment.  Moreover, more devices would be 

required to account for a full 3-dimensional spherical field of view.  With this 

consideration, one can understand the appeal of a large angular ranged retro-

modulator. 

One method for creating a larger angular field of view is by introducing a 

solid, high index retro-reflector.  Unlike a hollow corner-cube retro-reflector, light 

reflects within the device in a high index material such as silicon.  When light strikes 

the entrance face of the corner-cube retro-reflector, refraction bends the light towards 
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the normal direction of the corner-cube.  This is shown in Figure 3.1 where the same 

incident ray of light is seen escaping a hollow corner cube while retro-reflecting 

within the solid one. 

Hollow Retro-reflector Solid Retro-reflector

 

Figure 3.1: Illustration of the increased field of view which is 
caused by selecting a solid, high index corner-cube retro-
reflector. 

If we consider a 2-dimensional corner cube, as depicted in Figure 3.1, we can 

calculate the amount of power returned by calculating the retro-reflecting area which 

is visible to the optical source.  We calculated the returned light from both a hollow 

corner-cube, and a solid corner-cube using the index of silicon.  The results from this 

calculation are shown in Figure 3.2 where the amount of reflected light is plotted as a 

function of incident angle.  Here, we assume that there are no losses due upon 

refraction or reflections.  Figure 3.2 shows that by using a solid corner cube, we can 

double its angular range; the full-width-half-max value has increased from 45° to 90°. 
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Hollow Retro-reflector Solid Retro-reflector

a) b)

Hollow Retro-reflector Solid Retro-reflector

a) b)  

Figure 3.2: The amount of retro-reflected light from a a) hollow and b) 
solid silicon corner cube retro-reflector as a function of incident angle. 

The reflection surfaces can be coated with a metal reflector, or they can be left 

bare since total internal reflection (TIR) will occur at incident angles above the critical 

angle.  When TIR occurs, an evanescent wave is created outside of the medium, or in 

this case, the silicon corner-cube.  Reflection occurs as the evanescent wave couples 

back into the high index medium.  This process is theoretically 100% reflective but 

drops off sharply below the critical angle.  In the context of the incident angles within 

a corner-cube, the condition for TIR is easily met and there is virtually no power lost 

upon reflections.   

In the previous chapter, we accomplished modulation by deforming one of the 

mirrors to distort the reflection.  For that case, the mirror was fabricated using MEMS 

processes where a thin, flexible layer could be deformed by electro-static attraction.  

In the case of the solid silicon retro-reflector, this is not possible since nothing inside 

the corner-cube can be mechanically manipulated.  To modulate the reflected signal 

from a solid corner-cube retro-reflector, a method of external manipulation is needed.  

This has been accomplished previously with external electro-optic [25] acoustro-optic 
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[26] and quantum well [34] modulators.  These methods modulate the optical beam 

while it is outside of the retro-reflector. 

Rather than applying modulation to the optical beam outside of the corner-

cube, we take advantage of the fact that the light undergoes TIR at the uncoated faces 

of the corner-cube.  One of the requirements for TIR to occur is that there is a low 

index space for the evanescent wave tail outside of the medium.  If, however, this 

evanescent wave encountered another high index medium, TIR would no longer occur 

and the optical wave would be transmitted into this new medium.  This process is 

appropriately known as FTIR.  We can use a similar MEMS arrangement that was 

employed in our hollow retro-reflector to move an absorbing material in and out of 

FTIR range. 

3.2 Frustrated Total Internal Reflection 

TIR occurs when a wave strikes an interface from a medium with a higher 

index of refraction at an incident angle greater than the critical angle.  Under this 

condition, the transmitted electric wave found by the Fresnel equations is given by 

Equation 3.1 where E is the, θi is the incident angle, nti is the ratio of indices of the 

external to the internal medium, y is the direction perpendicular to the interface and x 

is the direction parallel to the interface. 
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Eq. 3.1 describes the evanescent wave that is created upon TIR.  There is an 

exponentially decaying factor in the y-direction coupled with a resonating surface 

wave along the interface.  Since this wave cannot maintain power, the surface wave 

creates a reflection back in the initial media.  Our goal is to capture the light and pull it 

out of the media during TIR.  For this purpose, the decaying factor, β, is important 

here because it gives us the extent of the field outside the solid corner-cube.  This is 

the portion of the field which we must manipulate in order to achieve FTIR. 

The evanescent field can be pulled out of the corner-cube by absorbing it with 

another solid silicon substrate.  This is done by bringing the absorber in contact with 

the evanescent field.  Although we know the amplitude of this field from Eq. 3.1, this 

is not an indication of the amount of field that would be transmitted instead of 

reflected.  To calculate the amount of light which is transmitted across the air gap, we 

treat the gap like a thin film and use characteristic matrixes of thin films [47] which 

are derived from Maxwell’s equations.  The characteristic matrix is given by 
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 θγη cosn=  for s-polarizations (3.4) 
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where a subscript denoted the corresponding layer.  Here, n is the index of refraction 

for the media, d is the thickness of the film and θ is the angle which the light travels in 

that layer.  Multiple layers can be accounted for by multiplying their corresponding 

matrixes (the first matrix on the right hand side of Eq. 3.2 in the appropriate order.  

The reflectance and transmittance are given by Eqs. 3.5 and 3.6 respectively. 
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The most effective way to get transmission from FTIR is to use an index 

matched substrate to collect the evanescent wave.  For our purposes, our corner-cube 

retro-reflector will be made of silicon since it has a high index of refraction (n = 

3.628) and it does not absorb light in the C-band range.  Using Eq. 3.6 for the case of 

an air gap between two silicon pieces, we calculated the amount of TIR across the air 

gap at the nominal angle of a corner-cube, 54.7°.  This result is shown in Figure 3.3 

where we require a mechanical translation of approximately 200 nm to go from total 

reflection to near zero reflection.   
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s-polarization
p-polarization

Requires 200 nm of 
motion for large extinction

s-polarization
p-polarization

Requires 200 nm of 
motion for large extinction

 

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 substrates would need to be in contact 

with each other.  Contact is not practical as any sort of repeated collision will expedite 

wear of the device.  For our purposes, an extinction of 5:1 would suffice.  Figure 3.3 

reveals that this is achieved when the substrates are within 30 nm of each other.  This 

close proximity is primarily due to the sharp drop off of the p-polarization component 

of light.  In practical uses, we cannot take advantage of the polarization dependence 

since the orientation of this device and the angle of the incoming optical waves will be 

unknown. 

Despite the sufficiency of near contact, this still presents a practical problem 

since close contact does not allow for much error in the motion.  If electrostatic 

attraction, like that which was used for the MEMS modulator in Chapter 2, was the 

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

the destruction of the device.   

Thin-film coatings offer a potential solution to this problem.  Anti-reflection 

coatings have been fabricated where destructive interference eliminates any back-

reflected light.  In this case, the amount of light which is collected by the parasitic 

substrate can be tunneled back into the corner-cube to destructively interfere with the 

internally reflected optical power.   

We used the characteristic equations shown above to calculate the behavior of 

an anti-reflection coating designed for FTIR.  The assembly examined consisted of the 

structure shown in Figure 3.4.  Here, the parasitic substrate is shown on below the air 

gap separating the two pieces.  1550 nm light is shown striking the interface at the 

nominal angle for a corner-cube retro-reflector.  At the interface, the light splits as 

some of it tunnels across the gap while the rest is transmitted.  The thin film of TiN (n 

= 3.1477 – 5.8429i at 1550 nm) embedded in the parasitic substrate reflects some of 

the light back towards the interface.  A portion of the back-reflected light tunnels back 

into the corner cube to destructively interfere with the 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 the TiN layer and the thickness of 

the Si layer on top of the TiN.  Since TiN absorbs C-band light, its thickness affects 

the amplitude of light which is reflected back while the thickness of the above Si layer 

determines the phase of light which is returned.  This thickness will be adjusted so that 

the wave returned to the corner-cube is out of phase with the internally reflected light 

for maximum cancellation. 

As an example, the film thicknesses were optimized to produce extinction for a 

100 nm gap at the nominal angle for the corner cube.  For these parameters, the most 

FTIR was generated with a 114.3 nm TiN layer and a 259.5 nm Si layer.  The resulting 

reflectance is shown in Figure 3.5 when this parasitic layer is brought to within 100 

nm of the corner-cube.  At this large of a gap size, the s component of polarization can 
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be completely transmitted out of the corner-cube; however, the p component remains 

in the cube.  Figure 3.6 shows that these antireflection coatings are also very 

wavelength insensitive; 70% of the s-polarized light still undergoes FTIR into the 

substrate within 100 nm of the designated wavelength. 

 

Figure 3.5: Calculated residual reflection after FTIR with an antireflection 
coating on the parasitic substrate.  This is optimized for an incident angle of 
54.7° to produce a maximum extinction when the gap size is 100 nm. 

 

Figure 3.6: Wavelength dependence of 
FTIR with an anti-reflection coating. 

Despite the strong angular dependence exhibited by the calculations displayed 

in Figure 3.5, the high index of the silicon corner-cube will bend the light towards the 

nominal angle of a corner cube.  Moreover, a larger modulation contrast can be 
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obtained by using a modulator at all three reflective surfaces of the corner-cube.  This 

was calculated using the beam path shown in Figure 3.7.  The amount of internal 

reflection is shown in Figure 3.8 a and b.  This includes the calculated “on” state 

which was found when the gap size is increased to 285 nm for near TIR within the 

corner-cube.  The angles displayed here are now the external incident angles before 

entering the corner cube, plotted with respect to the normal of the entrance face.  

Along the z-axis of rotation, 2 to 1 contrast can be obtained for ± 15° field of view.  In 

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

z

x y

1

23

z

x y

1

23

 

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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a) z axis rotation b) x - y axis rotation
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gap
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Figure 3.8: Reflection from the solid silicon corner-cube where all three 
mirrors experience FTIR.  The green and blue lines represent the polarization 
directions shown in Figure 3.7 while the dashed lines represent the “on” state 
where the gap is increased to relieve FTIR.   

A similar analysis was done when we designed for a 15 nm air gap.  The best 

structure for this design consisted of a 3.7 nm TiN layer beneath a 243.1 nm silicon 

layer.  The calculated results are shown in Figure 3.9 where 10:1 extinction is 

achieved along both directions of rotation. 

b) x - y axis rotation

‘on’ state:
204 nm 

gap

‘off’ state:

a) z axis rotation b) x - y axis rotation

‘on’ state:
204 nm 

gap

‘off’ state:

‘on’ state:
204 nm 

gap

‘off’ state:

a) z axis rotation
 

Figure 3.9: Reflection from the solid silicon corner-cube where all three 
mirrors experience FTIR.  The green and blue lines represent the polarization 
directions shown in Figure 3.7 while the dashed lines represent the “on” state 
where the gap is increased to relieve FTIR. 

These calculations of an anti-reflection coating show much promise in 

decreasing the proximity requirements needed for creating FTIR.  In the scope of this 
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thesis, this technique was not experimentally pursued but shows worthiness for further 

investigation. 

3.3 Extinction of the FTIR energy 

Fabrication processes makes it convenient to use a silicon wafer as the 

substrates which collects the evanescent wave.  Once FTIR has been achieved, a 

silicon wafer, which has two coplanar surfaces, would act as an etalon and return 

optical power back into the corner cube by the same FTIR phenomena.  If this 

happens, then the light would return into the corner-cube at the same angle as TIRed 

light and retro-reflection would still occur.  Thus, we need to extinguish the optical 

power once it has been transmitted across the air gap.   

One method to absorb the infrared light is to embed chromium in the substrate.  

The index of refraction of chromium at 1550 nm light is 4.24 + i4.81.  The imaginary 

component of this index shows that c-band light is highly absorbed by chromium.  We 

introduce this chromium component to the parasitic substrate by coating the back with 

a chromium layer.  With time and heat, the chromium readily diffuses into the silicon 

as described by Eq. 3.7 which is derived from Fick’s Law.  Here, Cs is the 

concentration of chromium at the edge of the substrate, x is the depth under the 

surface, t is the time and D is a diffusion constant.  For chromium diffusing through 

silicon doped with boron, D is given by Eq. 3.8 [48] where T is the temperature and k 

is Boltzman’s constant.  Here, it is important that the chromium does not diffuse all 

the way to the front side of the wafer.  This maintains the silicon index at the front side 

for index matching with the corner-cube which in turn allows for efficient FTIR. 
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Figure 3.10 shows an example of the calculated concentration profile of 

chromium diffusing in silicon for 4 hours at 250 °C.  The concentration level of 1 

represents the concentration of chromium at the edge of the wafer.   

 

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 100 µm thick silicon wafer with an approximately 

230 nm thick layer of chromium.  This wafer was then annealed at various 

temperatures to achieve various diffusion lengths. 

We can estimate the amount of absorption within a silicon wafer by measuring 

the spectrum of reflected, normal incidence light.  This is because a silicon wafer 

functions as an etalon and creates a period reflectivity spectrum.  With the backside 
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covered by chromium, this etalon yields approximately 12 dB contrast between the 

peaks and valleys of the spectrum.  When an absorbing agent lies within the silicon, 

the amount of light reflecting within the silicon wafer becomes attenuated.  This 

results in a decrease in the contrast ratio in the reflectivity spectrum.  This relationship 

is described by Eq. 3.9 where the variables are defined in Figure 3.11.  Here, the 

variable T is included to account for any absorption which may occur in the silicon.  T 

accounts for the amount of the field that is not absorbed in a double pass through the 

wafer (T = 1-a, where a is the fraction of light absorbed).  If all of the light is absorbed 

within the wafer (T = 0), the etalon becomes a single surface reflector and the 

reflectivity will be equalized for all wavelengths (Ir = E0
2r0

2). 

Si Cr

E0

E0r0

E0t1

E0t1r2
E0t1r2t2T

E0t1r2Tr1… …

Si Cr

E0

E0r0

E0t1

E0t1r2
E0t1r2t2T

E0t1r2Tr1… …

 

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 annealed at various temperatures 

up to 240 °C for 4 hours.  Their reflectance spectra are plotted in Figure 3.12 along 

with theoretical spectra having different levels of absorption within the silicon etalon.  

These curves are plotted at increments of 10% changes in absorption.  In general, this 

reveals that annealing the wafer at higher temperatures increases the amount of 

absorption in the wafer by a very slight amount where all wafers had an estimated 

absorption within 5% of 55%.  Since annealing the wafers appeared to have little 

effect on their absorption, our subsequent experiments used unheated, chromium 

coated silicon wafers. 
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Figure 3.12: Measured reflectance spectra for silicon 
annealed at various temperatures.  These are plotted 
along with theoretical spectra for an absorbing etalon at 
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 becomes significant when the air 

gap decreases below 30 nm.  To investigate the FTIR performance, this means that we 

require nanometer positioning accuracy.  In MEMS, this is easily achievable with a 

properly fabricated device; however, for proof-of-principle experiments involving 

bulk components, nanometer positioning presents a challenge. 

We used a Thorlabs Three Axis MicroBlockTM Translation system to perform 

the motion in our system.  This device operates using piezo-actuators controlled by 

voltage signals.  By using small increments in voltage, we hoped to gain nanometer 

positioning accuracy.  As shown in Figure 3.13, the vertical distance of a wafer 
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attached to the piezo-actuator is measured relative to a reference wafer using a 

MicroXAM Profilometer.  This profilometer measures profiles interferometrically 

with 0.1 nm accuracy which is sufficient for our needs.  In order to use this 

profilometer, the reference wafer needed to be coplanar with the controlled wafer.   

Piezoelectric 
translation

- +

Tilt stage

Thorlabs
MicroBlock

translation stage

MicroXAM
Profilometer

Piezoelectric 
translation

- +

Tilt stage

Thorlabs
MicroBlock

translation stage

Piezoelectric 
translation

- +

Tilt stage

Thorlabs
MicroBlock

translation stage

MicroXAM
Profilometer

 

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. 

Extraordinary steps were required because of the sensitivity needed for 

nanometer alignment.  These included isolating the entire system for wind and 

temperature stability, gluing components in place, locating it on the ground floor, 

placing it on a large, air stabilized optical table and giving the system hours to settle 

before taking measurements.  All of these things eliminate external disturbances which 

would lead to extraneous motions detrimental to our device characterization 

experiments.   

Figure 3.14 shows the performance of the stabilized system as the voltage is 

monotonically increased.  This shows two separate curves taken on different days 
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which demonstrate repeatability of motion and a near-linear response.  Most 

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

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

and repeatability of motion would not exist if the motion was reversed.   
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Figure 3.14: Response from the pizeo-actuator to an increasing 
voltage signal.  The two curves were carried out on different 
days to demonstrate repeatability. 

3.5 FTIR Setup 

The calibration setup for the piezo-actuator was modified to demonstrate FTIR 

from a solid silicon corner-cube retro-reflector.  The modifications are shown in 

Figure 3.15.  Here, the wafer resting on the piezo-electric stage is replaced with a 450 

nm thick silicon wafer coated with chromium underneath to act as the parasitic wafer 

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

roughness of this wafer.  A 7.5 mm diameter corner-cube is supported by the reference 

wafer.  The corner of the retro-reflector hangs off the reference wafer by 

approximately 1.5 mm so that the silicon absorber can be moved into proximity with 

the corner.  In this setup, we can only achieve FTIR modulation at the small 
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overhanging surface of the corner-cube.  Light which reflects in the corner-cube 

further from the over-hanging corner will experience a slight translation upon retro-

reflection.  Thus, this arrangement is sufficient for our proof-of-principle experiments 

as light reflecting off this overhanging corner will follow the same path back and 

comprise of most of the light returning to the collimator. 

Piezoelectric 
translation

- +

Collimated
light

Piezoelectric 
translation

- +

Collimated
light

 
Figure 3.15: Mechanical portion of the setup used to measure 
FTIR when an absorber is brought within nanometers of the 
corner-cube retro-reflector. 

The complete setup, including the optical components, is shown in the 

photographs in Figure 3.16.  A beamsplitter divides the retro-reflected beam and sends 

it to a Sensors Unlimited 320M InGaAs IR camera and the collimator.  The camera is 

focused on to the back plane of the retro-reflector so that we can see where FTIR is 

occurring.  The light sent back into the collimator is circulated into a detector to 

measure the entire return signal.  Also, the corner-cube is now held down a spring 

loaded clamp.  This pressure keeps the substrate and bottom face of the corner cube in 

alignment.  These sit on a stage which is tilted so that the reference wafer and the 

parasitic wafer are collinear. 
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Figure 3.16: Photograph of the setup used to achieve FTIR in a solid silicon 
corner-cube retro-reflector.  For the purposes of illustration, the housing 
used to stabilize the air and temperature in the setup is not present.  The 
housing would shelter everything in the photograph except for the beam 
collimator which would project the beam through a small hole in the 
housing. 

In our experiments, we increased the voltage applied to the piezo-actuator once 

it was brought into close proximity.  No changes in the retro-reflected signal were 

obvious until contact was made.  The point of contact was identified when the 

MicroXAM had shown that the reference substrate moved.  Figure 3.17 shows the 

images of FTIR as the absorber is lifted into contact with the corner cube to the point 

where the corner cube has been slightly lifted.  During this process, the voltage 

applied to the piezo-actuator is increased by approximately 167 V from the point of 

contact.  Since the reference wafer moves during this process and there is an added 

load silicon absorber, we were not able to know the exact position of the silicon 

absorber during this process.   
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Figure 3.17: Images of the retro-reflected light as the 
voltage on the pizeo-actuator is increased.  The dark center 
is caused by damage to the delicate corner of the retro-
reflector.  As the voltage to the actuator lifts the silicon 
absorber, the absorber a) makes contact with the corner-
cube, then b) shows signs of FTIR.  Eventually, c) the 
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 the center of the image.  This 

dark area is caused by FTIR occurring between the corner cube and the silicon wafer 

holding it.  As the absorber is lifted, FTIR does not occur until after there is pressure 

between the absorber and corner cube.  We observe approximately 2:1 contrast until 

the corner-cube begins to tilt.  Once the corner-cube is tilted, the darkest areas in the 

image, the areas where the pressure is the greatest, show approximately 5:1 contrast.  

This is contrary to our calculations which suggested that FTIR could be achieved 



58 
 

  

before contact.  It is not clear to us why contact is necessary to observe modulation; 

however, our experiments have shown that the modulation of pressure between the 

absorber and the corner-cube is still effective.  Since 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 that we turn our attention to 

applying pressure between the corner-cube and silicon absorber to achieve FTIR.  In a 

simple study, we simply placed the corner-cube retro-reflector on a 100 nm thick 

silicon wafer absorber.  We chose a thinner wafer which is more flexible and 

susceptible to bowing, allowing for the pressure to spread evenly between the 

surfaces.  We simply applied approximately 30 pounds of pressure to the top of the 

corner-cube using human force and observed the changes shown in Figure 3.18.  This 

shows only localized regions of extinction which expand as more pressure is applied.  

The extinction in these areas is approximately 6:1.  I conclude that it is necessary to 

flex the silicon absorber since the submicron proximity required to observe FTIR is 

smaller than the roughness and alignment tolerances of the surfaces. 
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a) b)a) b)
 

Figure 3.18: Images of the reflecting surface of the corner-cube retro-reflector 
as a) it rests on top of a silicon absorbing wafer and b) the corner-cube is 
pressed down onto the wafer. 

We designed a housing to create a prototype device that operated on the 

principle of using pressure to generate FTIR.  Although this strays from our original 

conception of a MEMS based, non-contact device, this new arrangement provides a 

less expensive alternative.  A photograph of this device is shown in Figure 3.19 a).    
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Figure 3.19: a) Packaged FTIR retro-modulator and b) the cross-section 
revealing mechanisms of modulation. 

Figure 3.19 b) shows the cross section of this device which reveals its 

operation.  Here, the piezo actuator rests in a cavity within the housing.  A sapphire 

sphere is attached to the end of the piezo with NOA 68 UV cured epoxy.  Two glass 

a) b) 
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slides are UV-cured together and rest on top of this sphere.  This creates a glass layer 

totaling 2 mm in thickness.  A thin layer of flexible, two toned epoxy holds the silicon 

absorber on the top slide.  The glass slides are used to apply the force from the piezo 

uniformly across a large area of the silicon absorber.  They are allowed to freely pivot 

on top of the sapphire sphere.  This freedom allows the silicon absorber to align 

collinearly with the surface of the corner-cube retro-reflector.  A biased pressure can 

be applied by tightening the screw located under the piezo.  This will minimize the 

work needed by the piezo actuator. 

We also used this device with a glass corner-cube retro-reflector which 

exhibits looser tolerances for FTIR due to its lower index of refraction.  Calculations 

show that FTIR occurs in glass with approximately 100 nm gap separation.  

Consequently, the silicon absorber was also removed and the glass slides were used to 

collect the light.  The bottom of the top slide was painted black to absorb the light and 

insure that it would not be retro-reflected. 

The prototype was characterized using the setup photographed in Figure 3.20.  

The transceiver consisted of a Thorlabs, ASE-FL7002 broadband source which passed 

through an optical circulator before exiting the free-space collimator.  The received 

signal entered the collimator, and was guided to a HP 81531A power sensor by the 

circulator.  The beamsplitter, shown in Figure 3.20, directed 50% of the retro-reflected 

light into an SU 320 InGaAs camera.  This camera allowed us to view the reflecting 

surface of the retro-reflector so that we could see the occurrence of localized FTIR. 
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Figure 3.20: Photograph of the setup used to characterize the retro-
modulator. 

3.6.1 Driver Circuit 

The piezo actuator had 600 nF capacitance.  To achieve suitable switching 

speeds, a driver would require more power than was offered by standard signal 

generators and voltage amplifiers.  One cost effective solution to this was to recycle 

the drive energy by using it in resonance with a similar capacitor.  This was 

accomplished in a circuit designed by Justin Hallas.  Its description follows. 

“The purpose of this circuit is to modulate a fairly large capacitance at high 

voltage with minimum power.  The basic idea of the circuit is that a dummy capacitor 

that is approximately the same capacitance as the modulating device stores the charge 

when the modulating device is in a low voltage state instead of discharging to ground.  

This is accomplished with an inductor and switch between the two capacitors.  When 

the switch closes, the energy is resonantly transferred from one capacitor through the 

inductor to the other capacitor.  Two unidirectional transfer paths between the 
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capacitors are implemented such that the only requirement for full transfer is that the 

switch be closed at least half of the resonant period.  Since losses exist and the Q of 

the resonant circuit is finite the capacitors must be recharged periodically, but only a 

small fraction of the total energy needs to be re-added.” 

The mismatch in capacitance between the dummy capacitor and the piezo 

actuator resulted in more losses and more energy that needed to be re-added.  Thus, 

the achievable voltage amplitudes and speeds were limited as shown in the following 

results. 

3.6.2 Experimental results 

Extinction could be seen simply by tightening the screw.  This could be done 

to the point of failure where cracking would result in one of the components.  In failed 

experiments, cracking occurred in the corner-cube retro-reflector, the silicon absorber 

or the glass slides transferring the force from the piezo.  Therefore, the force was 

limited to an arbitrary amount, depending on the condition and arrangement of the 

components.  FTIR can be seen with the maximum amount of pressure applied in 

Figure 3.21.  This shows localized and non-uniform extinction of approximately 13 dB 

near the central region.  This occurs along an edge of the corner-cube, suggesting that 

there is still some linear tilt between the corner-cube face and the silicon absorber.   
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Figure 3.21: Image of the silicon retro-reflector focused on 
the reflecting plane when pressure is applied (left) and 
released (right). 

Figure 3.22 shows the reflection surface when modulation is done on a glass 

retro-reflector.  This shows FTIR occurring over the entire aperture where the 

extinction in these areas is approximately 10.5 dB.  This is expected since glass does 

not confine light as well as silicon, and it is therefore easier to pull out of the corner-

cube.   

 

Figure 3.22: Image of the glass retro-reflector focused on the 
reflecting plane when pressure is applied (left) and released 
(right). 

The signal received by the optical detector, shown in Figure 3.23, shows that 

signal modulation is achieved.  Figure 3.23 was taken with a silicon retro-modulator at 
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500 Hz and 10 kHz modulation with the drive signals also displayed.  These drive 

signals were taken at the maximum amplitude achievable by the drive circuit at that 

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

from the driving method. 

a) b)a) b)  

Figure 3.23: Optical signals from the silicon retro-modulator 
measured with the drive voltage signal for a a) 500 Hz and b) 
10 kHz signal. 

The same measurements were done with the glass retro-modulator and the 

results are shown in Figure 3.24.  As expected, higher modulation depths are easier to 

achieve.  The maximum depth observed was 8 dB shown in Figure 3.24 a).   

a) b)a) b)  

Figure 3.24: Optical signals from the glass retro-modulator 
measured with the drive voltage signal for a a) 500 Hz and b) 10 
kHz signal. 
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Although we were not able to achieve the same voltage amplitudes at higher 

speeds, we can still extrapolate the modulation limits inherent to our modulator 

design.  Figure 3.25 shows the relationship between the extinction and the drive 

voltage amplitude over a range of drive speeds using a silicon retro-reflector.  The 

higher frequencies were not run at high voltages because the drive circuit could not 

provide enough power.  Regardless, we can observe a drop in modulation ratios 

beginning at speeds of a few kilohertz. 

500 Hz

1 kHz

3 kHz

5 kHz

10 kHz

500 Hz

1 kHz

3 kHz

5 kHz

10 kHz

 

Figure 3.25: Relationship between the modulation ratios and 
the voltage for the silicon retro-reflector at different 
frequencies. 

Figure 3.26 shows the measurements taken with a glass retro-modulator.  As 

seen before, the glass retro-modulator achieved higher modulation depths; however, it 

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

increases.  One possibility for this decrease is in the response of the piezo actuator.  
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Although the piezo actuator is specified with a resonant frequency of 135 kHz, its 

response at lower frequencies is not documented.  Another possibility lies in the 

transient response of the mechanics used in our device.  When the pressure is applied, 

a mechanical deformation occurs.  The motion required for this deformation may also 

limit the device speed. 

500 Hz

1 kHz

3 kHz

5 kHz

10 kHz

500 Hz

1 kHz

3 kHz

5 kHz

10 kHz

 

Figure 3.26: Relationship between the modulation ratios and 
the voltage for the glass retro-reflector at different frequencies. 

The main advantage of using a silicon retro-reflector over a hollow MEMS 

retro-reflector is in the greater angular range associated with the refraction into the 

device.  Figure 3.27 shows are experimental demonstration of this angular consistency 

in both extinction and overall insertion loss.  In these experiments, the bottom surface 

of the corner cube experienced FTIR while it was rotated around a vertical axis.  This 

modulator was run with a 500 Hz signal with 80 V amplitude.  As expected, the power 

returned from the retro-reflector remains within 3 dB of the maximum power up to 
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±70°.  The extinction gradually decreases with higher angles.  This is to be expected 

since this would increase the angle hitting the FTIR interface, thereby creating more 

TIR.  The other corner-cube surfaces may experience a decrease in incident angle; 

therefore, the contrast may also increase if the FTIR occurred on the appropriate 

surface. 

 

Figure 3.27: Angular dependency of the silicon retro-
modulator. 

3.7 Conclusion  

Retro-modulation involving solid corner-cube retro-reflectors have involved 

modulating the light outside the entrance of the retro-reflector since it is difficult to 

manipulate it once it is in a solid material.  In this chapter, I presented an alternative 

method for modulating light in a solid corner-cube retro-reflector by using FTIR to 

extract the light.  I presented calculations showing that FTIR can be achieved in a 
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silicon corner-cube by bringing a silicon wafer within less than 100 nm of proximity.  

With bulk optics, I was able to demonstrate FTIR on a CCR; however, the modulation 

suffered from non-uniformity due to difficulties with aligning the pieces collinearly to 

maintain the proximity over a significant area.  Our trials showed that FTIR became 

observed after contact and pressure was applied between at the FTIR interface.  This 

resulted in an attempt to create a retro-modulator which applied pressure by using a 

voltage actuated piezoelectric stack.  Here, I was able to demonstrate 3 dB modulation 

at 1 kHz.  We also used a glass retro-reflector which demonstrated 8 dB modulation.  

At higher speeds, the contrast ratio began to drop off, falling below 1 dB at 10 kHz for 

both types of modulators. 
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Chapter 4   

Beamsteering 

4.1 Introduction  

An inherent complexity in establishing a FSO communication link is that the 

optical beam must be aimed to its targeted receiver.  This is routinely accomplished 

between stationary nodes [4] where large angle, active alignment is not required.   

FSO alignment becomes more complex when the points of communication 

(either or both) become mobile, as this requires real-time alignment.  In order to 

maintain the communication link, the laser beam must be constantly pointed at the 

receiver, thereby requiring fast beamsteering speeds for a large angular range.  In 

addition to the relative motion of the receiver, atmospheric effects such as scintillation 

may also misdirect the beam, thereby calling for beamsteering speeds much faster than 

the pointing errors caused by scintillation (on order of a few milliseconds[49]). 

In our work, we accomplish phased array beamsteering with passive phased 

arrays.  Passive phased arrays can be diffraction gratings, arrayed waveguide gratings 

(AWG) or virtually imaged phased arrays (VIPA).  More conventional ‘beamsteering’ 

optics controls the properties of the steering device to deflect an entire wavefront (or 

image).  Instead, orthogonal diffraction uses fixed-response optics and directs a single 

beam of monochromatic light by changing the wavelength of the beam.  This 

effectively decouples the speed dependence from the other parameters by utilizing 
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wavelength flexibility as another degree of freedom; one 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 disperse light in one dimension.  When a 

single wavelength is transmitted through a grating, it is diffracting according to the 

grating equation, Eq. (1), where P is the grating period, m the diffraction order, λ the 

wavelength, and θm and θi the transmitted and incident angles respectively.   

 ( ) λθθ mP im =− sinsin  (4.1) 

This equation shows that the deflection by the grating changes as the 

wavelength is changed.  Thus, when a laser is tuned across a wavelength range, the 

beam scans along a line [50].  This alone is insufficient for FSO pointing and tracking 

since objects exist in a 2-dimensional field of view.  To reach the second dimension, 

we can include another diffraction grating that is oriented orthogonally to the first.  

This arrangement is shown in Figure 4.1. 
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Figure 4.1: 2 diffraction gratings oriented to achieve beamscanning in 2-
dimensions.  The difference in diffraction orders between the two 
diffractive structures allows for raster scanning as the wavelength is 
increased. 

There are three characteristics which these gratings must have in order to 

function as a viable beam scanner that raster scans an entire 2-dimensional range.  

Firstly, both gratings should be fabricated such that most of the power is diffracted 

into one diffraction order.  For example, in the case of a diffraction grating, a blaze 

angle would be required to restrict the power within an angular range that contains 

only one order.  Second, the free spectral range of the lower order grating should be 

greater than the total wavelength scanning range.  Thirdly, the total wavelength range 

should be greater than N times the free spectral range of the higher order grating, 

where N is the number of lines that are scanned across in the raster scan.  When the 

second and third conditions are combined, a scan through the wavelength range will 

make one pass across the angular range of one grating while also making N passes 

through the range of the other.  Since the gratings are oriented orthogonally, this 

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

One such arrangement that can meet the above criteria is an AWG followed by 

a free-space optical grating.  The AWG has high dispersion because it operates in a 

high diffraction order.  The diffraction order is determined by the increment in length, 

∆L, between adjacent waveguides in the array, as defined by Eq. 4.2.  Here, nawg is the 

index of refraction of the waveguides and λm is the central output wavelength within 

the mth diffraction order. 

 
m

awg Ln
m

λ
∆

=  (4.2) 

The wavelength separation between diffraction orders is known as the free-

spectral range (FSR).  Eq. 4.3 gives the FSR which is directly related to the final 

angular separation created by the diffraction grating. 

 
11 +

=−= + m
FSR m

mm

λλλ  (4.3) 

To determine all of the achievable directions, we must first know the exact 

wavelengths that are transmitted through our system.  When we assume no wavelength 

dependant losses from reflections and transmission through optical materials, the 

transmitted wavelengths from our system are entirely determined by the diffractive 

properties of the AWG.  To explore this, we start with the grating equation, and 

modify it to account for optical path delays in the AWG.  This yields Eq. 4.4 which 

now includes the index of the waveguides, nawg, and the phase shift induced by the 

incremental length, ∆L, of successive waveguides. 
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 ( ) mawgimawgawg mLnPn λθθ =∆+− sinsin  (4.4) 

In the AWG, the diffracted light out of the waveguide array is coupled into 

another array of output waveguides.  Each of these waveguide channels collect the 

light at a certain angle, θN, coming out of the waveguide array.  The wavelength at 

channel N and order m is found by isolating λm in Eq. 4.4 to arrive at Eq. 4.5. 

 ( ) m
awgawg

iawg
awg

m m

Pn
PL

m

n
θθλ sinsin +−∆=  (4.5) 

Here, we make the assumption that the output waveguides are arranged with an 

angular period θo, and that the output waveguides are centered such that θm is zero at 

the middle of the output array.  When these are assumed, the first term on the right 

hand side of Eq. 4.5 is equal to the wavelength hitting the middle of the array, λc.  

These are found using Eq. 4.3.  With these considerations, we now arrive at Eq. 4.6 

where N is the output channel number and Nmax is the total number of channels. 
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Eq. 4.6 can be rewritten as Eq. 4.7 to explicitly yield N. 
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Ideally the AWG waveguide would be directly integrated with the second 

stage, avoiding intermediate fiber coupling losses.  In our system, however, we 

connected a fully-packaged AWG to a linear v-groove array to spatially separate the 
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wavelengths within each diffraction order.  The output array of spots yielded by the v-

groove array (pitch Pv) is re-imaged by the free-space grating demultiplexer before it 

is directed by the output lens (with fo focal length).  The output angle is given by Eq. 

4.8. 
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The output angle in the orthogonal direction is created by the dispersion of the 

diffraction orders by the free-space grating demultiplexer.  This demultiplexer might 

contain a 4-f imaging system with a reflection grating of period Pg, tilted by θg, at the 

Fourier plane and uses identical Fourier lenses with focal length f.  The resulting 

output angle deflection caused by the diffraction grating is given by Eq. 4.9. 
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4.3 2D wavelength demultiplexer 

A natural application of this wavelength dispersive concept is in the area of 2D 

wavelength demultiplexing.  A 2D wavelength demultiplexer is created by simply 

excluding the final output lens described in the previous section.  This system is 

illustrated in Figure 4.2.  Because of its potential application, this intermediate step 

towards a 2D beamscanner is worth exploring in further detail. 
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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 and Dragoni in 2001 [51].  In 

2004, Xiao and Weiner successfully demonstrated a related array multiplexer using a 

virtual imaged phased array (VIPA) multiplexer operated with multiple diffraction 

orders, followed by a free space grating demultiplexer to create the 2-D array output 

[52].  This system produced 41 demultiplexed channels (4 rows of 10 channels) with 

about 1.75GHz spectral bandwidth per channel and a minimum 17 dB insertion loss. 

In our work on wavelength demultiplexers, we first showed a proof of 

principle demonstration of the demultiplexing concept (see Appendix A) which 

produced 72 demultiplexed channels, and then created an demultiplexer intended for 

ultra-large data capacity (see Appendix B).  The ultra-large data capacity 

demultiplexer carries over 1000 individual channels at approximately 50 GHz pitch 

and spread over a 600 nm wavelength spectrum, for an aggregate potential data 

capacity of over 40 Tb/s.  Due to its free-space arrayed output, this optical system is 
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primarily intended to be integrated with optoelectronic or micromechanical devices to 

construct wavelength switches and dynamic spectral equalizers for ultra-large data 

capacity networks. 

4.3.1 Demultiplexer setup 

Figure 4.3 shows a photograph of the experimental system.  The first stage of 

our system consisted of a conventional 1x40 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 free spectral range (FSR).  The relation 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 the first 
stage multiplexer, and the free space grating 
multiplexer that produces a 2-D output array which is 
tested using an single individually-aligned output 
fiber for channel characterization 

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.   
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Figure 4.4: Transmission spectra carried by a single 
AWG output fiber when illuminated with a 600 nm 
bandwidth, showing 28 diffraction orders separated 
by the approximate 25 nm FSR.  This is the first stage 
(partially demultipled) output of our demultiplexer. 

 

 
Figure 4.5: 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. 

 
For our system, we illuminated the AWG with a high-brightness 

supercontinuum source with spectral output ranging from 1150 nm to well over 1800 

nm.  With this source, the AWG operation bandwidth was limited only by the spectral 
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range of our optical spectrum analyzers, from 1100 nm 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 Figure 4.4. 

All outputs of the AWG must be integrated with the second stage (FSG) 

multiplexer to create the fully demultiplexed output.  Ideally the AWG waveguide 

would be directly integrated with the second stage, as shown in Figure 4.2, avoiding 

intermediate fiber coupling losses.  In our system, however, we connected a fully-

packaged AWG to a 1x40 linear v-groove array with polished fibers at a 127 µm pitch.   

The second stage demultiplexer consists of a 5 cm focal length Fourier 

transform lens followed by a 75 lp/mm blazed reflection grating.  The grating is coated 

with aluminum for adequate reflectivity of a broad spectrum of visible to near infrared 

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 range, 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 broadband input into our 

system, this ultimately produces a rectangular array of spots raster positioned 

according to their wavelength.  These spots each represent the output position of a 
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demultiplexed wavelength channel.  The signal coupled to an optical fiber positioned 

at one of these output spots is shown in Figure 4.5, showing suppression of all but one 

diffracted orders visible in Figure 4.4.  This is the fully demultiplexed (single channel) 

output of the hybrid demultiplexer. 

4.3.2 Arrayed demultiplexer output 

We photographed the entire spot array using an infrared camera, a Sensors 

Unlimited 320M camera with a 320x240 array of InGaAs detector pixels at a 25 

micron pitch.  The output array is located adjacent to the fiber V-groove array, so 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 Figure 4.6.  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, including 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 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 a silicon V-groove and 

polished flat was used to characterize the each of the 1092 individual channel outputs.  

The fiber was mounted on a PI model F206 hexapod stage (visible at left in Figure 

4.3) to provide <0.1 micron absolute positioning accuracy.  This fiber was scanned 

across the plane of best overall focus.  The fiber coupled signal was connected to 

external components for intensity measurements, spectral analysis, polarization 

dependence loss measurements and bit error rate tests. 

Figure 4.7 diagrams the calculated output spot distribution.  The rows are 

separated by 0.127 mm, equal to the pitch of the 1x40 v-groove array.  The separation 

between the columns is set by dispersion from diffraction from the free space grating, 
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and so is proportional to the FSR (Eq. 4.3) and increases monotonically with 

wavelength.  In the equations shown, mn is the AWG diffraction order at wavelength 

λn, and 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 order, 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.   

Figure 4.8 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 are aligned to 

minimize the RMS difference, which was 6.5 µm.  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).   
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Figure 4.7: 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. 

 

 
Figure 4.8: Mapping of both theoretical and 
experimental spot locations in the output plane. 
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4.4 Experimental setup 

For our experimental demonstration of beamscanning, we used the system 

illustrated in Figure 4.9 and Figure 4.10.  We used a JDSU 1x8 channel arrayed 

waveguide grating as the first diffractive element which operated in the 194th 

diffraction order at 1550 nm.  Since the AWG gives discrete outputs at specific 

wavelengths, the achievable scanning angles exist in a nearly rectangular array rather 

than a set of lines.  The AWG channels were transferred into free space through a 635 

µm pitch v-groove array.  This led into a free space optical grating demultiplexer, 

taken from a Network Photonics WDM switch, consisting of a 100 mm focal length 

Fourier lens followed by a 3rd order, 300 lp/mm reflection grating (Newport catalog 

code 53-*-013R).  Like the demultiplexer shown previously, the output from the two 

demultiplexers is a grid of single mode Gaussian spots where each one corresponds to 

a different wavelength.  This is converted into a beam scanner with the addition of a 

gold mirror (to divert the light away from the components) and a Nachet Vision 8x, 25 

mm focal length microscope objective to collimate and direct the beam. 
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Figure 4.9: System and components used to demonstrate beamscanning.  
The demultiplexed channels from the AWG are ejected into free space by 
a V-groove array which sits at the focal plane of a Fourier lens.  This lens 
is part of a free space grating demultiplexer which separates the multiple 
orders from the AWG.  The output is focused at the focal plane of a 
microscope objective which collimates and directs the light. 

 

 

Figure 4.10: 2-dimensional illustration of a 
monochromatic beam propagating through the 
system. 

 

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

(1530 – 1562 nm) of the telecommunication spectrum.  These wavelengths are also 
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popular for free-space optical communications; thus, our demonstrations are 

appropriately carried out using wavelengths near 1550 nm. 

Figure 4.11 shows the predicted output angles of the directed beam for 

wavelengths from 1546 to 1590 nm using the equations shown previously and the 

parameters illustrated in Fig.  2.  Here, we used a waveguide index, nawg, of 1.5 and a 

∆L of 199 µm to have the AWG operate in the 194th diffraction order at 1550 nm.  We 

also assumed that there is no apodization from any apertures which might have limited 

the field.  The figure shows 6 columns and 8 rows of achievable directions.  Each row 

corresponds to a single channel from the AWG, and the horizontal separation between 

the rows is created by dispersion from the diffraction grating.  The 6 columns are a 

result of fitting 5 FSRs (~ 8nm for the AWG) in the total wavelength range.    

 

 

Figure 4.11: Calculated output 
angles from the beam scanner. 
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Ideally, the range of a beam scanner should be continuous instead of a discrete 

array of spots.  This functionality can be incorporated into our beam scanner with the 

addition of a continuous beam scanner to cover the range in between the spots.  The 

requirements of this beam scanner are achievable with existing technology (such as an 

electro-optic scanner) since the required scanning range is now limited to the distance 

between our discrete directions. 

4.5 Experimental results 

Figure 4.12 shows a photograph of the actual setup where the output beam is 

projected onto a white screen 20 inches distant.  We used a Sensors Unlimited 320M 

camera with visibility in the NIR wavelength range to image the projected beams.  

This photograph also shows an Agilent tunable laser as the optical source.  In our 

experiments, we used a number of different optical sources to characterize different 

properties of the beam scanner.  For fast beamscanning, the ideal source would be a 

fast, wavelength tunable laser.  To the author’s knowledge, the fastest tunable lasers 

are grating-assisted codirectional coupler with rear sampled reflector (GCSR) lasers 

which can switch across its entire wavelength range in under 50 ns [53].  The 

wavelengths from these lasers are limited to a discrete set of wavelengths; however, 

this does not harm our system’s scanning ability. 
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Figure 4.12: Photograph of the beam scanner with a 
tunable laser acting as the optical source. 

 

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

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

beams projected onto the screen. 

 

 

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 from our beam scanner was 10.3° 

and 11.0° and exists as discrete directions in an 8 by 6 array.  This is consistent with 

the predictions shown previously.  The apparent power variation over the different 

directions is primarily due to the spectral profile of the ASE source.  Our work on 

creating a wavelength demultiplexer suggests that the insertion losses are uniform 

across the wavelength tuning range with approximately 8 dB loss. 

For the next part of our experiments, we used an Agilent 81642A tunable laser 

to send power to a single direction.  The output beam of a single wavelength is shown 

in Figure 4.14a.  While this laser’s slow tuning speed (2.8 seconds to scan through 100 

nm) makes it infeasible for FSO beamscanning, the Agilent tunable laser was still 

useful in observing the output beam quality of the beam scanner.  The beam profile is 

a result of a re-imaged fiber output (from the v-groove array) directed and collimated 

by the microscope objective.  Figure 4.14b shows an image of the single spot.  This 

was captured using a bare InGaAs sensor placed immediately after the output of the 

beam scanner.  We measured a 6 mm 1/e2 beam diameter which matches the 

expectations of a bare fiber output being collimated by the microscope objective.  We 

note that this beam waist can be changed by selecting a different collimating lens. 

Figure 4.14b also shows that the beam maintains a primarily Gaussian form 

which is indicative of low distortion through the system and yielding a smooth 

wavefront. 

Our work with the 2D demultiplexer also showed that in these 2D dispersive 

systems, the crosstalk inherent in the AWG and the linewidth of the optical source 
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determines the amount of crosstalk between neighboring wavelength channels.  The 

prior results also show that there is virtually no (> 30 dB) crosstalk between channels 

which are separated by one FSR.  Using the devices in our setup as an example, the 

Agilent laser linewidth is 100 kHz which is negligible compared to the 100 GHz 

AWG channel pitch.  This means that the crosstalk is determined by the crosstalk 

between AWG channels which we measured as greater than 35 dB.  Figure 4.14a also 

shows no apparent leakage of the optical power into neighboring channels. 

 

  

Figure 4.14: a) The output of a single wavelength and b) its profile 
immediately exiting the beamscanner. 

 

Since this system is intended for use in FSO communications, the transmitted 

beam may carry a modulated signal and would inherit a finite bandwidth.  Since our 

system is dispersive, a significant bandwidth would stretch the output beam over a 

linear range of directions.  The amount of stretching would depend on the degree of 

dispersion of the free space optical grating.  Crosstalk may also cause a limitation 

when the signal is modulated with a bandwidth greater than those of the AWG 

channels. 
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An alternative to using a tunable laser as the source is to use an ASE source 

passed through a tunable filter.  We demonstrated this option using the same ASE 

source used above along with a CoreTek MEMS tunable etalon filter.  Two separate 

detectors were placed at different points in the field of view.  These points 

corresponded to 1546.7 nm and 1578.3 nm wavelengths.  Figure 8 shows the transient 

response of the power at the simultaneously measured positions when the filter was 

switched between these two wavelengths.  This shows a 183 µs switching time (time 

for the signal to go from 10% to 90% of its steady value) which is purely determined 

by the switching speed of the tunable filter.  The CoreTek MEMS filter used here had 

a passband of 0.47 nm which is larger than the channel pitch of our AWG.  Thus, this 

filter produced approximately 5 dB of crosstalk in adjacent channels and would not be 

suitable as a secure FSO beamscanner. 

 

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 scanner is one that uses a VIPA in 

place of the AWG.  The VIPA, invented by M. Shirasaki [54][55], is a glass slab that 

acts much like a highly dispersive diffraction grating.  The VIPA operates on the 

principle of virtual images interfering with one another, as illustrated in Figure 4.16.  

These virtual images are of a line source which is created by focusing a collimated 

beam with a cylindrical lens.  This line source is focused at the entrance aperture of 

the glass slab which is tilted at a small angle.  The back surface of the slab is nearly 

100% reflective with the exception of the entrance aperture, while the front slab has a 

graded reflectivity to allow output light.  In this arrangement, the light will undergo 

multiple reflections and create a series of staggered virtual line sources.  The light 

leaks out of the front surface into free-space where the cylindrical waves created by 

the virtual line sources interfere with each other.  The graded reflectivity equalizes the 

leaked power of successive reflections.  Ultimately, this resembles a diffraction 

grating operating with a large tilt and very high order. 

 

 

Figure 4.16: A VIPA with the virtual line sources illustrated. 
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One beneficial advantage of the VIPA over the AWG is that the VIPA can 

easily operate in a much higher diffraction order.  This allows for more raster lines 

over a chosen wavelength range.  This is described by the grating equation for the 

VIPA, Eq. 4.10, where mv is the diffraction order, tv is the thickness of the VIPA, nv is 

its index of refraction, θv is the tilt angle of the VIPA and θo is the output angle.   
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The output angle, θo is shown explicitly in Eq. 4.11. 
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The f-number of the cylindrical lens determines the field of view of the virtual 

line sources.  This subsequently restricts the range of possible output angles, θo and 

will therefore keep the optical power in diffraction orders that fall within this angular 

range.  In a beamscanner, especially one used for secure free-space optical 

communications, only one diffraction order should exist within the field of view for 

each wavelength.  To ensure this, the optical path length of the VIPA, tvnv, inherits a 

maximum limit.  When this optical path length is small, the value of the last factor in 

Eq. 4.11 is significantly different at adjacent diffraction orders.  This difference should 

be large enough such that the adjacent diffraction orders fall outside the possible range 

of θo and only one diffraction order exists for each wavelength.  This requirement is 

shown in Eq. 4.12 where f# is the f-number of the cylindrical lens. 
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The VIPA is made into a 2D beamscanner by layering a diffraction grating on 

the VIPA’s output surface.  This is depicted in Figure 4.17 where every wavelength, 

represented by different colors, is shown projecting out of the beamscanner.  Also, a 

planar waveguide creates the line source entering the VIPA instead of a cylindrical 

lens.  This creates a more seamless and compact integration of fiber optic input into 

the VIPA.  The angular range of the cylindrical wave is now determined by diffraction 

from a slit.  In other words, the angular range of the beamsteerer is inversely 

proportional to the width of the slit and independent of the total aperture.  To increase 

the aperture size, the length of the line source can be mechanically increased and the 

transmissivity through exit surface of the VIPA can be decreased to create more 

internal reflections and distribute the power over a longer distance.  Unlike the fiber 

coupled AWG, the VIPA gives a spatially continuous, free-space output meaning that 

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

 

Eq. 4.10 can be used to find the wavelength range of each diffraction order in 

the VIPA’s field of view as well as the output angle of each wavelength in one 

direction.  The grating determines the output angle in the orthogonal direction which is 

predicted by Eq. 4.1. 

We envisioned a VIPA beamscanning system with the following parameters to 

demonstrate its potential performance.  The cylindrical wave feeding into the VIPA 

has a numerical aperture of 0.05 and the diffraction grating has a 500 lp/mm pitch 

operating in the 1st order.  VIPAs typically have a 1.5 index, 1 mm thickness.  Figure 

4.18a shows the output if we use a typical VIPA tilted at 2.5° where the spots at 1553 

nm are circled.  This figure reveals that multiple diffraction orders are created.  As 

mentioned earlier, this is because the optical path, tvnv of the VIPA is too large. 
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In order to create a viable beamscanning system which transmits only one 

beam, the VIPA would have 1.5 index of refraction and 0.1 mm thickness.  The 

thinness of the VIPA is atypical and may pose additional problems such as coupling 

the light into the slab, sturdiness or uniformity of the VIPA.  For the purposes of this 

investigation, we assumed that such a device could exist and operate with the same 

properties of a typical VIPA.  The same section of the output is shown in Figure 4.18b 

with the thinner VIPA. 

Figure 4.19 shows the entire calculated output field where the optical 

wavelength range used is 1400 – 1600 nm.  With these parameters, Figure 4.19 shows 

approximately 5° x 9° total output range existing over 26 columns of output angles. 

 

 

Figure 4.18: A section of the output of a 2D demultiplexer which 
uses a) a 1 mm thick VIPA and b) a 0.1 mm thick VIPA.  Spots 
created at 1553 nm are circled and show degeneracy through 
multiple diffraction orders when the VIPA is too thick.  For secure 
FSO communications, only one diffraction order should exist. 
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Figure 4.19: Calculated output directions (in degrees) 
using a VIPA in the beam scanner. 

4.7 Conclusion and discussion 

I presented a beamscanning method where the input wavelength is directly 

related to the output direction in a 2-dimensional field of view.  This is accomplished 

by combining two wavelength dispersive devices orthogonally and in series.  With the 

proper devices, the beam raster scans through the 2-dimensional field as the 

wavelength from an optical source is increased. 

An intermediate step in this work was the creation of a 2D hybrid wavelength 

demultiplexer by combining an AWG with a free-space optical grating demultiplexer.  

With the goal of a large channel count, we designed a demultiplexer which created a 

near-rectangular array of 1092 distinct wavelength channels which were focused onto 

a plane in free space.  The measured output grid was consistent with our calculations 

of channel positions. 

I have experimentally demonstrated beamscanning by adding a 25 mm focal 

length microscope objecting to collimate and direct the free-space array of points from 
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a customized version of the wavelength demultiplexer.  Using this combination of 

parts, we obtained 2-dimensional beamscanning on an 8x6 grid of discrete directions.  

This output yielded a total angular range of 10.3° by 11.0°.  These results were 

consistent with calculations based on diffractive theory and geometric optics.  We 

achieved 183 µs scanning times using an ASE source followed by a CoreTek tunable 

filter which switched the power from 1546.7 nm to 1578.2 nm.   

We also discussed an improved version of the beam scanner which uses a 

VIPA combined with a free-space optical grating demultiplexer.  Because the VIPA 

has a continuous output, one dimension in the output field of view can be scanned 

continuously.  In the other dimension, the high dispersion of the VIPA allows us to 

point to a greater number of discrete directions which are spaced closer together.  This 

was verified with theoretical calculations on a conceptual system. 

The text of Chapter Four, in part or in full, is a reprint of the material as it 

appears in the following publications: 

• T. K. Chan, J. Karp, R. Jiang, N. Alic, S. Radic, C. F. Marki, J. E. Ford, 

“1092 channel two-dimensional array demultiplexer for ultra-large data 

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

• T. K. Chan, E. Myslivets, J. E. Ford, “2-Dimensional beamsteering using 

dispersive deflectors and wavelength tuning”, Opt. Express, 16 (19), 

September 2008. 
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The dissertation author was the primary researcher and author. The co-authors 

listed in these publications directed and supervised the research which forms the basis 

for these chapter. 
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Chapter 5  

Conclusion 

5.1 Summary 

FSO is a maturing technology which has yet to garner the advantages and 

viability to become attractive for large scale implementation.  This has come from the 

lack of technology and innovation to fulfill the requirements of a large scale, dynamic 

and economical communication system.  This dissertation has presented a number of 

my contributions in the form of devices which bring new ideas to realize a more 

practical FSO system.  This was based on asynchronous retro-communication; a 

method ideal for many short range applications including remote sensing, 

identification, UAV communication and the “last mile” problem. 

First, I designed a hollow MEMS corner-cube retro-reflector.  This device was 

utilized an arrayed MEMS deformable mirror which performed the optical 

modulation.  I simulated the optical response of the deformed state of the mirror to 

show that more than 10 dB attenuation in the reflected beam was possible at 

achievable deformations.  In addition, I showed that this attenuation was maintained 

for large angle and wavelength ranges.  This mirror was fabricated and characterized 

to verify the predicted performance.  The speed and temperature response of this 

mirror was also characterized.  Despite fabrication errors which limited the total 

deformation of the mirror below the designated amount, the mirror still produced 
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adequate modulation.  This mirror was integrated into a corner-cube with two gold 

coated mirrors to complete the retro-reflecting modulator.  The overall motion of the 

MEMS components remained well under 1 µm, thereby maintaining 100 kHz speeds.  

The arrayed aspect of this device garnered the scalability lacking from alternative 

MEMS devices. 

To accommodate a larger angular range, I designed a modulator for a solid 

silicon corner-cube instead of a hollow one.  The modulation was created by 

disrupting the internal reflections within the cube by creating FTIR when a parasitic 

wafer was brought close to the reflecting surface.  Despite theoretical calculations 

suggesting that no contact was necessary for modulation, the experiments showed that 

physical restrictions made modulation only possible once contact was made between 

the parasitic wafer and the corner cube.  Suitable modulation was only created with the 

application of pressure.  A more thorough study is needed to understand why this is 

necessary.  Although I could not produce a non-contact FTIR modulator, I prototyped 

a solid retro-modulator using a piezo-actuator to control the pressure.  Experiments 

demonstrated that this method of modulation was limited to speeds of a few kilohertz 

and produced larger extinction when glass was used as the corner-cube retro-reflector.  

This provides a low cost alternative for applications requiring low data modulation 

such as friend or foe identification. 

Finally, I created a fast beamscanner to accomplish alignment from the 

interrogator side of the FSO link.  This system succeeded work on a 2-dimensional 

hybrid wavelength demultiplexer which produced an array of raster scanned spots in 
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free-space.  The demultiplexer consisted of an AWG combined with a free-space 

optical grating which orthogonally separated the diffraction orders from the 

waveguide array output in space.  This demultiplexer concept was modified into a 

wavelength controlled beamscanner by directing the array of spots into an array of 

directions.  This arrangement separates the scanning control from the optical 

components, meaning that the optical beam can be modified independent of the 

scanning speed.  This increases the potential scanning speeds to the limits of 

wavelength scanning speeds (currently reaching switching speeds of under 50 ns).  

Diffractive analysis was done on this system to accurately predict the achievable beam 

directions which were possible with different AWG and grating demultiplexer 

parameters.  I also proposed an improved system which used a VIPA instead of an 

AWG.  Its performance was predicted and showed more achievable angles over a 

lower wavelength range. 

5.2 Future Work 

When the MEMS deformable mirror retro-modulator was prototyped, a 

fabrication error with the silicon nitride layer in the MEMS component limited its 

performance.  In the future, proper fabrication of the layer can be carried out to 

improve upon the possible deformation and observed performance.  According to 

simulations, an increase in deformation would yield over 10 dB extinction for a larger 

range of angles.  Experiments can be done to verify these simulations and ultimately 

create a more reliable and effective retro-modulator.   
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Our experimental work creating the FTIR retro-reflector showed that the goal 

of obtaining modulated FTIR in silicon requires more development.  A more viable 

solution was shown with glass which had a looser requirement for FTIR while 

sacrificing angular range.  While this became a cheap solution for a slow, piezo 

actuated retro-modulator, there is the opportunity to investigate using glass in a non-

contact, MEMS retro-modulator. 

The driver circuit which designed by Justin Hallas showed that the power 

could be provided to our retro-modulators in a compact package; however, this circuit 

was limited in speed and voltage amplitude.  For future work, this circuit can be 

developed to drive our high capacitance devices to suitable speeds and voltages.  This 

drive should also be designed to read an arbitrary input signal and encode into its drive 

voltage. 

Once the driver circuit is completed, it can be packaged with the packaged 

retro-modulators into a free-standing, portable device that can function outside the 

laboratory environment.   

The beamscanner was shown as a viable table top system.  For practical use, 

the optics of this device should be integrated into a portable device.  This work can be 

continued to completion by integrating these components together as a freestanding 

component which can be tested in a real world setting. 

By combining a packaged beamscanner and either of the retro-modulators, we 

can create a dynamic bi-directional FSO link.  The addition of a tracking algorithm 
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would allow us to create an active tracking system where the retro-modulator can 

become mobile as it is functioning.  By overcoming the challenging of implementing 

these devices in a system, we can provide a true test of our device’s abilities as they 

are used in real world situations. 

5.3 New Directions 

A common trend seen in modulators is the inverse relationship between 

modulator size and speed.  This applies to the aperture size of retro-modulators since 

modulation is usually done on a large field.  One method of simultaneously creating 

both size and speed is by dividing the aperture into an array of smaller devices; each 

element of the array would have the speed advantage of a device of that size.  This 

also limits the lateral dimension of a device, allowing for planar devices for easy 

integration.  In an array, each element contributes as part of the larger aperture; 

however, there is now a phase mismatch between the elements.  In other words, the 

retro-reflected beam from each element will interfere with each other, likely 

destructing the retro-reflected beam.  To accommodate for this phase mismatch, phase 

control of each element needs to be introduced.  This can be done with an array of 

phase modulators that are lined up with the array of retro-reflectors.  This in and of 

itself becomes a method of modulation since the presences of phase matching 

determines if the retro-reflected signal is returned back to the interrogator.   

To create the proper phase match, the incident angle of the incoming beam 

must be known.  An angle detector must be introduced at which point our retro-

modulator become an active retro-reflector.  For a 32x32 array of 1.5 mm pitch retro-
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reflectors, the return beam has a divergence of 0.0063°.  This divergence is the degree 

of accuracy required by the angle detector; an accuracy which is not achieved by 

conventional angle detectors.  One idea for an ultra-sensitive angle detector is an array 

of etalons followed by an array of detectors.  The transmission through an etalon is 

highly wavelength and angle sensitive.  However, a transmission value through an 

etalon is not unique to a specific angle; therefore, a series of etalons which each have a 

different thickness is needed.  The quantization error in the detectors decreases the 

accuracy of each etalon-detector combination, meaning that more etalons are required.  

Early analysis suggests that complex optimization algorithms are needed to find the 

best combination of etalon thicknesses for the least amount of etalons.   

In this arrangement, we assume that the incoming wavelength is known.  

Conversely, if the incoming angles are fixed, this device can be used as an ultra-

sensitive wavelength detector. 

Preliminary calculations were done using a VIPA as part of a beamscanner.  

These calculations showed viability in such a device, although they revealed tight 

tolerances on parameters such as VIPA thickness and uniformity.  Nevertheless, the 

advantages gained from using a VIPA warrant the need for more investigation of this 

system. 
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