
DEVELOPING AN ALL OPTICAL SWITCH USING DIGITAL 

MICROMIRROR DEVICE (DMD) ARRAY FOR 

WAVELENGTH DIVISION MULTIPLEXING (WDM) APPLICATIONS 

by 

SRIRAM SUNDARAM. B.E. 

A THESIS 

IN 

ELECTRICAL ENGINEERING 

Submitted to the Graduate Faculty 

of Texas Tech University in 
Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

ELECTRICAL ENGINEERING 

Approved 

May, 2002 



ACKNOWLEDGEMENTS 

This work has been completed under the guidance of my committee chair and 

advisor Dr Henryk Temkin, whom I deeply thank for the direction, continuous guidance, 

keeping me on course and invaluable assistance during the course of writing this thesis. 

I would like to thank M.Knapczyk and people at the DLP group at Texas 

Instruments for facilitating the research. 

This thesis marks the end of an important phase of my life, and I would like to 

take this opportunity to thank my parents, my sisters Rekha and Sudha and my wife 

Monica whom I am greatly indebted to for their understanding, endless patience, love and 

encouragement throughout my education. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT v 

LISTOFTABLES vi 

LIST OF FIGURES vii 

CHAPTERS 

1. INTRODUCTION 1 

1.1 All Optical Switches 1 
1.2 Applications 3 
1.3 Requirements 5 
1.4 Technologies 6 

2. ABOUT DIGITAL MICROMIRROR DEVICE (DMD) 10 

2.1 Construction 10 
2.2 Diffraction Theory 11 
2.3 Using DMD in Optical Switching 12 

3. EXPERIMENTAL SETUP 15 

3.1 Procedure 15 
3.2 Performance Characteristics. 19 

4. VOA and MULTICASTING 23 

4.1 VARIABLE OPTICAL ATTENUATOR (VOA) 23 
4.2 VOA Performance 29 
4.3 Multicasting 31 

5. WAVELENGTH DIVISION SWITCHING AND 
DYNAMIC GAIN EQUALIZATION 33 

5.1 Introduction 33 

111 



5.2DMD Switch in a WDM Environment 33 
5.3 Dynamic Gain Equalization (DGE) 39 

6. CONCLUSIONS 42 

6.1 Future Prospects 42 
6.2 Conclusions 43 

REFERENCES 44 

IV 



ABSTRACT 

A relational non-interferometric polarization-insensitive space division 1 x 4 all 

optical switch based on the digital mirror array device is described and analyzed. An 

insertion loss of -5.5dBm, crosstalk less than -37.1 dBm and bit-error-rates of less than 

10"̂  have been measured at 2.5Gb/s. The performance of the switch in multiwavelength 

applications to variable optical attenuator, multicasting and dynamic gain equalization is 

described. The fast switching speed of -15 |is of the digital micromirrors provides 

dynamic switching in all the before mentioned applications, ensuring optimum network 

performance at all times. 
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CHAPTER 1 

INTRODUCTION 

1.1 All Optical Switches 

Over 25 years ago, single mode optical waveguides were introduced and the idea 

of using light in place of electrons in telecommunication cables began to be investigated. 

About half that time ago, optical fiber cables were first installed to carry telecom traffic, 

and today optical fibers are widely employed to provide high bandwidth at low cost. 

Interest has now moved on to the network nodes, the switches, and how optics can help 

here [1]. 

When optical communications began, a single fiber was used to carry only a 

single signal. With the advent of Wavelength Division Multiplexing (WDM), multiple 

channels could be carried on a single fiber, differentiated by their wavelengths, and these 

channels could be separated by means of wavelength-selective optical filters. This 

provided vendors the opportunity to greatly increase the information carrying capacity of 

a single fiber [2]. The wavelength channels on a WDM fiber are ahnost equivalent to 

separate fibers running in parallel. Connectivity in WDM fibers is more complicated than 

permitted by their physical layout, since wavelength channels arriving at a switch on a 

single fiber may leave the switch on several fibers. Since multiple channels are carried on 

a fiber, WDM has greatly increased the number of possible optical routes. This has 

accelerated research on the addifion of an 'All Opfical' layer to the exisfing 

infrastructure. 



hi this 'all optical' layer, high capacity information can be transmitted without 

leaving the optical domain to the electrical domain. This would greatly reduce the 

number of optical to electrical and electrical to optical conversion [3], which is required 

today. By introducing some level of protection hardware and management, the 'all 

optical' layer would provide reliability, flexibility and reduced costs. To develop an 'all 

optical' layer, the fianctionality of optical switching, that is, rearrangement of optical 

paths in a network, is needed [4]. Such switches will be deployed for providing a variety 

of applications that will be part of the 'all optical' layer. 

1.2 Applications [5] 

All optical switches will find applications in following areas: 

1. On line protection switching: These are mainly small port size 1 X 2 or 2 X 2 

switches that can be used to reroute traffic through the secondary fiber in case of 

failure in the primary fiber. However, such an arrangement means the installation of 

redundant hardware, which may prove too costly as the number of fibers increase. 

Thus, higher port count switches can be used, which would allow sharing of the 

redundant hardware on a 1 :N basis. 

2. Optical component characterization and testing: Optical systems are becoming more 

and more sophisticated and complex and the comprising components are therefore 

required to meet more stringent performance characteristics than ever before. This has 

necessitated the use of optical component test sets (see Fig. 1.1). A typical test set 
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Figure 1.1 Switching for device test 

consists of one or more large port count switches between which 100 devices under 

test (DUT) can be inserted. A few small port count switches are used to choose a 

particular source and route the light along a specific path and direction to the device 

being tested. These switches require excellent performance in terms of insertion loss, 

crosstalk, and polarization dependent loss so as to provide faithful test measurements. 

3. Flexible optical add/drop switching: With the present day technology, many 

wavelength channels having independent routing requirements are carried on a single 

fiber. In such systems, it becomes necessary to have the flexibility to add or drop 

wavelength channels at a particular location (Fig. 1.2). Typically, a combination of 

small port count optical switches together with wavelength (de)multiplexers is used to 

provide such wavelength add/drop capability. 

4. Optical cross connects: These are the very large port count switches that will form the 

core of the 'all optical' networks. Traffic that is passing through a node, and therefore 

does not have to be terminated at the node, can be routed directly by the optical cross 



connect. This will reduce the deployment (in terms of number and size) of digital 

cross connects and help in significantly reducing costs. 
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Figure 1.2 Flexible add drop switching 

5. Optical performance monitors: the optical switch may be used to tap a very small 

portion of the signal passing through the node, so as to determine the well being of 

the fiber optic network. The smaller the switching time, the more dynamic the 

monitoring scheme. Such dynamic monitoring allows for rapid modifications to the 

network and consequently, less data loss during network reconfiguration. 



1.3 Requirements 

There are no generic requirements for an optical switch. Requirements are always 

specific to the intended application. However, certain performance features essential to 

an optical switch are 

1. Reliability: the lifetime required from optical switches is high, on the order of 20 or 

more years. Moreover, in many applications the optical switches are used to ensure 

reliable operation of fiber-optic networks and hence are required to be reliable 

themselves. 

2. Insertion loss and crosstalk: these are optical performance issues. The insertion loss, 

return loss, crosstalk and polarization dependence must be minimized so as to ensure 

error free transmission over a large dynamic range. The loss introduced by the switch 

affects the power budget. If it is high, optical amplifiers may have to be used, which 

in turn, increases cost. 

3. Switching speed: there are primarily two thresholds in switching speed requirements. 

If light can be switched in milliseconds, it is enough for failure protection and other 

circuit based applications. For example, SONET is capable of locating any failure and 

recovering lost traffic in the matter of 50ms. Of this, most of the time is used up in 

fault location and thus protection switches are required to operate at a few ms. On the 

other hand, if light can be switched on the order of nanoseconds, then it is possible, at 

least in theory, for individual packets to be routed separately and to different 

destinations. 



4. Scalability (especially for optical cross connects): the trend in WDM is the addition 

of more wavelengths. Vendors need the flexibility that optical switches can be 

expanded to larger port counts if necessary. This is particularly true for the large port 

count optical cross connects. 

5. Port to port repeatability: this refers to whether all the paths across the switch are 

identical. If not, it can result in problems, such as light loss. For example, the large 

port count switches in optical test sets are required to have repeatability, so that any 

change in measurements from one DUT to another can be attributed solely to the 

DUT itself 

6. Power consumption: this refers to the power required for switching and maintaining a 

particular state. The advantage of all optical switches is that they would require 

considerably less power than the existing electrical switch cores. 

1.4 Technologies 

Many different optical switches based on a variety of principles are being 

investigated. The various technologies [6] can be broadly classified into: 

Relational switches: as the term suggests, the output states are related to the 

control signals. That is, the output states are independent of the content of the input 

signals (circuit switching), hiformation flowing through the device cannot affect the 

present state of the device. Such a change can only be affected by the control signal. The 

switch does not sense the bits it simply passes them. Advantages are transparency and 

high bit rate transmission since individual bits need not be sensed. 



Logic switches: In contrast, logic switches sense the bits that are passing through 

it. hi fact, this incoming information is itself responsible for the state of the switch 

(packet switching). Additional flexibility is obtained due to the sensing of bits, but bit 

rate is limited to the rate at which the switch can sense bits. 

Another very common method of classification of switching fabrics [7] is: 

Interferometric switches: depend on the phase relationships of the optical paths. 

Response to the control signal is generally cyclic and therefore may require some kind of 

monitoring of the output signal and feedback control to maintain the desired output state. 

Typically, these switches are sensitive to ambient conditions such as temperature, 

wavelength and polarization. The dynamic range depends on the exact balance of power 

between the interfering beams and is therefore hard to maintain, i.e., high crosstalk. They 

have the advantage of fast switching speed. 

Non-Interferometric switches: these have a single valued response to the control 

signal and do not require any feedback control to maintain a state. They are insensitive to 

temperature, wavelength and polarization. Generally, they can achieve a higher dynamic 

range than their interferometric counterparts, since they may involve physically 

interrupting the beam. Hurdles include size, reliability, and large switching times. 

Since the first generation applications of optical switches are likely to be circuit 

based rather than packet based, non-interferometric switches are considered to be the 

primary area of commercial development. However, for long-term packet switched 

prospects, the emphasis is placed on speed and integration and research spans both 

interferometric and non-interferometric switches. 



The most common non-interferometric switches are optomechanical switches, and 

they offer the advantages of lower loss, lower polarization dependence, and lower 

spectral dependence than any other types of switches. Amongst these mechanical-based 

optical switches, the closest to commercial deployment are the Micro-Electrical 

Mechanical Systems (MEMS) based optical switches. 

MEMS technology is believed to have a very bright future in various facets of 

science and industry. It is also believed to be the technology capable of providing high 

quality and port count optical switches. Typically, these switches use movable torsion 

mirrors to reflect incoming light in a desired direction and achieve the switching 

functionality. MEMS devices are built in a fashion similar to silicon integrated circuits. 

Different layers are deposited and patterned to form complex, multilayer structures. 

MEMS based optical switches retain the basic advantages of mechanical-based switches 

such as low loss, low crosstalk, and minimal wavelength and polarization dependence, 

but also provide other advantages like high reliability, compact size and low cost due to 

monolithic batch processing [8]. 

Among the MEMS based switches, ongoing research includes analog as well as 

digital mirrors. The work described in this thesis uses MEMS device manufactured by 

Texas Instruments called the Digital Micromirror Device (DMD) to build a 1 X 4 all 

optical switch. The DMD is already used widely in display systems and has earned the 

reputation of providing extremely small and reliable projectors while at the same time 

providing highest quality images due to its digital nature. The application of the DMD to 

optical switching has been investigated here. 



The primary advantage of digital mirrors is that, since they have only two end 

positions, they do not require any complex feedback control for accurate positioning. 

Moreover, using digital micromirrors means that several hundreds of micromirrors would 

be needed to redirect a single light beam. This allows a number of interesting functions 

like a Variable Optical Attenuation (VOA), Multicasting, and Dynamic Gain 

Equalization (DGE), all of which will be needed in future 'all optical' networks. 

The report is organized as follows. The next chapter provides an overview of the 

DMD, namely its fabrication and modifications necessary for the DMD to be used in 

switching applications (in contrast to display applications). Chapter 3 describes the setup 

of the 1 X 4 switch and details of the performance characteristics such as insertion loss, 

crosstalk and Bit Error Rates. Chapter 4 demonstrates how the same switch arrangement 

can be used to achieve other functions like VOA and multicasting. Chapter 5 describes a 

WDM experiment, where the 1 X 4 switch is combined with an Arrayed Waveguide 

(AWG) Demultiplexer to form a wavelength selective switch. It also describes how the 

switch can be used to provide the DGE functionality. Chapter 6 presents conclusions 

from the work and future prospects for improvement. 



CHAPTER 2 

ABOUT DIGITAL MICROMIRROR DEVICE (DMD™) 

2.1 Construction 

The Digital Micromirror Device (DMD) is a pixelated spatial light modulator. As 

a spatial light modulator (SLM) it can modulate the amplitude, phase and direction of a 

light beam incident upon it. It is 'pixelated' because it is made up of an array of rotatable 

micron scale aluminum mirrors that are used as reflecting elements. These micromirrors 

are suspended on an air gap by two thin, post supported compliant torsion hinges. 

Individual mirrors (see Fig.2.1 from Texas Instruments website) are 13 \im wide 

fabricated on a 14 lum pitch over an address circuitry consisting of conventional SRAM 

(Static Random Access Memory) cells. A control signal applied to the memory cell 

creates an electrostatic attraction causing the mirror to rotate until its tip touches the 

landing electrode, which is maintained at the same potential as the mirror. At this point 

the mirror is electro-mechanically "latched" to its desired position. A " 1 " in the memory 

cell causes the mirror to rotate by +10°, while a "0" in the memory cell causes it to rotate 

by -10° with respect to the unpowered mirror plane [9]. Each of the 750,000 

micromirrors can be addressed in this fashion. 

Figure 2.1 DMD pixel schematic 
10 



As the DMD is an array of movable, reflecting micromirrors, the efficiency of 

reflection is governed by fill factor, mirror reflectivity, mirror 'on' time, and diffraction 

efficiency. The product of these gives a mirror efficiency on the order of 65% together 

with a contrast ratio of 1000:1, thus making the DMD an extremely potent device for 

display applications where brightness and contrast are the two primary factors affecting 

the quality of the projected image [10]. In addition to these advantages, the DMD also 

has a very fast switching time, i.e., speed at which the digital micromirror can switch 

from one end position to the other, of 15 [is. This high efficiency and fast switching time 

have contributed to making the DMD a success in the "visible" light regime. 

2.2 Diffraction theory 

From the diffraction theory of light, a large number of closely spaced slits, whose 

dimensions are comparable to the wavelength of incident light, form a diffraction grating. 

Since the DMD is made up of an array of pixelated reflecting elements separated by a l|a 

gap, it behaves as a diffraction grating. Let d be the grating period (i.e., the pixel period), 

A, be the wavelength of incident light, and 6i be the angle of incidence with respect to the 

surface normal. Then maximum power is diffracted at an angle Br given by: 

d (sin Gi + sin er)=nX. (2.1) 

where n is an integer and is referred to as the order of diffraction. 

When the angle of incidence is equal to the angle of diffraction (Gj = -Gr) then the 

configuration is said to satisfy the Littrow condition [11] and the diffraction equation 

reduces to Bragg's equation, 

11 



2dsinG = nA,. (2.2) 

Fraunhofer diffraction directs light into a ray at an angle equal to the angle of 

incidence. When the Fraunhofer diffraction coincides with a diffraction order (see 

Fig.2.2), then the grating is said to be 'blazed.' Blazing is the phenomenon where a large 

percentage of the diffracted energy is concenfrated into a certain diffraction order, hi this 

'blazed' condition the DMD is able to couple more than 88% of the diffracted energy into 

a single order. 

Incident beam' 
1 st order 

Fraunhofer 
diffraction 
(0i= er) 

Micro nnirror grating 

Figure 2.2 Incident light hitting the DMD micro-mirror grating is 
reflected with high efficiency in the blazed direction (Fraunhofer 
Diffraction). 

2.3 Using the DMD in Optical Switching 

Thus, one can imagine an application in optical networking, wherein light from a 

single mode fiber is incident upon the DMD, reflected along the blazed order direction 

with high efficiency, and collected by another single mode fiber. Moreover, since the 

active area on which the light beam is incident is composed of a few lOO's of 

12 



micromirrors, it is possible to achieve fine control of the power coupled back into the 

fiber by controlling the number of pixels that are turned on or off 

Such optical switching applications using MEMS technology have mainly been 

tried with large mirror elements. The advantage lies in the relaxation of alignment 

tolerances between fiber/free space and fiber optical elements. Among micromirror-based 

solutions, the use of analog micromirrors requires some kind of feedback control so as to 

accurately position the mirror. Moreover, the feedback control gets more and more 

essential as the device ages. By using the digital mirrors of the DMD, no such feedback 

control is needed, since the tilt angle is determined by the contact of the mirror to the 

landing pads. 

The above argument might seem to indicate that the digital micromirrors are not 

as flexible as the large analog mirrors (more fault tolerant with respect to positioning). 

But the inherent flexibility of digital micromirrors is not in the freedom of position, but in 

fact lies in the dense array of micromirrors that form the active area. With many 

micromirrors per incident light beam, finer control of the incident light power can be 

obtained than possible with a binary (on/off only) switchable grating [12]. 

At this point it is also necessary to remark about the modifications made in the 

DMD so it may be used for fiber optic applications rather than the usual display 

apphcations: 

1. Since the DMD is not used in the visible region (in its fiber optic applications), access 

to the mirrors is provided through a hermetically sealed window with an antireflection 

coating for 1.5 \xm, and thus suitable for the fiber optic infrared band. 

13 



2. hi display applications, the micromirrors are 'reset' at the frame rate, i.e., the mirrors 

are briefly brought to the "parked" or unpowered state by applying a reset voltage 

pulse, before going to the desired state based on the next bit frame. This has the 

advantage of overcoming surface adhesion/ stiction problems, which may arise if the 

mirror stays in one position for too long. In optical applications, however, the resets 

are turned off This prevents the undue burst errors that occur in the presence of reset 

pulses [13]. 

14 



CHAPTER 3 

EXPERIMENTAL SETUP 

3.1 Procedure 

A schematic diagram of the switching experiment is shown in Fig. 3.1. The digital 

micromirror device (DMD) is connected to drive electronics consisting of a receiver and 

formatter cards. The receiver gets its input from the video card of the computer, while the 

formatter converts the received data into a format compatible with the DMD. In this 

fashion, any image displayed on the computer screen can be reproduced pixel-to-pixel on 

the DMD. 

O p t i c: .n 1 
S p e c ; t ir u 
A o a. 1 y V. e 

O S A 
De t e c t i o r 

DMD 

Figure 3.1 1 X 4 switch setup. Laser light is modulated by a data sfream from BERT. 
Light is switched into one of the four output ports by confroUing the DMD macro-pixel 
via a computer. Output light can be fed to an OSA to observe the spectrum as well as 
measure light power. The detector recovers the data stream, which is fed back to the 
BERT to make error rate and data eye measurements. 

The set of DMD pixels illuminated by the incident beam forms the active 

area/spot. As mentioned earlier, this active area is composed of a few lOO's of 

micromirrors and hence is referred to as a macro-pixel. A computer controls the 

15 



orientation of mirrors within a macro-pixel. The micromirrors flipped by -10° with 

respect to the DMD plane are considered white; and reflect light at -20° with respect to 

the incident beam. The micromirrors flipped by +10° reflect light at +20° and are 

considered black (as per normal convention, anti-clockwise angles are positive). This is 

the basic principle of the DMD-based all optical switch. 

As shown in Fig.3.1, light enters through a center collimator and is incident 

normally on the DMD, hitting a macro-pixel we call the Center Macro-pixel (CM). 

Depending upon the state of the micromirrors in the center macro-pixel, light is reflected 

off to one of the fixed mirrors M or M'. These fixed mirrors reflect light back to a 

different macro-pixel on the DMD called the Side Macro-pixel(s) (SM). Based on the 

orientation of the micromirrors in the CM and the SM, two cases arise. 

As shown in Fig. 3.2, if the orientation of pixels in the center and the side macro-

pixel are the same, then the output beam emerges at an angle of 50° with respect to the 

DMD plane. 

o u l p u l bearr 
DMD F 

SRS A. 

CRs\ ' 

I a n e y^ f 

_/̂  — • — "^ 

J ml <zromlrrors 

ml r r 

M 

<r I n p u l be 

Figure 3.2 When the micromirrors in the center and side macro-pixel are in the same state, 
the output beam emerges at 50° with respect to the DMD plane. 
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On the other hand, as shown in Fig.3.3, if the orientation of mirrors in the center 

and side macro-pixels is opposite, the output beam emerges parallel to the input beam 

and normally to the DMD. Since this beam emerges very close to the incident beam, it 

cannot be collected directly, since the minimum collimator-to-collimator separation is 

limited by the size of the collimator lenses and alignment stages they are mounted on. 

Thus, this beam is reflected again by mirror Ml and then collected. The mirror Ml ' (in 

Fig.3.1) performs the same fijnction as Ml, but for the other side macro-pixel (SM). 

CRS 

SRS 

1 n p u ' l b e a m 

/ ou i p u l 

Figure 3.3 When the state of pixels in center and side macro-pixel is opposite, the output 
beam emerges parallel to the input beam and normal to the DMD plane. 

It is important for the ease of alignment to have all beams in the same plane. This 

requires that the input beam be incident normal on the DMD plane and the mirror plane 

M and M' be parallel to the DMD plane. In order to assure this, mirrors M and M' are 

placed on a common fixture. The input beam is allowed to be incident on the DMD 

through an aperture in this fixture. Using diffraction theory, the mirror tilt angle, and the 

17 



distance between the DMD and the fixture, maximum dimensions of the fixture are 

calculated such that none of the four output beams will strike the mirrors M or M'. 

As shown in Figure 3.1, the four receiving collimators are labeled according to 

the pattern setting of the DMD. The two bits correspond to the orientation of the mirrors 

in the center and the side macro-pixels. Figure 3.4 shows a typical pattern setting of the 

DMD. 

Figure 3.4 A typical pattern setting on the DMD to achieve one of the four output states, 
the output ports are labeled according to the orientation (black/white) of the mirrors in the 
CM and SM. 

In this manner, a computer controls the orientation of the micromirrors in the 

Center Macro-pixel and the two Side Macro-pixels, and the input light is steered to one of 

the four output ports. 

18 



3.2 Performance Characteristics 

Under ideal conditions, when the angle of diffraction is equal to the diffraction 

order, the DMD has a reflection efficiency of approximately 70%. This includes the 

effects of 

1. fill factor (13|im^ square mirrors of the DMD are separated by gaps of Ij^m), which 

is about 85%). This means that 85%) of the pixel mirror area can effectively be used 

to reflect light. 

2. DMD diffraction efficiency under blazed condition which is about 85% (combined 

with the effects of Fresnel reflection loss at the hermetic optical window) and 

3. reflectivity of Al of 95% [14]. 

At 1.55 î m, using two commercial collimators, each with an insertion loss < 0.75 

dB, we measure a total insertion loss of -2.4 dB per reflection. Mirrors M and M' 

contribute losses of ~0.1 dB/reflection. For a 1 X 4 switch, the measured insertion loss is 

5.5 dB, consistent with these estimates of contributing reflections. Across the 1 x 4 

switch the cross talk, i.e. the fraction of incident power delivered to a non-reflecting port 

is less than -37.1 dBm (as seen from Table 3.1). This fact confirms the exceptional 

stability of the micromirrors. 

Table 3.1 Power level measured at each collimator (rows) for a certain output state 
(columns). For the incident laser power, which was 4 dBm, it is clear from the table, that 
the maximum insertion loss is 5.5 dBm and the maximum crosstalk is -37.1 dBm. 
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Fig. 3.5 shows the eye diagrams obtained with a laser modulated with a data rate 

of 2.5 Gb/s, with a pseudo random word of 2"-l bits. The input signal was switched 

sequentially to each of the outputs of the 1 x 4 switch. Each macro-pixel contained -1300 

micromirrors. There were no detectable errors in all four channels, consistent with high 

mechanical stability of the micromirrors. We also did not detect any polarization-related 

effects. At present, bit rates are limited to 2.5 Gbps, since the laser used in the setiip can 

only be modulated that fast. Going to higher bit rates drastically increases errors and this 

has been attributed to the laser rather than to the switching itself 

37 Figure 3.5 Eye diagrams for the four outputs at 2.5 Gb/s and 2 -1 length PRBS. 

The data of Fig. 3.4 shows the same intensity, to within -0.1 dB, of all four data 

streams. This feature of the switch, known as port-to-port reliability, is limited here only 

by the alignment accuracy and not, for instance, by path length differences. To illustrate 

the speed limitation of the laser we can see in Fig.3.6, which shows eye diagrams at 1.5 

GHz and 2.5 GHz, that the deterioration is attributed to the laser modulation speed. 
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Figure 3.6 Eye diagram at 1.5 GHz (top) and 2.5 GHz (below), the deterioration is 
attributed to limitation of the laser modulation speed, which also sets the upper limit to 
the bit rate at which the switch setup can be used. 

As mentioned before, the resets are switched off when the DMD is used for 

switching applications. Figure 3.7 shows the eye diagrams with and without the resets. It 

is clear from the Figure that if the resets are operative, the bit error rate is extremely high. 

Hence, it is necessary to switch off the resets in switching applications of the DMD. 

Figure 3.7 Eye diagram (top) in the presence of resets showing large burst 
errors. Eye diagram (below) with resets switched off shows no detectable 
errors. 
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A matter of concern in all mechanical-based switches is reliability due to presence 

of moving parts. A number of specialized reliability tests have been devised to determine 

causes of failure and to validate the effectiveness of the corrective actions. To date all 

life-limiting failure modes have been ehminated [15]. DMD's have been subjected to 1 

ti:illion cycles, equivalent to 20 years of operation. Inspection after tests showed no 

broken hinges. Based on hundreds of hours of life and environmental testing, it is safe to 

say that DMD systems exhibit inherent reliability [16]. 

22 



CHAPTER 4 
VOA AND MULTICASTING 

4.1 Variable Optical Attenuator (VOA) 

4.1.1 Introduction 

In WDM systems, the signal power levels transmitted through the fiber depend on 

the wavelength, which is caused by non-uniform laser outputs and non-uniform 

amplification of the Erbium Doped Fiber Amphfiers (EDFA's). This makes reception 

difficult since each channel has a different signal strength [17]. Thus there is a need for a 

Variable Optical Attenuator (VOA) to adjust the strengths of optical signals with 

different wavelengths [18]. 

A VOA device located in the transmitting portion of a network makes for a 

uniform optical output at the receiving portion of the network thus making normal 

communication possible. 

4.1.2 The DMD switch for VOA 

The reflecting macro-pixel in the DMD switch consists of about 1300 micro

mirrors (Fig.4.1). By controlling the number of micro-mirrors within the macro-pixel, the 

amount of power coupled to the output port can be controlled. Given the fast response 

time of the DMD mirrors, about 15|LIS, a dynamic variable optical attenuator (VOA) 

function can be implemented within the switch [19]. 
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The 1 X 4 switch was setup in such a way that input power is coupled to the 

output when all micro-mirrors within the macro-pixel are black (i.e., oriented in the +10D 

state). 

0'n n n n s 
n n n n n d 

micro mirrors. 

• n n n n a 
Qnnnna 
n'Q-n.n-0'n 

^ optical beam 

Figure 4.1 The macro-pixel approach, fast due to the 15 |J,S switching speed of the 
DMD and fault tolerant since many micro-mirrors make up a single macro-pixel. 

There are two ways of implementing a VOA. The reflectivity of the macro-pixel 

can be decreased by decreasing the number of reflecting (black) micro-mirrors or by 

increasing the number of non-reflecting (white) mirrors. 

In the first case, when the area of the macro-pixel is decreased radially, power 

coupled into the output port shows an error-function dependence on the radius. This 

method samples the center of the reflecting macro-pixel. It is similar to the knife-edge 

method used to characterize the optical beam. If we assume a Gaussian distribution (P=A 

exp (- 2r^/a^)) [20] of the laser beam incident on the macro-pixel, then this resuU is to be 

expected since the error function is twice the integral of the Gaussian between 0 to r/oV 2 

[21]. The result is shown in Figure 4.2. 
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Error Function Profile 

5 10 15 20 

Radial distance (reflecting pixels) 

25 

Fig 4.2 When the number of reflecting pixels are controlled, the macro-pixel is 
sampled at the center and an error function profile between coupled power and 
radius re.sults. 

In the latter case, when the area to the non-reflecting macro-pixel is increased 

radially, power coupled into the output port shows a Gaussian distribution. In this method 

the periphery of the reflecting macro-pixel gets sampled and the resuh helps confirm our 

assumption that the incident laser beam is indeed Gaussian. The result is shown in 

Fig.4.3. 
Gaussian Profile 

10 15 20 25 

Radial distance ( non-reflecting pixels) 

Figure 4.3 When the number of non-reflecting pixels is controlled, the macro-pixel is 
sampled at the periphery, and a Gaussian profile between coupled power and radius 
results. 
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hi this latter case the power coupled (and the attenuation obtained) shows a 

Gaussian relationship with the radial distance. Mathematically, 

Paexp(-2r^/o^). (4.1) 

Therefore, 

In P a -r^ (4.2) 

Since, 

Number of pixels a r̂ . (4.3) 

Combining eq. 4.2 and eq. 4.3 we have. 

In P a number of pixels. (4.4) 

Thus by controlling the number of non-reflecting pixels we can achieve a VOA 

function where the attenuation (in dB) is linearly proportional to the number of pixels. 

This is shown in Fig. 4.4. 
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Figure 4.4 When the number of non-reflecting pixels is increased radially, 
attenuation (in dBm) varies linearly with the number of pixels. 

26 



But there is another way to achieve variable optical attenuation, hi this case, the 

attenuation pattern setting consists of varying the sector angle of the reflecting macro-

pixel. The pattern is thus 'pacman' shaped as shown in Fig. 4.5. 

Fig 4.5 Pacman-shaped pattem setting for the VOA, in this case we can 
linearly control the number of pixels by varying the sector angle. 

The advantage of the pacman solution is that, now the number of pixels (A) can 

be increased linearly by controlling the sector angle (9). This is because area of a sector is 

given by, 

A = '/2 r̂  9. (4.5) 

This is different from the previous case where the radius of the macro-pixel was 

varied, since in this case the number of pixels (A) varies quadratically with the radius (r), 

A = ;rr^ (4.6) 

Moreover, changing the sector angle allows us to change only the reflected 

intensity without changing the distribution, assuming radial symmetry in the incident 

beam. We thus obtain a linear relationship between attenuation (in mW) and the number 

of pixels, as shown in Fig. 4.6. 
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Figure 4.6 When the number of non-reflecting pixels is increased in the 
'pacman' method, the attenuation (in mW) varies linearly with the number of 
pixels. 

To achieve any desired pattem setting, a program was written in Qbasic. This 

program allows creating a macro-pixel (in the form of a circle) and the following 

additional features: 

i. moving the macro-pixel on the computer screen to any desired location, 

ii. inverting colors, i.e., the macro-pixel maybe black on a white background or vice 

versa. This feattare allows us to sample the incident laser beam at the center and along 

the periphery, 

iii. radius of the macro-pixel can be controlled, which is necessary to achieve VOA in the 

radial method, 

iv. creating the pacman shape and controlling it through its sector angle. This is 

necessary for implementing the 'pacman' attenuation pattem setting. 
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V. rotating the circle about its center depending upon the specified angle of rotation. 

This feature, together with the pacman, allows us to achieve the alignment of the 

macro-pixel with the optical beam, which is mentioned below. 

A matter of concern in implementation of a switch or the VOA fiinction is the 

position of the macro-pixel so it coincides with the optical beam. The Qbasic program 

allows us to achieve this alignment. The sector angle of the 'pacman' is set at 270° and 

the pacman moved on the screen until the attenuation is independent of pacman's 

rotation. At this point the center of the pacman coincides with the center of the beam 

incident on the DMD. 

4.2 VOA Performance 

The VOA function with the DMD can be implemented to produce a linear 

dynamic range of over 30dB. This result is obtained with both the radial as well as the 

'pacman' method. 

The error rates measured over this entire range were less than 10"̂ , thus ensuring 

that the VOA introduces no errors. Bit Error rates measured for the VOA over its 30 dB 

dynamic range are as shown in Fig. 4.7. It is clear that bit errors are less than 10'̂  over 

this range. 

There are -1300 pixels in a macro-pixel, and each micro-mirror can be 

individually addressed, giving a resolution of about 10 bits. The insertion loss measured 

for the VOA is the same as that of the switch, i.e., 2.4 dB per channel. The VOA 

experiment was repeated for standard WDM wavelengths near 1552.52 nm, with virtually 
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overlapping characteristics (Fig. 4.8). This indicates the multiwavelength nature of the 

switch and hence the VOA function. This multiwavelength nature of the VOA together 

with the fast switching speed (~15^s), can be used to achieve dynamic gain equalization 

(DGE), which will be discussed in the next chapter. 
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Figure 4.7 Bit error rate in the VOA experiment. Errors measured were less than 10" 
over the entire dynamic range of 30dB. Below 28dB there are no detectable errors. And 
over 35dB, the received signal is too weak for clock recovery by the BERT, called 
synchronization loss. 
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Figure 4.8 Overlapping VOA characteristic for four WDM wavelengths. 
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4.3 Multicasting 

IP (Internet Protocol) applications use multicast for a wide range of purposes such 

as resource location, one-to-many request-response, information dissemination, and peer-

to-peer conferencing. Multicast is an efficient way of delivering one-to-many 

communications across an IP infrastmcture. A single stream of data can be sent to a 

group of receivers rather than to a single receiver, and it depends on the network to 

forward the packets to only those receivers that need them [22]. This method is 

bandwidth efficient as compared to unicast (one-to-one) where one copy of each packet is 

sent to each member of the multicast group and more effective than broadcast (one-to-all) 

since a copy of a packet is sent to only those receivers who need it [23]. 

Flexibility of the DMD in switching applications is further demonstrated by 

multicasting. Each of the macro-pixels can be divided, dynamically if desired, into two 

sections (half white and half black). As a result, the input beam is split and 

simultaneously delivered to all four output ports, as shown in Fig. 4.9. 
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Figure 4.9 (a) Three macro-pixels are controlled to achieve multicasting. Each 
reflecting spot is exactly half white and half black, resulting in the input power 
broadcasted to all 4 outputs and (b) broadcasting outputs, the same data is received 
simultaneously at all four outputs. Time lags are attributed to fiber length differences 
at the four output ports. 
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By properly controlling the macro-pixels (viz. CM and SM) input power can be 

coupled to any subset M of the N output ports, with the power into an output port 

proportional to 1/M. No detectable errors were introduced in the process. 

Thus, the DMD switch can be used to handle all types (unicast [one-to-one], 

broadcast [one-to-all] and multicast [one-to-many]) traffic. 
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CHAPTER 5 

WAVELENGTH DIVISION SWITCHING AND 

DYNAMIC GAIN EQUALIZATION 

5.1 Introduction 

WDM (Wavelength Division Multiplexing) has been recognized for several years 

as a promising and applied technology that can be used to increase the aggregate bit rate 

of a single fiber by carrying several messages, each on a different wavelength [24]. The 

growth of WDM has been accelerated by the discovery of Erbium Doped Fiber 

Amplifiers (EDFA's) that provide large gain, low noise and huge bandwidth [25] thus 

allowing a large number of WDM channels to be optically amplified. Recently, the trend 

has been to enable WDM in future transparent all optical networks. 

These all optical networks are based on a physical layer that is composed of fibers 

joined by dynamically controlled WDM switches and providing purely optical transport 

between network nodes. Such WDM switches would be capable of establishing and 

taking down connections as required and modifying existing connections to adjust to 

network faults and traffic. 

In such WDM (or multiwavelength) switches, each input/output fiber carries 

multiple wavelength channels and the wavelengths are interchangeable [26]. 
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5.2 The DMD switch in a WDM environment 

To investigate the performance of the DMD switch in a WDM environment, four 

WDM wavelengths 1.54932nm, 1.55092nm, 1.55252nm and 1.55414nm were combined 

(by a 1 X 4 splitter) at the input collimator of the 1 X 4 switch. Then the output was 

sequentially switched from one output collimator to the other and the output spectrum 

observed on the Optical Spectrum Analyzer (OSA) is shown below in Fig. 5.1. 
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Fig. 5.1 Illustrates the four outputs of the 1 X 4 switch when multiple wavelengths are 
present at the input. It is clear from the outputs that the 1 X 4 switch is transparent to 
wavelength . 
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These results agree with the VOA experiment that the DMD switch is transparent 

to wavelength and able to switch from input to output with the same efficiency (insertion 

loss) and accuracy (bit error rate) irrespective of the wavelength used. 

The next step was to ensure that the 1 X 4 switch can be configured as a non-

blocking multiwavelength switch, i.e., any wavelength channel at the input fiber can be 

switched to the corresponding wavelength channel at the output. 

Here we should note that the 1 X 4 switch falls in the category of Space Division 

(SD) switches [27]. The 1 X 4 switch is itself not wavelength selective, and some sort of 

wavelength conversion provides this selectivity. In our experimental setup, we use an 

Arrayed Waveguide Grating (AWG) demultiplexer for this purpose. 

5.2.1 Arrayed Waveguide Grating (AWG) Demultiplexer 

A typical arrayed waveguide grating device is shown in Fig. 5.2. It uses a 

reflection grating replicated on a glass wedge and a graded-index rod lens [28]. The setup 

has no glass-air interfaces, and thus does not need any antireflection coatings on the lens 

surfaces to eliminate ghost reflections. The device is ,however, not tunable. 

A reflective grating (as shown in the Fig. 5.2) has on its surface a large number of 

equally spaced grooves with highly reflective coating (such as gold for infrared light). 

Light maxima are formed in certain angular directions due to diffraction by the groves 

and interference of the diffracted light beams (blazing) [29]. The blazed direction 

depends upon the groove spacing as well as the incident wavelength. Thus when a 

number of wavelengths are present at the input, they get split, and one wavelength 
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channel is available at each output port. This is the working principle of the AWG based 

demultiplexer. 

A,i, X2, A,3 X4 
reflection grating 

graded rod lens. 

Figure 5.2 Arrayed Waveguide Grating (AWG) based demultiplexer. 

The AWG used in our setup has 4 inputs and 4 outputs. As for any AWG based 

demultiplexer, four wavelengths present at an input channel are split, one at each of the 

four output ports. Moreover, the order (i.e., which wavelength arrives at which output 

port) depends upon the input port at which the four wavelengths are present. This is clear 

fi-om the functional table of the device shown in Table 5.1. 

The experimental setup for testing the DMD switch for multiwavelength 

applications is as shown in Fig. 5.3. 
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Table 5.1 As the input channel changes, the same wavelength is delivered to a different 
output channel. As usual, four wavelengths present at the input are split, and one 
wavelength is delivered at each of the four outputs. 
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Figure 5.3 Setup for testing the muhiwavelength nature of the DMD switch. 
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hi this experiment, the four outputs of the switch are connected to the four inputs 

of the AWG. Now the switch is sequentially controlled from one output to another. It is 

observed that the same wavelength moves from one output channel of the AWG to the 

other as the state of the switch is changed (see Fig. 5.4). This indicates that any 

wavelength channel at the input can be switched to the corresponding wavelength 

channel at the output. 

00 

01 

mr Tirtii 

CHI CH2 CH3 CH4 

Figure 5.4 Resuhs from the WDM experiment. Note how the same wavelength (in this 
case Xj) moves from one output channel (X-axis) to another as the switch state (Y-axis) 
changes. 

Thus the DMD based switch can be configured as a non-blocking 

multiwavelength switch (when used together with the AWG). In addition, the DMD-
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based 1 X 4 switch would provide the following advantages when used as a WDM switch 

[30]: 

1. Connect 4 channels (each multiplexed with four wavelengths) along with 

multicasting (as well as unicasting and broadcasting) capabilities at bit rates upto 

2.5Gbps. 

ii. Same set of wavelengths can be used at inputs and outputs. 

iii. Non-blocking configuration. 

iv. Low insertion loss. 

V. ~ 15 )a,s dynamic switching. 

5.3 Dynamic Gain Equalization (DGE) 

5.3.1 Introduction 

We can now combine the WDM and the VOA configurations of the DMD switch 

and envisage its application as an equalizer. Moreover, given its fast switching speed, it 

can provide Dynamic Gain Equalization (DGE). 

Dynamic gain equalizers are indispensable components for controlling the optical 

power distribution within the spectral bands for optical communication networks [31]. 

The existing static-gain flattening filters are incapable of responding to changes in optical 

networks and hence cannot provide continuous optimum performance. On the other hand, 

dynamic gain compensation improves system performance, increases system flexibility, 

and increases the distance between fiber amplifiers in long haul communications [32]. 
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5.3.2 DMD switch for DGE 

The principle for implementing DGE with the DMD based switch is simple. We 

use the switch as variable optical attenuator (VOA), thus we will be able to attenuate 

different wavelengths differently. And as in the WDM experiment we use the AWG 

demultiplexer to select the different wavelengths. 

The setup for the experiment is as shown in Fig. 5.5. 

DMD as VOA.Four spots 
controlling the four 
beams, one of each L 

LASER Terminated for 
'no reflections' 

Figure 5.5 Dynamic Gain Equalization (DGE) with the DMD. 

As shown in Fig. 5.5, a laser input consisting of four wavelengths is apphed to the 

3 dB coupler. One output of the coupler is terminated with index-matching fluid to 

prevent any reflections. The other input is applied to the AWG which splits the input 

wavelengths into one wavelength at each of the its four output ports. Each output of the 

AWG is incident on a different macro-pixel of the DMD and aligned such that when all 

micro-mirrors in the macro-pixel are white (-10 state), the light is fully reflected back 

onto the collimator. This sets up reflections that can be seen at h through the OSA. 
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At present, the setup has been tested with just one wavelength and hence a single 

macro-pixel. It is observed that as the number of reflecting (white) pixels within the 

macro-pixel is varied, the reflected light intensity can be controlled dynamically (see Fig. 

5.6). Thus, dynamic gain equalization is achieved over a dynamic range of 25 dBm with a 

resolution of 10 bits, similar to the variable optical attenuator. Again, as found in the 

VOA, we expect operation over the entire dynamic range to be error free. 

1554.5 1555 1555.5 

Lambda(nm) 

o Max Reflections(Fully White) 

D VOA (~30%White 70% Black) 

A VOA (~70%White 30% Black) 

o No Reflections(Fully Black) 

1556 

Figure 5.6 Dynamic Gain Equalizer results. Gain compensation can be 
obtained over a 25dBm dynamic range with 10-bit resolution. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Future Prospects 

The major issue needing further investigation is the scalability of the switch 

architecture. While it is understood that the DMD based switch will find applications in 

primarily low port count switches for applications like VOA, DGE and Add/Drop 

multiplexing, it would still be useful to form as large a switch (1X8, 1X16 etc) with the 

present architecture as possible. This is primarily a geometrical problem. How are the 

collimators to be arranged in space so that we can maximize the number of ports given 

the fixed dimensions of the active area of the DMD? One approach might be to integrate 

all the collimators on a single substrate, with certain fixed alignment. This will get rid of 

all alignment stages allowing collimators to come closer together and also bring the 

device closer to market implementation. The major obstacle in this approach is to figure 

out a way in which all the collimators, once fixed on the substrate, remain perfectly 

aligned, since alignment inaccuracy severely deteriorates switch performance parameters 

such as insertion loss and crosstalk. 

Secondly, it would be useful to run the same setup using a different laser at higher 

bit rates like 10 Gbps. This would make the DMD switch more marketable by proving its 

fransparency to the bit rate. 
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6.2 Conclusions 

A space division relational non-interferometric all optical switch using the Digital 

Micromirror Device (DMD) and simple collimated optics has been built. Reflecting 

surfaces, macro-pixels, are constructed from a number of individually controlled 

micromirrors. A dense array of micro-mirrors per incident light beam makes many 

applications like Variable Optical Attenuator (VOA), multicasting and Dynamic Gain 

Equalization (DGE) possible. Multiwavelength switching capability when combined with 

an Arrayed Waveguide Grating (AWG) demultiplexer has been demonstrated. With a fast 

switching speed of ~15[4.s, dynamic control is possible in all the before mentioned 

applications. This feature is particularly usefiil in optical performance monitoring and 

protection switching where dynamic nature of the switch provides fast network 

reconfiguration and optimum network performance at all times. The switch has been 

successflilly implemented at 2.5 Gbps, and there is no obvious limitation to the bit rate. 

The 1 X 4 switch has a low insertion loss of 5.5dB, crosstalk less than 37.1 dB and is also 

polarization insensitive. The switch offers low cost due to batch fabrication (MEMS) and 

high reliability. The switch also offers excellent port-to-port repeatability and is not 

wavelength selective. 
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