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ABSTRACT OF THE DISSERTATION

Optical Communication With Micromachined Corner Cube

Reectors

by

Patrick Breckow Chu

Doctor of Philosophy in Electrical Engineering

University of California, Los Angeles, 1998

Professor Kristofer S. J. Pister, Chair

Micromachined corner cube reectors (CCRs) were demonstrated to transmit

digital data optically across 150 meters indoors. These micro CCRs, made of gold-

coated hinged polysilicon plates with dimensions of about 300�m, had two �xed

mirrors and one electrostatically actuated mirrors so that the CCRs could modu-

late incident light. Actuation voltages ranged from 15V to 37V , with bandwidth

ranging from 500Hz to 3kHz and angular motions of up to 3 degrees. Largest

(best) mirror radius of curvature was about 20mrad. Excellent mirror alignments

was achieved using novel designs including tie-downs, tenon, and mortise. Diver-

gence of reected beams from typical CCRs was about 20mrad.

These micro CCRs were fabricated by a commercial foundry using a polysilicon

surface micromachining process. All the working devices were manually assem-

bled. Self-assembled CCRs using scratch-drive actuators were also investigated

and demonstrated to be viable option for batch assembly of CCRs.
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By reecting incident light from a 4.2mW interrogating laser, CCRs devices

successfully demonstrated data transmission across 150 meters at 4bps, consuming

16nW for mirror actuation. Low data rate was limited by our commercial o�-the-

shelf hardware. The experimental results not only support our CCR communica-

tion analysis but also strongly suggest that low-power long-range communication

(greater than 1km) is achievable with suitable improvement of the CCRs' per-

formance and the receiver system. Communication with multiple CCRs was also

demonstrated, which suggests that CCRs can be used in applications requiring

multiple communication channels. Small hand-held CCR-based communication

units were also demonstrated.

Fabrication of micro CCRs using a commercial standard CMOS process was

also investigated. A novel etching process using xenon diuoride (XeF2) was de-

veloped to create hinged mirrors made of oxide, aluminum, and polysilicon by

selectively etching away the supporting bulk silicon. Static corner cubes with di-

mensions of 200 to 250�m were fabricated. With appropriate design modi�cations,

CMOS micro CCRs with actuators and monolithic electronics should be possible.
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1 Introduction

1.1 Background

Wireless communication o�ers many advantages including exibility, mobility, and

often low-cost. Many options are currently available for implementing wireless

communication using a large range of frequencies, including radio frequencies and

optical frequencies. Propagation of electromagnetic waves in free space can be clas-

si�ed into 3 main categories: ground-wave propagation (below 2MHz), sky-wave

propagation (2 to 30MHz) and line-of-sight (LOS) propagation(above 30MHz).

Other propagation modes also exist. For example, tropospheric scattering may

propagate waves 40MHz to 4GHz within 10 miles above the earth surface. [18]

These options often o�er a large range of data rate and communication distances,

and various degrees of reliability and security. Table 1.1 shows examples of a vari-

ety of communication applications using di�erent frequency bands. Depending on

the applications, one frequency band may be more advantageous than another.

Optical LOS communication systems have some unique advantages and disad-

vantages compared to radio frequency (RF) systems. [27, 54] With smaller wave-

lengths, optical beams have smaller beam divergences leading to better directional

resolution, high security with low probability of intercept, and higher ratio of re-

ceived power to transmitted power. Large transmitter and receiver apertures are

also not necessary, while larger bandwidth or data rate may be achieved. Optical

systems can also exploit a large part of electromagnetic spectrum which is largely

unused.

On the other hand, optical systems are less suitable for broadcasting because

of narrow optical beams. Accurate pointing and line of sight are also needed.
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Furthermore, generation e�ciency for optical carriers is typically low, 10 to 20%

for high-power gas lasers and up to 50% for semiconductor lasers.

An example of an optical communication system which deals with many is-

sues common to optical systems is the following. A communication link uses a

modulated infrared laser (� = 820nm) to establish a telephony, video, or LAN

connection across a distance of up to 1200 meters at a baud rate of up to 155Mbps

for o�ce buildings and for disaster recovery or rapid deployment across arbitrary

terrain. 1 To achieve two-way long-range data transmission between two units,

each unit is equipped with a 15mWatt laser and an optical detector. Each unit is

relatively small and portable (about 0:4�0:2�0:2m3 in size), thus may potentially

be used in many scenarios where line-of-sight is possible. Accurate, although not

precise, alignment of the two units must be achieved so that the 2 meter diameter

beam spot from one unit must rest on the 20cm aperture of the other unit. Al-

though physical interruption of the line-of-sight link from ying devices like a kite

or bird is unlikely, weather conditions may a�ect the performance of the system.

For example, the bit-error-rate (BER) of 10�9 would increase signi�cantly if visi-

bility falls below 90% of the communication distance due to fog or rain. Another

disadvantage is that this system consumes high power (30W at 115Vac) because of

the laser. Thus further miniaturization of the transmitter is di�cult.

Optical systems including the one presented above and RF systems used in

many applications in Table 1.1 are extremely advantageous and suitable for many

di�erent applications. However, one common disadvantage which these systems all

share is that the transmitter must generate electromagnetic waves for the receiver

1The companies which sell such communication equipments include Laser Communications,
Inc., PA, U.S.A; SilCom Manufacturing Technology Inc., Ontario, Canada; and KMH Commu-
nications Ltd., Kent, U.K.
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Frequency Band Designation Typical Uses

3-30kHz VLF long-range navigation; submarine
30-300kHz LF long-range navigation; marine radio beacons
300-3000kHz MF maritime radio, emergency, AM broadcasting
3-30MHz HF amateur radio, international broadcast, aircraft

and ship, telephone, telegraph, facsimile
30-300MHz VHF television, FM 2-way radio, AM aircraft,

aircraft navigational aide
0.3-3GHz UHF television, nav. aids, radar, microwave links
3-30GHz SHF satellite, radar microwave links
30-300GHz EHF Radar, satellite, experimental

103 � 107GHz infrared Optical communication
visible, uv

Table 1.1: Selected applications of di�erent frequency bands[18].

to detect. This requirement can be implemented in many applications, although

the maximum operating time and range are often traded o� for the low power

consumption and the size of the device. If the transmitter is required to be small

in size (� 1cm3) and to consume low power (� 1mW ), then the design becomes

challenging, if not impossible, using standard design approach. Instead, suppose

the transmitter can reect external power for transmission. The operating time for

the transmitter may be increased dramatically. The size of the transmitter may

also be reduced signi�cantly.

1.2 Using a corner cuber reector to transmit data

1.2.1 Communication strategy

The proposed transmitter will use a micro corner cube reector (CCR) whose

shape can be modulated such that when a light beam is shined at the reector,

the reector may either reect the light back to its source or deect it to some
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Laser
Source

Actuated CCR

BASE STATION
    (Receiver)

REMOTE STATION
     (Transmitter)

Up  Down  Up

Detector

Figure 1.1: Schematic diagram of a uni-directional CCR communication link.

arbitrary direction. To communicate with a transmitter, a receiver will shine a

laser at the corner cube reector of the transmitter and detect the modulated laser

from the reector.

Fig. 1.1 shows a simple communication system which takes advantage of this

communication strategy. A base station uses a laser to interrogate a remote station

with a CCR transmitter and receives data from each remote station by detecting

the modulated reected light from the CCR. The base station may also receive data

from other similar remote stations one after another or simultaneously depending

on the detection scheme and the locations of the remote stations.

As shown in Fig. 1.1, the base station could only receive data from the remote

station, and the remote station would transmit data to all interrogators. To ex-

ploit this \passive" communication strategy further, each remote station may be

equipped with a photo detector as shown in Fig. 1.2. The interrogating laser may

be modulated so that the remote station would transmit information only when
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  Driver
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Figure 1.2: Schematic diagram of a bi-directional CCR communication link.

it is properly requested. With a detector at the remote station, two-way commu-

nication can be established between the remote stations and the base station, yet

the high power burden still lies on the base station. In fact, it may be possible to

power the remote station via the interrogating laser.

1.2.2 Bene�ts of using CCRs for communications

Using this transmission strategy, the remote stations will consume minimal power

for data transmission: each remote station only needs to power the actuator which

modulates the shape of the corner cube reector. For small CCRs (less than a cubic

millimeter), micro actuators with micro-Watt of power consumption will likely be

su�cient. Obviously, the required size and number of the CCRs will depend on the

percent of incident power to be reected. Using MEMS technology, CCRs may be

miniaturized and made in large volume, yielding low-power, small, and inexpensive

transmitter devices. Tiny CCR devices may be added to many di�erent remote

systems with minimal or no degradation to their original functionalities.
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On the other hand, even though the base station carries the disproportionally

larger power burden compared to the remote stations, the requirements on the

interrogating base station are not at all unreasonable. Optics, detectors, laser with

high bandwidth, power, and e�ciency are already commercially available. The

base station may be reasonably simple and low-powered (proportional to the laser

power consumption depending on the application) yet achieving low probability

of interception and high spatial resolution using narrow laser beams. The short

wavelengths of optical signals also allows the use of small transceiver aperture and

components, yielding a portable interrogating system.

1.2.3 Applications and Implementation

Using macro-CCRs for low-orbit small satellite down-link has been proposed [44].

The use of macro-CCRs was also proposed for automobile communication and traf-

�c control applications [94, 93]. While exploring Micro Electro-Mechanical Sys-

tems (MEMS) applications in military, Robert Zwirn and colleagues from RAND

Corporation [7] proposed using micro CCRs for communication in a variety of ap-

plications. For example, distributed sensors on a battle �eld may use CCRs to

transmit information of the environment conditions to an interrogating aircraft

with a laser. CCRs may also be used for identi�cation of friend or foe (IFF) where

CCRs are mounted to surfaces of military vehicles or helmets of foot-soldiers to

\broadcast" their identities to interrogating friends to prevent fratricide.

The proposed optical communication link may be implemented with many dif-

ferent technologies; however, MEMS technology is a suitable choice for several

reasons. The overall size of the transmitter depends on the size of the corner cube

reectors and the size of the battery and power electronics required for the CCR
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actuator. By reducing the size of the CCRs, the size of necessary battery and

power electronics will also be reduced. In fact, with MEMS technology, it is possi-

ble to reduce the size of the whole transmitter unit to a volume of less than 1mm3,

where other competing communication schemes cannot be easily implemented.

With batch-fabrication technology of MEMS, tens of thousands of CCRs could

be fabricated on a single wafer so that the cost for each CCR transmitter may be

dramatically reduced. Small and low-power CCRs would also allow simple system

integration, using either macro or hybrid technology. In fact, monolithic systems

with micro CCRs, MEMS sensors and battery may even be possible, thus creating

a wireless, low-power, low-cost, and inconspicuous sensor and data network.

1.3 Issues to address

Many issues must be addressed in order to create a useful and reliable communi-

cation system based on corner cube reectors. These issues can be divided into

two areas: device and system.

The micro corner cube reector must have good optical qualities such as high

reectivity and orthogonality so that high percentage of incident power will be

returned. The method of optical modulation should have high bandwidth but

low voltage and power requirements to yield high data rate and long operation

duration. The device should be rugged and robust so that it would have wide

application. At the same time, the mechanical design should be simple so that

the device can be manufactured with a convenient process with high volume, high

yield, and low cost.

Aside from device design and fabrication issues, we also need to consider system

issues such as electronic integration and packaging of the devices, size, number, and
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orientation of CCRs, selection of laser, signal detection method, and signal coding

methods. The system design will a�ect the overall cost of implementation, com-

munication distance, e�ectiveness, and reliability of the communication strategy.

When these issues are properly addressed and test systems are thoroughly evalu-

ated, we can then draw conclusions on viability of the proposed communication

scheme.

1.4 Fabrication of micro structures through commercial

foundries

Traditionally, fabrication of micro devices use customized processes since each de-

sign parameter must be carefully tailored to satisfy the necessary speci�cation [76].

Unfortunately, in these situations, it is often di�cult to transfer the designs to

other people because not only the designs, but also the exact processes, must be

imitated. Moreover, it is often di�cult to integrate di�erent designs together since

each design has been made for a particular process.

On the other hand, standardized commercial fabrication processes allow simple

technology transfer. In some cases, the electronics and mechanical devices may

be fabricated in the same processes so that integration becomes automatic [73].

Standardized processes also have relatively low cost and reliable services. For

example, MOSIS 2 and MCNC 3 are two brokerage services which respectively

o�er standardized complementary metal oxide semiconductor (CMOS) integrated

circuit and polysilicon process services to the general public for a reasonable cost

and turn-around time.

2MOSIS Foundry Service (www.mosis.org) is located in Marina DelRey, California.
3MCNC MEMS Technology Application Center (www.mcnc.org) is located in Research Tri-

angle Park, North Carolina.
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In general, post-processing of the chips from the commercial foundries is nec-

essary to fabricate the �nal micro devices. Post processing steps may include

wet or dry etching, such as oxide sacri�cial etch with concentrated hydrouoric

acid (HF) [76] or HF vapor [59] for the MCNC polysilicon process and bulk sil-

icon etch with ethylenediamine-pyrocatechol (EDP) [71], tetramethyl ammonium

hydroxide (TMAH) [50], potassium hydroxide (KOH) [43], or xenon diuoride

(XeF2) [34, 10, 14] for standard CMOS processes. CMOS sacri�cial oxide etching

with bu�ered HF [33], reactive ion etch (RIE) [25], as well as sacri�cial aluminum

etching [75] has also been reported. Generally no masking step is needed for these

post-process etches; however, in some cases, deposition and patterning of passiva-

tion layers may be necessary [43, 33]. An additional assembly process may also be

necessary to form the �nal MEMS devices.

Standardized processes also have disadvantages. Many process parameters such

as �lm thicknesses and stresses and minimumline width cannot be modi�ed so that

the design workspace is restricted, yielding designs which may not have optimal

performance. For example, MOSIS's 2�m CMOS process via Orbit Semiconductor

o�ers the possibility of monolithic integration of microstructures with electron-

ics; however, fabrication of micro structures with �ne features and low stress is

rather di�cult. On the other hand, MCNC's MUMPS (Multi-User MEMS Pro-

cesses) with multiple polysilicon layers allows fabrication of complex mechanical

structures and low-stress plates suitable for making optics; however, monolithic

electronic integration is not possible. Analog Devices has developed an integrated

surface-micromachining and CMOS process [17] which is now accessible through

MCNC. The Integrated MEMS process (iMEMS) combines the Analog Devices'

BICMOS IIe process with a single layer polysilicon MEMS process, allowing simple
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fabrication of monolithic MEMS sensors. Unfortunately, a single layer of struc-

tural polysilicon is insu�cient for our application. As a result, we could not take

advantage of this combined process.

Our research focused on using the MCNC's MUMPS process which was mod-

elled after a polysilicon surface micromachining process developed at University of

California at Berkeley [37, 22]. The MUMPS process o�ers two layers of polysilicon

for structural material and uses silicon dioxide as a sacri�cial material. With only

two structural layers, large out-of-plane structures with high aspect ratios can be

created using plates hinged on the substrate via micro-hinges [77]. Several �xed

and movable optical devices based on micro-hinges had been demonstrated in-

cluding lenses [98, 63, 49], optical switches [58], and micro-optical bench [64]. The

�rst development e�orts of micro corner cube reectors also used this standardized

process [30, 31].

Numerous MEMS CMOS monolithic sensors have been demonstrated including

vibration [53], thermal [6], pressure [74], infrared [60], muscle force [62] sensors. A

monolithic sensor process is advantageous because it can reduce fabrication cost

and avoid signal degradation due to packaging. Monolithic integration of some

of these sensors with micro CCRs as low-power transmitters could be extremely

useful for distributed sensing applications.

Although many integrated sensors were fabricated with the CMOS process [5],

only a few CMOS-based MEMS optical devices with di�erent designs of actu-

atable micro-mirrors had been reported. Various fabrication methods were used

including unmasked EDP etching of the CMOS bulk silicon [70], unmasked XeF2

etching followed by manual assembly [51], depositing and patterning polyimide
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and aluminum followed by dry sacri�cial etching of polyimide [89], and double-

pass metalization of CMOS wafers followed by sacri�cial etching of aluminum and

oxide [8]. Although the latter two methods could yield high quality actuator and

optics, substantial post-processing were necessary.

1.5 Previous work on micro corner cube reectors

Previous micro CCRs based on the MUMPS surface micromachining technology

had been reported [30, 31]. These CCRs used two hinged polysilicon plates and

a horizontal plate supported by torsional beams to form an electrostatically mod-

ulated retroreector. The 100 to 200�m sized CCRs could be actuated with as

low as 5 volts with a bandwidth of as high as 11kHz and had 1 to 2% reectivity.

However, there are a number of critical issues which were not addressed.

Fabricated CCRs had poor orthogonality such that 6 reections were observed

from a CCR. In other words, the fabricated devices actually did not operate as

retroreectors because the devices could not change the incident light direction

by 180 degrees as an ideal CCR would. Fabricated mirrors also had relatively

low reectivity (24%) with substantial di�raction patterns due to rough mirror

surface pro�le. Mirror alignment and optical quality needed to be improved in

order to use these micro CCRs for communication. These previous CCRs were

also known to have low fabrication yield. Low fabrication yield was often due

to stiction which caused the large suspended mirror to be stuck to the substrate.

Requirement of manual assembly also a�ected the yield. Because of these various

issues, the fabricated devices could not be use to demonstrate wireless micro CCR

communication.
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1.6 Overview of this research

In this work, we studied the feasibility of using micro corner cube reectors for

communication (Chapter 2). Based on a detector noise analysis, we showed that a

carefully designed CCR-based communication link can achieved respectable SNR

for a communication distance of a 1 kilometer and beyond.

We have successfully designed and fabricated micro corner cube reectors us-

ing a standardized process of a commercial foundry, MCNC's MUMPS process

(Chapter 3). These micro CCRs have dimensions of about 300�m and can mod-

ulate incident light with about 20V at kilo-Hertz of frequency. Manual as well as

self-assembled CCRs were designed and fabricated.

We also demonstrated that corner cube reectors can indeed serve as wireless

optical transmitters by transmitting data with CCRs across a distance of 150

meters (Chapter 4). We designed a portable interrogating system which included

a 4.2mW laser diode module, a small telescope, and a laptop computer with image

processing capabilities to demonstrate simultaneous communication with multiple

CCRs.

Finally, we also successfully fabricated static micro CCRs using a standard

CMOS process (Orbit 2�m) and a post-process dry etch with xenon diuoride,

XeF2 (Chapter 5).
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2 Analysis of Corner Cube Reectors

2.1 Operation of an ideal CCR

2.1.1 Basic operation of a CCR

An ideal corner cube reector (CCR) has 3 perfectly reective, mutually orthogonal

planar surfaces, together forming a right angle concave corner. Because of its

mirror con�guration, a corner cube reector has the unique ability to reect any

incident light ray back to its source, similar to a at mirror reecting a normal

light ray to its source. While a at mirror may reect light from a hemisphere

of directions, a CCR is only responsive to light coming from a quadrant of a

hemisphere de�ned by the concave side of the CCR.

Given a Cartesian coordinate system, it can be shown that an incident ray with

direction â = (�ax;�ay;�az),with kâk = 1 and ax; ay; az � 0, will be reected

back to the direction -â after it hits three mirror surfaces of the CCR (Fig. 2.1)

[79, 84]. The light ray may also return to its source after two bounces or even

one bounce if the appropriate component of the incident direction is zero. In this

application, we are most interested in the three bounce case because it is most

likely that the incident light has a direction with non-zero ai. In the following

paragraphs, we will provide an intuitive explanation of how a CCR reects light

based on the law of reection.

Suppose an incident ray with direction â = (�ax;�ay;�az) struck the x-y

mirror at p1 = (x1; y1; 0), and then the x-z mirror and the y-z mirror at p2 =

(x2; 0; z2) and p3 = (0; y3; z3) respectively (Fig. 2.1). Note that one of the three

components of the direction of the incident ray changes sign after each reection
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Figure 2.1: This �gure shows how the direction of an incident ray changes after
hitting each mirror. Note that three successive reections are not always possible
depending on p1 and ai's.

so that after three reections, the light ray has a direction equal to -â. One way

to understand the sign change is to consider the two dimensional case as shown in

Fig. 2.2.

The law of reection requires that the reected ray must lie in the same plane

(the plane of incidence) as the incident ray and the normal. Furthermore, the

angle of incidence, �1, must be equal to the angle of reection, �01. In the 2-

dimensional case where the y-axis is the mirror, the plane of incidence is the y-z

plane. Intuitively, the �rst requirement of the law of reection is immediately

satis�ed since the x-components of all the rays are always 0. Based on geometry,

the second requirement of the law is satis�ed as long as the y and z components

of the incident ray remains constant in magnitude and the z-component changes

sign.
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Figure 2.2: This illustration shows that for �1 and �01 to be equal, the incident
and reected rays must have the same direction components except for one sign
di�erence.

In the 3-dimensional case where the x-y plane is the mirror, a non-zero x-

component of the incident direction merely causes the plane of incidence to rotate

from the y-z plane. Since the incident and reected rays both lie in the same plane

(the plane of incidence), the x and y components of the light ray must remain

unchanged. Furthermore, the z-component must remain constant in magnitude

and change in sign just the same as in the 2-dimensional case.

This argument can be applied to the cases where the x-z and y-z planes become

the mirror surface. Each reection will cause one component of the incident ray

to change sign. As a result, after 3 reections, the incident ray to the CCR with

direction �â becomes â and is reected back to its source. It is also important

to note that if the incident beam is smaller than the dimension of the mirrors, an

ideal CCR will only change the direction of the incident beam by 180o but will

have no e�ect on the amplitude or phase of the incident beam.
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2.1.2 Estimation of e�ective area for CCRs

For an ideal macro corner cube which the cube size is much larger than the incident

beam size, direction of the incident ray (or the orientation of the CCR) is generally

not a concern because retro-reection is easily achieved as long as the incident ray

is aimed near the center of the CCR. After 3 reections, 100% of the incident

power is returned. On the other hand, for micro CCRs which are generally smaller

in size than the incoming beam, the incident ray direction is important because

it directly a�ects the size of the total e�ective area of the CCR, which, in turns,

a�ects the power reected by the CCR.

In the three dimensional illustration in Fig. 2.1, we have shown how three

successive reections may occur. Intuitively, we can see that if p1 is close to the

origin, so will p2 and p3 such that the incident ray will be reected to its source.

We can also imagine that three successive reections are not always possible for

all arbitrary incident rays. We would like to know where p1 must lie in order to

achieve a perfect reection to the source. The result will clearly depend on the

direction of the incident ray.

Suppose we require that p2 and p3 must lie on the shaded areas on the x-z

and y-z planes respectively as shown in Fig. 2.1. The following conditions can be

derived for p1 in terms of ai's for the case where ay=ax � 1:

0 < y1 <
ay
az

< 1 and 0 < x1 <
ax
az

< 1 (2.1)

and

0 < y1 <
ay
ax
x1 < 1 (2.2)
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for all ai > 0. For ay=ax > 1, the following condition also applies:

0 <
ay
ax
x1 � 1 < y1 (2.3)

Similar conditions can be derived for the case where the light ray �rst hits the

x-y mirror, followed by the y-z mirror and then x-z mirror. Eq. 2.1 still holds true.

Furthermore, if ay=ax � 1, then

0 <
ay
ax
x1 < y1 < 1 (2.4)

If ay=ax < 1, the following condition also applies:

y1 < (
ay
ax
x1 +

ay
ax
) < 1 (2.5)

From the analysis above, we see that an incident ray which strikes the x-y

mirror would get 2 additional reections only if it hits a speci�c region of the x-y

mirror. The exact return path also depends on the starting location and direction

of the incident ray. By considering the six di�erent possible cases based on the

variation of relative magnitudes of ax, ay, and az, we can construct six scenarios

where only part of the x-y mirror is \reective." Fig. 2.3 shows di�erent areas for

the six cases. The shaded area in the x-y mirror represents the area where the

incident ray must hit to achieve 3 successive reections.

Table 2.1 shows the expression for the area of each e�ective surface for the six

cases. Since three of the shaded areas are actually just mirror reections of the

other three areas in Fig. 2.3, the six expressions only have three distinctly di�erent

forms. Note that the expressions assume that the CCR is a unit cube. If the cube

has a length x, then the expression must be scaled by x2.

To determine the overall e�ective reective surfaces of cube, we apply the analy-

sis to the other two mirrors of the corner cube. We �nd that there are basically two
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Figure 2.3: Given an incident ray with direction â = �(ax; ay; az), kâk = 1 and
ax; ay; az > 0. The shading represents the area of the x-y mirror where the light
ray must �rst strike in order to be reected to �â.

distinct cases as shown in Fig. 2.4. Similar to the previous �gures, the shaded areas

in these �gures represents the regions on the cube where the incident ray must �rst

hit in order to achieve three reections and be reected to the source. Although

Fig. 2.4 describes speci�cally the cases where az > ay > ax and az > ax > ay, the

other cases can also be visualized by rotating the coordinate system.

The area of the shaded area of each mirror, Aij, can be calculated using the

equations in Table 2.1 with a proper change of variables. The total e�ective area,

Aeff , of the corner cube is the sum of the shaded \reective" area of each mirror,

Aij, scaled by the corresponding direction cosine of the incident ray. Aeff is given
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Condition E�ective Mirror Surface (Axy)

A. az > ay > ax
ax�ay
az2

B. ay > ax > az 1 � 1
2
(1 � ax

ay
)(ay

ax
� 1)

C. ay > az > ax
ax
az
� 1

2
(ax
az
� ax

ay
)(ay

az
� 1)

D. az > ax > ay
ax�ay
az2

E. ax > ay > az 1 � 1
2
(1 � ay

ax
)(ax

ay
� 1)

F. ax > az > ay
ay
az
� 1

2
(ay
az
� ay

ax
)(ax

az
� 1)

Table 2.1: This table shows the expression of the e�ective area of the x� y mirror
of a unit CCR for an incident ray with direction â = (�ax;�ay;�az), kâk = 1 and
ax; ay; az > 0. The geometry of each area is shown in Fig. 2.3.

x

y

z

z = (az/ax) x

z = (az/ay) y

y = (ay/ax) x

z = (az/ax) x − 1

(ax/az)

(ax/ay)

z = (az/ay) y − 1

1

(ay/az) 1

1

x

y

z

z = (az/ax) x

z = (az/ay) y

y = (ay/ax) x

z = (az/ax) x − 1

1

1

1

(ay/az) (ay/ax)

(ax/az)

z = (az/ay) y − 1

(a) az > ay > ax (b) az > ax > ay

Figure 2.4: E�ective surfaces of the CCR for an incident ray with direction â =
(�ax;�ay;�az), kâk = 1 and ax; ay; az > 0. The shading represents areas where
the light ray must �rst strike in order to be reected to �â where (a) az > ay > ax
and (b) az > ax > ay.
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x−axis

z−axis

y−axis

γ

φ
(111)

Figure 2.5: Several sets of incident rays were used for the CCR e�ective area
simulation. For each set,  is �xed and � changes from 0 to 2�. Each set of
incident rays forms a cone in space centered around the (111) axis.

by the following expression:

Aeff = [Axy; Axz; Ayz] � â (2.6)

The maximum e�ective area for a unit corner cube, thus, is
p
3. The direction

which yields the largest e�ective area is � 1p
3
(1; 1; 1).

In order to better understand how the CCR e�ective area changes with respect

to the directions of incident rays, we simulated the e�ective areas for incident rays

which are deviated from the (1,1,1) direction by some �xed angles. For each angle,

a set of incident rays traces a cone in space whose axis coincides with the line

(x; y; z) = t � (1; 1; 1) as shown in Fig. 2.5.

For presentation purposes, we will describe the incident rays directions based

on a spherical coordinate system using  and � as shown in Fig. 2.5.  is de�ned

to be the angle between the (1,1,1) direction and the incident ray,  � 0. � is

used to describe where each of the set of incident rays lies on the cone in space,

0 � � � 2�. The simulated e�ective areas as a function of  and � are plotted
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Figure 2.6: E�ective surface area of a unit CCR for sets of incident rays where
each set of rays are deviated from -(1,1,1) by a �xed angle  as shown in Fig. 2.5.
The value of each area is normalized by the maximum area of

p
3.

in Fig. 2.6, Fig. 2.7 and Fig. 2.8. Each area is presented as a percentage of the

maximum area (
p
3).

Each curve in Fig. 2.6 and Fig. 2.7 corresponds to a set of incident rays with a

�xed value of . Each curve is found to be periodic with a period of 2�=3 due to

the symmetry of the 3-mirror CCR. With incremental increase in angle deviation

of about 0.0615 radian (3.5 degrees), the e�ective area is decreased by about 10%

for each angle increase (Fig. 2.7). A CCR is most responsive to incident rays which

are small deviation from -(1, 1, 1) direction. The e�ective area reduces to 50% of

maximum when the angle deviation is increased to about 0.3rad and reduces to

less than 10% when the angle deviation is about 0.6rad (Fig. 2.7).

The lowest curve in Fig. 2.6 and in Fig. 2.7 corresponds to a  of about 0.615

radian (35 degrees). The simulation shows that for 3 rays, the e�ective area goes
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Figure 2.7: A 2-D plot of the simulated e�ective areas as a function of � for �xed
values  vary from 0 to 0.615rad. The simulation shows that for every additional
3.5 degrees an incident ray is deviated from the -(1,1,1) direction, the e�ective area
is decreased by about 10%.

to zero at � = �=6 or �=2 or 5�=6. These 3 rays correspond to light rays which

are parallel to the diagonal of one of the mirrors (x = y, x = z, or y = z) so

that 3-bounce reection is no longer possible. At this special angle, speci�cally

arctan(1=
p
2), the incident light, in reality, will be returned after 2 reections,

and the e�ective area becomes
p
2, instead of zero as shown in Fig. 2.7. 2-bounce

reections are ignored in our simulation.

The other 3 non-zero local minimum at � = 0�=3 or 2�=3 corresponds to light

rays whose directions are approaching the X, Y, and Z-axes. The e�ective area for

these rays will eventually go to zero according to the 3-bounce analysis; however,

the e�ective area will be equal to 1 at the limit when  = arctan(
p
2), where the

light ray is reected back after just 1 reection. As we suggested earlier, these

special cases (1 bounce or 2 bounces) are negligible subsets of the incident rays.
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Figure 2.8: A 2-D plot of the simulated CCR e�ective areas as a function of
the angle deviation from the (1,1,1) direction, , for various values of �. The
relationship between the area and  is near linear.

In Fig. 2.8, the simulated CCR e�ective areas are plotted as a function of the

angle deviation from the (1,1,1) direction, , for various values of �. The simulated

result shows that the e�ective area decreases nearly linearly as  increases, although

it is also clearly dependent on � as shown in Fig. 2.6 and Fig. 2.7, especially when

 is large.

In conclusion, we have shown that the e�ective area of a CCR is strongly

a�ected by the incident light direction. A CCR has the largest area for incident

light from the -(1,1,1) direction, and the e�ective area graduately decreases (almost

linearly) as the incident light moves away from the (-1,1,1) direction. The area is

non-zero as long as the incident light is within a solid angle of arctan(1=
p
2) radian

(0.615 rad) from -(1,1,1).

These results are important because the percent of incident power reected
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by a CCR is directly proportional to the e�ective area of the CCR. In order to

reect su�cient power from interrogating light sources from arbitrary directions,

multiple micro CCRs with various orientations will be necessary to build a robust

communication system. A rough estimate suggests that about 15 CCRs with the

proper orientations would guarantee that the reected power for an interrogating

beam from any arbitrary direction in a hemisphere will be as least 50% of the

maximum reected power of a single CCR. The exact required number of CCRs

would depend on the exact coverage and response requirements of communication

unit.

2.2 Operation of a non-ideal CCR

A fabricated macro or micro CCR are likely to operate di�erently from an ideal

CCR as described in the previous section. Inaccurate mirror alignment and mirror

curvature would certainly a�ect the operation of a CCR. Mirror material, surface

defect, and aperture e�ects would further complicate the analysis of the optical

response of a CCR. In this section, we will briey address some of these non-

ideality.

2.2.1 A misaligned CCR

Consider the case where a CCR has optically perfect mirrors, but only two of the

mirrors are orthogonal and one of the mirrors is misaligned. Fig. 2.9 shows a corner

cube whose x-y mirror is rotated away from the x-y plane about the x-axis by an

angle �. We would like to know how the misalignment a�ects the direction of the

reected light ray.

We will �rst consider the two dimensional case as shown in Fig. 2.10, which is
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Figure 2.9: This �gure shows how the direction of an incident ray changes after
hitting the 3 mirrors of a CCR whose based mirror is tilted by an angle �.

similar to Fig. 2.2 but has a the tilted mirror. N2, instead of N1, is the normal of

the tilted mirror. As a result, the angles of incidence and reection become �2 and

�02 respectively. Since �2 and �02 are equal, it can be shown that the angle between

the reected ray and the y-axis becomes �+ 2� instead of just �. In other words,

the reected light ray from a tilted mirror compared to that from a straight mirror

di�ers in direction by twice the angle of the tilt.

By geometry, we can also see that the direction of the incident ray, (�ay, �az),
and that of the reected ray, (-a0y, a

0
z), are not just di�erent by a simple sign as in

the case of Fig. 2.2. The components of the direction of the reected ray is de�ned

by the following: 2
64 a0y

a0z

3
75 =

2
64 cos(2�) � sin(2�)

sin(2�) cos(2�)

3
75
2
64 ay

az

3
75 (2.7)

Therefore, for small �, the relationship between the incident and reected rays
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Figure 2.10: This illustration shows that in 2-D, the reected ray from the tilted
mirror deviates from the reected ray from a non-tilted mirror by twice the tilt
angle.

becomes

a0y = ay � 2�az

a0z = az + 2�ay (2.8)

Now consider the three-dimensional case as shown in Fig. 2.9. Given an incident

ray hitting the x-y mirror with a direction â = �(ax; ay; az) where kâk = 1 and

ax; ay; az > 0, we de�ne the direction of the ray reected by the tilted x-y mirror

as (�a0x;�a0y; a0z). The magnitude of direction cosines for this ray is given by the

following:

2
666664
a0x

a0y

a0z

3
777775 =

2
666664
1 0 0

0 cos(2�) � sin(2�)

0 sin(2�) cos(2�)

3
777775

2
666664
ax

ay

az

3
777775 (2.9)

Since the x-z mirror and the y-z mirror are orthogonal and are aligned to the coordi-

nate system, the subsequent reections will only change the sign of direction cosine

as described in Sect. 2.1.1. The �nal direction for the incident ray �(ax; ay; az)
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after three reections is (a0x; a
0
y; a

0
z) following the path shown in Fig. 2.9 and is

also de�ned by Eq. 2.9. For small �, the reected ray will have a direction of

(ax; ay � 2�az; az + 2�ay). However, unlike the 2-dimensional case in Fig. 2.10,

the reected light ray from the misaligned CCR compared to that from a perfect

CCR does not di�er in direction by exactly twice the tilt angle. The exact angle

deviation, , can be calculated by using the dot product relationship:

(ax; ay; az) � (a0x; a0y; a0z) = cos() (2.10)

The result is the following:

 = cos�1
�
ax

2 + (ay
2 + az

2) cos(2�)
�

(2.11)

Similar results can be obtained for cases where the incident ray travels a di�er-

ent path as the one shown in Fig. 2.9, such as a path which starts at the x-z or the

y-z mirror instead of the x-y mirror. For the 6 di�erent possible paths, there are

actually only 2 di�erent possible directions for the incident ray after 3 reections.

In other words, if one of the 3 mirrors is misaligned as in the case of Fig. 2.9,

one large incident beam which covers the whole CCR will generate two di�erent

reected beams. Both of these beams will be deviated from the source direction

by  de�ned in Eq. 2.11. One of the possible reected beam directions was also

given in Eq. 2.9. The second possible direction is given by the following:

2
666664
a0x

a0y

a0z

3
777775 =

2
666664
1 0 0

0 cos(2�) sin(2�)

0 � sin(2�) cos(2�)

3
777775

2
666664
ax

ay

az

3
777775 (2.12)

The two direction expressions in Eq. 2.9 and Eq. 2.12 are di�erent only in the signs

of the sine terms in the matrices. (Reected beams from a single or double mirror
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reections are not taken into considerations here; however, the same analysis may

be used to determine the directions of these beams.)

Using this analysis, we can also show that the CCR will reect 6 di�erent beams

if none of its mirrors are aligned (orthogonal) to each other. The exact expression

for each reected beam as a function of tilt angles and incident ray direction may

be obtained by �rst identifying the transformation matrix for each tilted mirror

and then multiplying the incident ray direction by the 3 transformation matrices.

The cumbersome result is omitted here since it is not too informative.

From the analysis above, we can conclude that only one mirror alignment is

su�cient to cause a CCR not to reect light properly. This optical property of

CCRs implies that precise mirror alignment is a critical requirement for fabricating

CCRs. Fortunately, since a reected light beam will have a measurable divergence

�CCR, some amount of light will be reected to its source as long as the tilted angle

� is small enough. Shown in Fig. 2.11 are illustrations of light beams reecting

from an illuminated CCR.

We assume that the interrogating light is located at the detector as shown.

If the CCR alignment is perfect, the reected beam will have an axis centered

along the direction of the incident interrogating light (Fig 2.11(a)). If the CCR

mirrors has a small misalignment, where  < �CCR, only a fraction of the light

will (Fig 2.11(b)). For  > � = �CCR, which corresponds to tilt angles � > ��

according to Eq. 2.11, no light will be reected along the same axis as the incident

interrogating light (Fig. 2.11(c)).

Because � is a function of the direction cosines of the incident ray (Eq. 2.11),

it is hard to get a meaningful value for ��. Nevertheless, suppose the direction

of the incident ray is -(1,1,1) and the half-angle divergence of the CCR, �CCR, is
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Figure 2.11: Illustrations of CCR reected beams for di�erent CCR mirror align-
ments are shown. We assume that the CCR is interrogated by a laser at the
detector. In (a), the CCR has perfect alignment and it reects the incident light
to the detector as a narrow beam. In (b), the misalignment is small so that some
light is still returned to the direction of the interrogator. In (c), the CCR has poor
alignment and it reects the incident light as two beams, but both are missing the
detector.

5mrad, then �� is about 3.06mrad. On the other hand, if �CCR is 20mrad, then

�� is about 12.2mrad.

Although Fig. 2.11 shows that a CCR having a misalignment of  < � (or

� < ��) still could reect light to the direction of the incident interrogating light,

it is important to realize that the CCR is not necessarily functional for our com-

munication application. The reason is that the returned power may simply be too

low for the application required. As shown in Fig. 2.11, only a small fraction of
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the light beam shown in Fig. 2.11(b) will actually reach the original light source,

where the detector is located. Good alignment is particularly important if �CCR is

large because the signal-to-noise of the reected signal is inversely proportional to

the square of �CCR as shown in the following section.

We can also take advantage of this optical alignment property of the CCR. We

can use a CCR to modulate the incident light by simply making one of the mirrors

of the CCR to become misaligned by a small angle. Suppose a CCR is illuminated

by a light source at a distance R and a detector with an aperture radius Rdetect at

the light source is used to detect the modulated light from the CCR (Fig. 2.11).

For the detector to see maximum optical modulation from the CCR, the CCR

must tilt its mirror enough so that the reected beams would completely miss the

detector aperture. The minimum tilted angle, ��, will depend on the size of the

detector aperture at the interrogating light source, the interrogating distance, as

well as the divergence of the reected light beam. �� should be selected such that

� =
Rdetect

R
+ �CCR: (2.13)

The relationship between �� and  are de�ned by Eq. 2.11. Suppose the direction

of the incident ray is -(1,1,1), R is 100m, Rdetect is 10cm, and �CCR is 5mrad, then

�� is about 3.67mrad. On the other hand, if �CCR is 20mrad, then �� is about

12:9mrad. These �� values are slightly larger than the �� values we computed

earlier when we neglected the detector aperture size. For R >> Rdetect, setting �

equal to �CCR would give a fair approximation for ��.

2.2.2 Real mirrors

There are many physical phenomena which make a fabricated mirror behave dif-

ferently from an ideal mirror. For example, surface roughness and coating of a real
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mirror would certainly a�ect the mirror's optical response and thus the overall

response of the CCR. Mirror curvature and mirror size would further complicate

the response of the CCR. In this section, we will briey describe these issues.

Reectivity is generally used to describe the ratio of the reected to the in-

cident intensity of light striking a perfectly smooth and at surface between two

homogenous media. Since a fabricated mirror would contain imperfections, we are

interested in the reectance of the mirror, an equivalent measure which describes

the ratio for less idealized materials.

Reectance may be separated into di�used and specular components. A per-

fectly di�use plane reector would reect light in all directions (of a hemisphere)

regardless of the angle of incidence but follow the Lambert's law,

Id(�) = I0 cos �; (2.14)

where I0 is the total amount of light reected per unit area normal to the plane

and Id is the reected light per unit area at angle � to the normal. The reectance

of a mirror would be mostly di�used if the mirror roughness is in the order of a

wavelength or more. On the other hand, if the roughness is small compared to the

wavelength, the reection would be specular, where the angle of incidence and the

angle of reection are equal. We have made this assumption for the analysis in the

previous sections of this chapter.

To fabricate a corner cube reector, we would obviously need to use mirrors

with high specular reections. The specular reectance of a mirror is found to be

sensitive to the ratio of surface irregularity and wavelength. Specular reectance,

Rs, is de�ned in the following equation:

Rs = R0 e
(�4�h=�)2 (2.15)
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when R0 is the total reectance of the surface, h the rms height of the mirror

surface, and � the wavelength. The reectance of a mirror obviously also depends

on the mirror coating material.

For bare polysilicon plates, the reported reectance is 24% for 0.67�m wave-

length [31]. Unfortunately, the e�ective reectance of a CCR with 3 mirrors would

only be to (24%3) or 1:28%. Gold was reported to have an ideal reectance of 0.99

for � = 1:3�m and 0.97 for � = 0:67�m [20]. Gold is also known to resist oxida-

tion. Therefore, coating the mirror with gold would be desirable. For gold coated

polysilicon plates, the reported reectance is 0.93 for 1.3�m wavelength [57]. The

di�erence between the ideal and measured values may be due to contaminations

on the mirror surface such as surface roughness and photoresist residue from pro-

cessing. Although the measured reectance does not di�er greatly from the ideal

value, the e�ective reectance of the CCR would become only about 0.8 after 3

mirror reections. Minimizing optical loss at each mirror is certainly desirable.

Non-ideal CCR mirrors with surface �nish and coating nonuniformity may be

characterized using a complex reectivity for the di�erent polarization states as

a function of the reectivity amplitude, phase, and angle of incidence. Then it

can be shown that the CCR would conjugate not only the direction, but also

the electric �eld of the incident beam. [84] Furthermore, the mirror curvature can

further change an incident waveform. For example, a CCR with a single or multiple

spherical mirrors can create circular or elliptical wave-fronts from an incident plane

wave depending on the incident angle. [68]

An additional non-ideality of micro CCRs is di�ractive spreading due to their

small, �nite size. Di�ractive spreading determines the fundamental limit of the
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maximum range of a micro CCR-based communication system. A simple approx-

imation can be made by modelling a micro CCR as a circular aperture with a

diameter equal to the dimension of the CCR, where the spreading of the reected

beam due to di�raction is Fraunhofer [29]. Then the half-angle divergence, �CCR,

is de�ned by the following expression:

�CCR � 1:2 sin�1(
�

dCCR
) � 1:2

�

dCCR
(2.16)

where � is the wavelength of the incident light, and dCCR is the diameter of the

CCR aperture. Based on this estimate, a CCR with dimensions of 250�m will have

�ccr of about 3.26mrad for a wavelength of 670nm. Finite-element analysis of a

CCR which took into consideration of the mirror curvature and far-�eld di�raction

e�ects showed that the di�erential scattering cross-section of a CCR with a mirror

curvature of 0.3m is 451000m (near at) [38]. In other words, the amount of

reected optical power by a CCR will decrease for increasing mirror curvature.

In fact, the simulation shows that beam spreading will also increase for curved

CCRs. It had also been proposed that slightly curved mirrors may be used in

CCRs to correct velocity aberration in space application [68]. Clearly, controlling

the curvature of the CCR mirrors would also be extremely important.

2.3 Micro CCRs for communication

Suppose we have CCRs with two distinct, reective and non-reective, states. We

can then consider the e�ectiveness of using these CCRs for optical communication

as described in Section 1.2. Suppose an interrogating light source is directed at a

CCR and the reected light is collected with an aperture as shown in Fig. 2.12.

We would like to compare the reected power from the CCR to the various noise
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Figure 2.12: This �gure shows a simple model of a CCR communication link
for estimating signal-to-noise ratio based on the angle divergences of emitted and
reected beams.

sources in the communication link. The two noise sources which we will focus on

are detector noise and background reection. We will also briey discuss other

environmental noise sources.

2.3.1 Estimation of signal strength from an interrogated micro CCR

We are basically interested in knowing if the reected signal from the CCR is

detectable by the detector which is located at the light source as shown in Fig. 2.12.

We will begin this analysis by estimating the amount of power which is reected

by the CCR and then received at the detector.

Suppose the interrogating light source emits a beam with power Plaser and a

half-angle beam spread of �laser. Then the incident beam spot size at the CCR,

Aspot, is given by

Aspot = � � (�laserR)
2 (2.17)

where R is the interrogation distance. If a wide and near-columated laser is used,

then Aspot should take on the appropriate expression based on the cross-section

of the columated beam. Furthermore, we will assume that power loss due to

34



atmospheric e�ects and other optical losses are negligible. We will address these

issues in a later discussion.

The irradiance (in W=m2), Ilaser, at the CCR and its surrounding, is the fol-

lowing:

Ilaser = Plaser � 1

Aspot
: (2.18)

Let us de�ne the e�ective area of the CCR as ACCR. ACCR is a function of the

CCR's size and orientation and may be estimated using the methods described in

Section 2.1.2. For simplicity, we will de�ne ACCR in terms of an e�ective CCR

dimension dCCR:

ACCR = d2CCR (2.19)

The reected power by the CCR, PCCR, is simply the product of the incident

irradiance Ilaser, the CCR aperture ACCR, and the CCR's reectivity RCCR, given

by the following equation:

PCCR = Ilaser �ACCR �RCCR (2.20)

The reected power is proportional to the ratio of the e�ective size of the CCR

and the laser spot because a larger CCR will capture and reect more power than

a smaller one. The reected power is also directly proportional to laser power

and the reectivity of the mirrors, RCCR. RCCR is equal to the product of the

reectivity of each of the three mirrors. This reectivity is determined by the

fabrication process.

Although the reected light beam from the CCR is highly directional (directed

toward the interrogating light source), this beam will also have a measurable di-

vergence, which we will called �CCR. Note that this divergence does not depend
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on �laser because the actual rays which hit the micro CCR are nearly parallel due

to the small size of the CCR. Instead, �CCR depends on the curvature of the micro

mirrors and the di�raction e�ect of the CCR as discussed in Section 2.2.2. Now,

for simplicity, we will assume that the curvature of the micro mirrors is negligible.

We will also assume that the spreading of the reected beam due to di�raction,

�CCR, is proportional to the ratio of wavelength and the CCR dimension as shown

in Eq. 2.16. Therefore, the incident irradiance from the CCR at the detector aper-

ture ( located at the interrogating laser distance R away), which we will call ICCR,

is given by:

ICCR = PCCR � 1

�(�CCRR)2
(2.21)

Let us assume that our receiver aperture has an area of Arecr which can only

capture part of the reected beam. This will generally be true because of beam

spreading, especially for long range interrogation ( > 1km). Let us also assume

that power loss through the detector optics including �lters, mirrors, and lens is

negligible. Then the CCR incident power at the detector, PCCR�inc, is the product

of the CCR irradiance and the detector aperture area:

PCCR�inc = ICCR �Arecr = Plaser � ACCR �Arecr

�2�2laser�
2
CCRR

4
�RCCR (2.22)

From the equation above, we can conclude the CCR signal power has a strong

dependent in R, the interrogating distance. We can further expand this equation

by expressing ACCR in terms of the e�ective CCR dimension (Eq. 2.19) and by

expressing �CCR in terms of wavelength and CCR dimension (Eq. 2.16). The

incident CCR power to the detector becomes the following:

PCCR�inc = Plaser � d4CCR
(1:22��laser�)2R4

�Arecr �RCCR (2.23)
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The above expression suggests that for a di�raction limited CCR, the size of the

CCR has an extremely strong e�ect on the power returned by the CCR.

Suppose we use a 5mW, 670nm laser with �laser of 1.5mrad to illuminate a

perfectly reective CCR with dCCR of 250�m located 100 meter away and we use

a 10cm diameter aperture to collect the reected light, only 51:7pW will reach the

detector. This is an estimate of the \peak" power from the corner cube, where the

CCR is turned on constantly. For a modulated CCR, we may consider the average

power instead. Suppose the CCR emits an on-o�-keyed signal with equiprobable

ones and zeros, the average incident power, PCCR�inc�avg , is simply PCCR�inc=2. In

Section 4.4.8, we will show that a pico-Watt CCR signal is well within detectable

range.

Note that the analysis above could be carried out in terms of e�ective transmit

antenna gain, free space range loss, receive antenna gain, and so forth, which

are commonly used in analysis of RF and optical links [15, 54]. However, the

same results will be reached. Our approach is chosen to provide an intuitive

understanding based on the diagram in Fig. 2.12. Now, having estimated the

amount of power reected from the CCR, we will proceed to compare the received

signal to the di�erent noise sources.

2.3.2 Estimation of reected light from the CCR background

Ambient light which is incident upon the receiver is undesirable for two reasons.

The �rst reason is that it reduces the dynamic range of the actual signal which

the detector could detect. If the intensity is too high, it could cause the detector

to saturate so that no real signal can be detected. The second reason is that the

ambient light creates a shot noise in the detector which is proportional to the
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intensity of the ambient light (Section 2.3.3).

Two signi�cant components of ambient light which reaches the receiver are

the reected interrogating laser from the CCR background and the general am-

bient light such as sunlight which also illuminates the CCR background. Before

performing a SNR estimate for our receiver, we will �rst estimate the reected

interrogating power from the CCR background using a similar analysis as that

in the previous section. We will also estimate the general ambient optical power

which will reach our detector.

The interrogating laser has power Plaser and lights up an area of Aspot sur-

rounding the CCR, so that the incidence irradiance is Ilaser (Eq. 2.18). Suppose

the background has an average reectivity of Rbg. Then the reected power from

the background, Pbg is given by the following:

Pbg�laser = Ilaser � (Aspot �ACCR)�Rbg (2.24)

Since Aspot � ACCR, then Pbg becomes the following:

Pbg�laser = Plaser �Rbg (2.25)

Assume that the reection from the background is Lambertian and the power

is evenly reected over the hemisphere. Incident irradiance from the background

at the detector, Ibg�inc, will be the following:

Ibg�laser�inc = Pbg � 1

2�R2
(2.26)

Therefore, the background incident power, Pbg�inc, at the detector is the following:

Pbg�laser�inc = Ibg�inc �Arecr = Plaser � Arecr

2�2 �2laserR
4
�Rbg (2.27)
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Again, suppose we use a 5mW, 670nm laser with �laser of 1.5mrad to illuminate

a micro CCR located 100 meter away and we use a 10cm diameter aperture to

collect the reected light. We will also assume that the background is highly

reective with Rbg of 0.5. Then 4:42nW of background reection will be collected

by the receiver. This background power estimate is almost 85 times greater than

the CCR signal power estimate from Section 2.3.1.

Note that even though this estimate based on Eq. 2.27 is a reasonable one, the

actual background reection is highly dependent on the CCR background com-

position as well as the incident angle of the interrogating laser. For example, at

one particular angle, a small piece of metal in the background might reect like

a perfect mirror. Yet the metal reection might completely disappear at a later

moment, when the interrogator (or the remote unit) has slightly moved, changing

the incident angle. The most accurate background power estimate for a particular

application scenario is to perform statistical power measurements of some realistic

scenes. Nevertheless, we will use Pbg�inc as a estimate of the \average" incident

power from the CCR background.

Besides the interrogating laser, the CCR background is also illuminated by

other sources such as the sun, the moon, the planets and other stars. Street,

building, or car lights may also have important e�ects. We will focus on the sun

which is the highest energy source in our environment.

The sun has a wavelength dependent spectral distribution which is well ap-

proximated by a black body at T = 5900K. The spectrum is given by the Planck

radiation law [20]:

p(�; T ) =
2�hc2

�5(e
hc
�kT � 1)

(2.28)

For wavelength between 0.6 to 1�m, the solar irradiance at sea level is between
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1.3 to 0.5W=(m2 nm). For simplicity, we can approximate it to be 1W=(m2 nm).

Suppose we put a bandpass optical �lter in front of our detector with a bandwidth

�� of 5nm. Then the solar irradiance of our concern, Isolar, is about 5W=(m2),

assuming that our receiver is aimed at directly at the sun.

Our optical communication link is unlikely to work if the sun is in fact behind

the remote unit with the CCRs because of the sun's intense brightness. Fortu-

nately, in any realistic practical applications, the sun will be illuminating the CCR

background, and only the reected solar light will reach the receiver.

To estimate the solar power incident at the receiver, we can assume that the

reection of the background is Lambertian and the background has a reectivity

of Rbg. We will also assume that the receiver has a �eld of view of �recr and that

only objects inside the �eld will reect solar light to our receiver. Then that solar

power incident at our receiver, Pbg�solar�inc , may be approximated by the following

expression:

Pbg�solar�inc = Isolar � �(�recrR)2

2�R2
�Arecr �Rbg =

1

2
Isolar�

2
recrArecrRbg (2.29)

Suppose �recr is 35mrad (2 deg) and Rbg is 0.5, then Pbg�solar�inc is about 0.24mW.

This power estimate is actually more than 40,000 times greater than the power

estimate from a CCR illuminated by a 5mW laser. However, similar to the back-

ground reected interrogating laser estimate, this solar power estimate is also a

reasonable yet rough estimate. The total ambient light incident at the receiver,

Pamb�inc, is the sum of these two power:

Pamb�inc = Pbg�laser�inc + Pbg�solar�inc: (2.30)

Large Pamb�inc
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2.3.3 Performance analysis for a receiver with a single detector

The performance for a communication link using a CCR obviously would depend

on the receiver design and the signaling method. In this section, we will make

some assumptions of a receiver and estimate the signal-to-noise ratio (SNR) and

bit-error probability (Pe) associating with a CCR based communication link.

Suppose the CCR of the remote unit is modulated using unipolar modulation or

on-o� keying (OOK) [18]. Consider a receiver using direct detection (or incoherent

detection), where the incident light at the receiver is directly converted into current

such that the power of the light is proportional to current. This method of detection

assumes that the incoming signal is amplitude modulated, and its phase carries no

information [65, 54].

We will also assume that all the light collected by the receiver aperture is di-

rected to a single detector. Commonly used optical detectors for communication

include p-intrinsic-n (PIN) photodiodes and avalanche photodiodes [82, 65, 27].

Avalanche photodiodes are similar to PIN diodes, but they o�er an internal elec-

tric gain given a high reverse bias. This internal gain may be used to overcome

preampli�er thermal noise if ambient-induced shot noise is low. However, it may

actually decrease the net SNR when ambient-induced shot noise is high [47]. Since

high ambient noise is present in our application, photodiodes are prefered. There-

fore, we will carry out analysis for PIN photodiodes.

The current by a photodiode, Iph, generated by an input optical power Pin is

given by this:

Iph = �(�)
q

hc
Pin = Rdet(�)Pin (2.31)

where � is the detector quantum e�ciency, h is the Planck's constant, c is the
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speed of light, � is the wavelength, and q is the electronic quantum charge. Rdet

is the responsivity of the detector. Typical silicon PIN detector responds to light

with � between 0.6 to 1�m, where Rdet peaks at about 0.9W=A for � of about

850nm. Other Ge, InGaAs, and InGaAsP PIN detector may have ranges beyond

1.7�m and maximum Rdet near 0.8.[54]

The average received photocurrent from a modulated CCR, iCCR, is given by

Eq. 2.31 which Pin is substituted by Pccr�inc�avg de�ned in Section 2.3.1.

iCCR = Rdet � Pccr�inc�avg (2.32)

Similarly, a photocurrent will be generated from the incident optical power from

ambient light Pamb, including Pbg�inc (Eq. 2.27), the background reection of the

interrogating light, and other ambient light sources. This current is de�ned by

iamb = Rdet � Pamb�inc (2.33)

Another current which the detector outputs is commonly known as the dark

current, id, which may include the reverse bias current [65] and carriers which are

generated in the depletion layer and those which di�use into the depletion layer

from the p+ or n+ regions [27]. The magnitude of id depends on the geometry and

property of the photodetector. It is generally related to the area and the operating

temperature of the detector. The dark current for typical commerical silicon PIN

detectors with small areas (13mm2) is about 10�12A (10�14A=
p
Hz �p10kHz).

All these di�erent currents induce a white, Gaussian, shot noise with a one-

sided power spectral density Sshot(f) [47, 78], given by

Sshot(f) = 2q(iCCR + iamb + id) (2.34)

From the estimates in Section 2.3.1 and Section 2.3.2, we know that iamb is about

50 times greater than iCCR. iamb in general will also be many times larger than id.
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Therefore,

Sshot(f) � 2q(iamb) (2.35)

Beside shot noise, thermal noise in the preamplifer will also degrade the per-

formance of the receiver [54, 47]. This noise generally is also a white Gaussian

noise, whose spectral density is 4kT=R plus other terms depending on the exact

preamp circuit. k is the Boltzmann constant; T is the temperature; and R is the

feedback resistor. We assume that shot noise is the dominating noise source in our

application; therefore, we will neglect thermal noise in this analysis.

Therefore, the simpli�ed receiver noise has a variance �2
total equals to �

2
shot given

by the following:

�2
total = �2

shot = 2q(iCCR + iamb + id)B (2.36)

where B is the data bit rate. The signal-to-noise ratio for the receiver is given by

the following:

SNR =
(iCCR)2

�2
total

=
(iCCR)2

2q(iCCR + iamb + id)B
(2.37)

The bit error rate, BER, is given by the following:

BER = Q(
p
SNR) (2.38)

where Q(x) is Gaussian function given by

Q(x) =
1p
2�

Z 1

x
e�

y2

2 dy: (2.39)

As an example, to achieve BER = 10�6, an SNR of about 13:5dB is required.

In order to understand better how the di�erent design parameters may a�ect

the system performance, we will derive the SNR based on the following assump-

tions. We will assume that all environmental light sources such as the sun is absent
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such that iamb is only contributed by the background reected interrogating light.

We will also assume that the noise current induced by the background-reected

interrogating light is much larger than iccr and id, i.e. iamb � iccr+ id. Then SNR

is equal to the following:

SNR = Plaser
A2
CCRArecr

2�2qB�2laser�
4
CCRR

4

R2
CCR

Rbg
Rdet (2.40)

From this SNR expression, we can more clearly see the e�ects of the di�erent

design parameters. For example, the interrogating range R is shown to have a

signi�cant e�ect on the SNR. When R is doubled, SNR is reduced by 16 times.

Similarly, small CCR divergence is also shown to be very important because the

CCR reection will better \stand out" against the dispersed background reection.

Large CCR or arrays of CCRs would also be bene�cial, where SNR has a quadratic

dependence on ACCR. Using higher power laser or larger receiver aperture could

also help, but SNR would only increase proportionally to these parameters.

2.3.4 Performance analysis for a receiver with multiple detectors

Shot noise due to ambient light in photo-detector systems generally may be reduced

by operating the system at night or using appropriate optical �lters to remove

undesirable wavelengths. Unfortunately, as shown in the previous section, even

when solar radiation is ignored, substantial shot noise is induced by the system's

own interrogating laser reected from the background. One method of improving

our receiver performance is to use multiple detectors instead of a single detector

as discussed in the previous section.

In the single-detector case, all the undesirable ambient light as well as the CCR

reection is directed to the detector. Therefore, the CCR signal must compete with
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Figure 2.13: This �gure shows an optical receiver using a detector array. The
image in the �eld of view is mapped into an array of pixels so that each pixel only
sees a small fraction of the �eld of view.

all the ambient light and the associated shot noise. In the multiple-detector case,

each detector only looks at a small portion of the background, thus having corre-

sponding less noise depending on the total number of detectors used (Fig. 2.13).

The CCR reection may rest on only a single detector or possibly a few detectors,

but the signal-to-noise ratio for the detectors with the CCR reection is substan-

tially increased from the single-detector case. In essence, the background image is

\spatially-�ltered" to yield an increased SNR.

2 by 2 detector arrays known as quadrant detectors are most commonly used

in optical detection system [54]. Charge-coupled devices (CCD) or arrays of or

PIN devices can also be used for our application. Furthermore, CMOS-based

active-pixel cameras would also be a suitable candidate for this application. [26]

An important concern for detector arrays is to minimize the dead zone present

between the adjacent pixels or detectors so the CCR reection would not be ignored

or missed [54, 38]. With detector arrays, the receiver may also require more data

storage and processing speed and intelligence.

Analysis of this system would be similar to the single-detector system. Consider

the best case where all the CCR reection rest on a single detector (or pixel). The
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current induced from a CCR reection, iCCR, is given by Eq. 2.32. The current

induced by ambient light, iamb, is given by the following:

iamb =
Rdet � Pamb

Ndet
(2.41)

where Ndet denotes the total number of detectors or pixels used. For simplicity, we

assume that all the ambient light is evenly distributed to all the di�erent detectors.

The best case SNR has the same expression as the SNR given by Eq. 2.37:

SNR =
(iCCR)2

�2
total

=
(iCCR)2

2q(iCCR + iamb + id)B
(2.42)

However, since the iamb here has a factor of Ndet smaller than the iamb for the

single-detector case, SNR in this case is Ndet times larger than the SNR for the

previous case. BER may be estimated using Eq. 2.38.

Suppose the CCR reection rests on multiple (NCCR) pixels instead of just

one pixel. Depending on the technique used to process the signals, such as using

maximal-ratio combining (MRC) or selecting a single best from NCCR pixels, SNR

may be reduced by a factor of either NCCR or N2
CCR[38]. Therefore, the minimum

net SNR gain of using a detector array is Ndet=N
2
CCR.

2.3.5 SNR analysis for several CCR systems

Table 2.2 shows a list of design parameters and a set of plausible values for these

parameters to achieve reasonable values of SNR and BER for a communication

link based on a di�raction- limited CCR. Assumed values for several environmental

variables are also listed. Table 2.3 shows the SNR and BER results for several

CCR system designs, where most of the system variables are held constant except

for interrogating laser power, Plaser, number of detectors used, Ndet, and number
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Symbol Description Value

Plaser Interrogating laser power 0:005 � 10 W

�laser laser half-angle divergence 1.5 mrad

�laser laser wavelength 670 nm

�� optical �lter bandwidth 5 nm

dCCR e�ective CCR diameter 250 �m

RCCR e�ective CCR reectivity 0.80 W/W
drecr receiver diameter 10 cm
�recr receiver �eld of view 35 mrad

Rdet detector responsivity 0.8 A=W

Ndet number of detectors 1� 105 -
NCCR number of detectors with CCR reection 1� 4 -
R communication range 1� 103 m

B data bit rate 104 bps
Rbg background reectivity 0.4 W/W
Isolar solar irradiance 1 W=m2nm

id dark current in each detector 10�12 A

Table 2.2: Design parameters for a CCR communication link

of detectors on which the CCR reection rests, NCCR. Note that NCCR is actually

not a controllable design parameter and is used here to create di�erent scenarios.

The SNR and BER estimates in Table 2.3 are based on the expressions derived

in the previous sections. The results suggest that by simplying changing Plaser

and Ndet, communication across up to 1km with a CCR can be achieved with

reasonable SNR and BER. The presence of sunlight is shown to have a signi�cant

e�ect on the system requirements. Without sunlight, a given system can establish

communication across a much larger range. Furthermore, because of the SNR's

strong dependence on the range R, whenever R is doubled, either Plaser, Ndet, or

both must be signi�cantly increased to maintain the same SNR.

Atmospheric e�ects such as absorption, scintillation [69], beam spreading, scat-

tering, and beam bending could complicate the proposed optical communication
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R(m) Plaser(W ) Ndet NCCR Sun SNR BER

50 0.005 1 1 Y 11.3 7.8�10�4
100 0.005 1 1 N 119 0
100 0.1 1 1 Y 17.6 2.7�10�5
200 0.2 64 1 Y 27.7 2.5�10�5
500 0.2 4 1 N 28.9 7.6�10�8
500 5.0 1600 4 Y 11.3 7.7�10�4

�45:0 �1:8 � 10�11

1000 10.0 90000 4 Y 9.68 1.9�10�3
�38:0 �7:0 � 10�10

Table 2.3: SNR analysis results for di�erent CCR systems. Results with asterisks
assumes maximal-ratio combining (MRC) is used.

strategy for large communication distances [44]. The non-ideality of a fabricated

CCR such as mirror curvature and poor orthogonality could also increase the diver-

gence of the returned light, thus decreasing SNR. If the communication distance

is very large, arrays of CCRs and high power lasers may become necessary. Never-

theless, this analysis suggests that a careful selection of CCR, laser, and detector

could achieve an SNR which may satisfy a variety of applications.
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3 Polysilicon Micro Corner Cube Reectors

3.1 Mechanical design of CCR

We have designed and fabricated many surface micromachined micro CCRs for

the MUMPS multiple layer polysilicon process o�ered by MCNC. The goal was to

create a CCR with good optical quality, good orthogonality, reasonable bandwidth,

low voltage and power requirement, and ease of assembly. The designs of the

di�erent CCR components including the mirrors, hinges, locking mechanism, and

actuator are presented in the following sections.

3.1.1 Micromachining with MCNC's MUMPS process

MCNC's MUMPS (Multi-User MEMS Processes) is a surface micromachining pro-

cess which o�ers four conducting layers (3 polysilicon layer and 1 gold), and 3

insulating layers (2 oxide and 1 nitride). Fig. 3.1 shows a cross-section of all the

layers stacked on a substrate. The silicon nitride layer is used an electrical isolation

layer between the substrate and the polysilicon structures on the substrate. The

two oxide layers (Ox1 and Ox2) made of phosphosilicate glass (PSG) are generally

removed in a post-process etch so that the P ly1 and P ly2 layers become free. Ox1

and Ox2 are known as the sacri�cial layers, and P ly1 and P ly2 are known as the

structural layers which form the microstructures. Unlike the other poly layers, the

P ly0 layer adheres to the substrate. It can be used to provide electrical connection

between di�erent P ly1 and P ly2 structures.

All the conducting layers can be patterned to a speci�ed geometry according

to the layout submitted to MCNC as long as a set of design rules are obeyed.

In general, the minimum line width and spacing are either 2 or 3�m. The oxide
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0.75 micron oxide (Ox2)

2.0   micron oxide (Ox1)

0.5   micron nitride
 

Substrate

0.5 micron gold (Met )
1.5 micron poly (Ply2)

2.0 micron poly (Ply1)

0.5 micron poly (Ply0)

Figure 3.1: Cross-sectional view of the layer structure for the 2�mMCNCMUMPS
process is shown.

layers (and well as the nitride layer) can also be patterned using the di�erent

contact layers, which create holes in the oxide layers. By appropriately de�ning

holes in the oxide layers, the poly layers can be interconnected to each other and

to the substrate. The sacri�cial oxide is usually removed using a hydrouoric acid

(HF) wet bath. More details related to the HF release etch will be discussed in

Section 3.3.1.

A variety of microstructures can be fabricated using this sacri�cial etching sur-

facing micromachining process with one or two layers of polysilicon as structural

material. Fabricated structures include beams [37], spring, pin-joints, gears [24],

resonators [91], and micromotors [23]. Development of microhinges [77] allowed

large plates to rotate up from the substrate to form micro mirrors and lenses [63,

98]. In the following sections, we will describe how to use this surfacing microma-

chining technology to fabricate micro corner cube reectors.

3.1.2 Micro mirrors

2�m thick polysilicon plate was previously reported to have a reectivity of 24% [31].

Since the incident light hits three mirror surfaces of the CCR before it is reected

back, the net reectivity of a CCR with polysilicon mirrors would be (24%)3, or

50



about 1.4%. In other words, using polysilicon as the reecting surface will not

yield a highly reective CCR.

gold
poly1
poly2

  Gold−covered
reflecting surface

ox 2

(a)
  Gold−covered
reflecting surface Encapsulated

     ox2 layer

(b)

Figure 3.2: The cross-section of a polysilicon mirror with gold is shown in (a). The
ox2 layer is added to the mirror stack in order to decrease the curvature of the
mirror.

To create CCRs with high reectivity, we tried to make mirrors by putting gold

on polysilicon plates because gold �lms typically have reectance of at least 95%

for wavelength greater than 500nm [20]. The MCNC's MUMPS process o�ers a

0.5�m gold metal layer which may be deposited on ply2, the second structural

polysilicon layer. To minimize post-processing, we tried to take advantage on this

metal layer to make mirrors.

Fabricated mirror plates typically have linear dimensions of 250 to 300�m.

No etch holes are put in the plates in order to create smooth mirror surfaces.

Fabricated mirrors were found to have various degrees of curvature depending on

the layer stack of the mirror. The curvature was caused by the stress in the tensile

metal layers, 0.5�m Au on top of 300�A Cr which is used to help the gold layer to
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Layer stack Radius of Curvature
(in mm)

ply1, ply2 90
ply1, ox2, ply2 16.8
ply2, gold 1.67
ply1, ply2, gold 9.58
ply1, ox2, ply2, gold 21.4

Table 3.1: Measured curvature results of mirrors with di�erent layer stacks.

adhere to the polysilicon layer. The reported values of stress in the metal �lms

from various runs ranged from 50 to 60MPa (for MUMPS Run 11, 12, and 14 ).

The stress in the Au layer was reported to be quite low, only 3 to 5MPa, while

much of the tensile stress was from the Cr layer. In contrast with the polysilicon

layers with a typical compressive stress of -10MPa, the metal �lms had 6 times

higher stresses.

For a cantilever beam composed of two materials with di�erent residual stresses,

�1 and �2, elastic moduli, E1 and E2, and thicknesses, h1 and h2. At static

equilibrium, the radius of curvature of the beam, �, can be readily estimated using

the following expression [46]:

1

�
=

6(m�2 � �1)

E2(h1 + h2)(3m+ K
n(1+n)2 )

(3.43)

where

K = 1 + 4mn + 6mn2 + 4mn3 +m2n4 (3.44)

and m and n are de�ned as the ratios of material properties and thicknesses:

m =
E1

E2
(3.45)

n =
h1
h2
: (3.46)
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� is shown to have a complex relationship with the stresses, elastic moduli, and

material thicknesses. For a rectangular plate composed of di�erent materials, the

plate curvature cannot be accurately described using a single variable. The radius

of curvature estimate of a beam may be used as a �rst order estimate.

Table 3.1 shows measured curvature results for mirrors with di�erent layer

stacks to demonstrate the e�ect of the tensile metal layer. The curvature was

measured using a Wyko white-light interferometer across the center cross-section

of the rectangular mirrors with widths of 300�m. All the measurements generally

seemed reasonable and consistent. The measured curvature values for the \bi-

layered" mirrors were found to be smaller than the theoretical estimates using

Eq. 3.43 (by 35% to 50%). Since only rough estimates of stresses and elastic

moduli are known, the theoretical estimates are indeed reasonable closed to the

measured values.

Mirrors made of the ply2 layer with gold were found to be unusable for our

CCR designs because of their extreme curvature. Double-poly-layer mirrors cre-

ated by stacking the ply1 and ply2 layers via a large ply2-to-ply1 contact showed

signi�cantly less curvature. Fig. 3.2(a) shows the cross-section of the mirror. The

fabricated mirrors have measured radius of curvature ranging from 7 to 9.8mm,

which would give a reected light ray an estimated divergence of 15 to 20mrad.

Functional CCRs were made using these mirrors [12].

The latest mirror designs were modi�ed from the double-poly-layer mirrors so

that the 0.75�m ox2 layer was \sandwiched" between the ply1 and ply2 layers

(Fig. 3.2(b)). Measured radius of curvature of these mirrors ranges from 18 to

20mm; therefore, the increase in stack thickness and compressive stress in the

stack has lowered the radius of curvature by at least 50%.
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Ideally, the curvature of these plates may be further reduced by increasing the

thicknesses of the polysilicon or oxide layers, decreasing the metal layer thickness,

particularly the Cr layer, or using even di�erent metals. Unfortunately, we lack this

option since these process parameters are �xed by the foundry. Better curvature

results may also be achieved by depositing metal on the MCNC chips as a post-

processing step so that the metal thicknesses may be �ne tuned. Post-processing

metal deposition may take place before or after the release etch. If the reective

metal layer such as Au is deposited before the release etch, it may be patterned

very easily; however, a su�ciently thick adhesion layer must be used (such as Cr)

in order to prevent the metal layer to come o� during the HF etch. As a result, the

metal �lm stress may or may not be reduced adequately. On the other hand, if the

metal layer is deposited after the release etch, no adhesion layer may be needed;

however, since patterning the metal layer may not be possible, other means must

be used to prevent electrical shorting of the die surface.

Even though these post-processing options will likely be successful in reducing

the mirror curvature, we did not attempt to reduce the mirror curvatures fur-

ther, mostly because the fabricated CCRs o�ered satisfactory performance for our

demonstration.

Staple

Hinge Pin
   Width

Hinge

poly2 to substrate
    contact

poly1 layer
poly2 layer

2 micron wide
    Hinge Pin Staple

Hinge      Hinge Pin
Re−enforcement

3 micron wide
    Hinge Pin

(a) (b)

Figure 3.3: The layout of a typical polysilicon hinge is shown in (a). The hinge was
strengthened in (b) by increasing the hinge pin width and by adding re-enforcement
at the hinge pin ends.
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3.1.3 Mechanical alignment

To form the two of the three reective surfaces of the CCR, the polysilicon mirrors

described in Section 3.1.2 are rotated to a position normal to the substrate using

microhinges [77]. Fig. 3.3 shows layouts of two microhinges, where P ly1 forms a

hinge with a thin hinge pin and P ly2 forms a staple which pins the hinge to the

substrate.

In earlier designs, 2�m width hinge pins were used (Fig. 3.3 (a)). These hinge

pins were found to break easily during the release etch or during assembly. The

width were then increased to 3�m. The sti�ness of the pin is proportional to EI

where E is the modulus of elasticity and I is the moment of inertia of a beam

cross-section. For a rectangular beam, I is given by

I =
1

12
a3b (3.47)

where a and b are the dimension of the beam cross-section. Therefore, by increasing

the pin width by 50%, the pin would become 50% to 335:7% sti�er depending on

the direction of an applied force.

To strength the hinge further, the ends of the hinge pins were also re-enforced

by adding a 1�m square at the inside corners of the rectangular hinges (Fig. 3.3

(b)). Fig. 3.4 (a) and (b) show SEMs of fabricated hinges based on the designs in

Fig. 3.3. The inside corners of both designs actually appeared rounded; however,

the radius of curvature is clearly larger in the re-enforced hinge. Therefore, the

factor of stress concentration, which is a function of the ratio of the radius of

curvature and the width of the hinge pin, is likely to be 10% or more less than

that of the previous design (estimated based on a square corner in tension [100]).

In general, the redesigned hinges were found to be extremely robust and reliable.
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(a) (b)

Figure 3.4: (a) A polysilicon micro-hinge based on the earlier design shown in
Fig. 3.3(a). (b) Two micro-hinges with increased hinge pin width and re-enforced
hinge pin ends.

As a result, no further modi�cation was made.

The hinge pin design not only a�ects the yield of the device by also the align-

ment of the mirrors. For example, from Fig. 3.3, we can see that the hinge pin is

made longer than the width of the staple. In fact, the hinge pin must be made

longer than the staple width by at least 2 times the minimal line-width spacing

between P ly1 and P ly2. Therefore, the hinge may translate �2�m in the direction

parallel to the length of the hinge pin, potentially causing the hinged structures to

misalign. These micro hinges may also have additional translations and rotations.

Fig. 3.5 shows the cross-section drawing of the polysilicon hinge in Fig. 3.3(b).

After the sacri�cial Ox1 and Ox2 layers are removed, the hinge pin has an excess

of free space to translate and rotate. From the cross-section drawing in Fig. 3.5,

we can see that the hinge pin lies in a channel underneath the staple which has a

4.5�m�4:25�m cross-section. The 4.25�m height is de�ned by the layer thickness

of Ox1, P ly1, and Ox2. The 4.5�m width is de�ned by 2 times the Ox2 thickness
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Staple

Hinge Pin

Rotated
   Plate

2 microns
4.5 microns

Substrate

poly1 layer
poly2 layer

4.25 microns

Figure 3.5: The cross-section of the polysilicon hinge in Fig. 3.3(b) shows the
excess of free space around the hinge pin which can cause misalignment problems.

(0.75�m) and the hinge pin width (3�m). If the hinge pin width is set to the

minimum line width of 2�m, the channel width is reduced to 3.5�m. In any case,

an excess of free space is still present in a micro hinge. This play in the hinges can

easily cause a hinged plate to be misaligned due to lateral displacement or rotation

of the hinge pin.

To overcome the play in the hinges, long tie-downs are added to the base

corners of each rotated plate whenever possible. Typically a tie-down is composed

of a thin folded beam which connects a plate to the substrate via a small contact

(Fig. 3.6(a)). Tie-downs are usually used to prevent large plates of a structure

from moving during the wet release process, and the connecting beams are broken

manually prior to the actual assembly of the structure. In our case, the short

folded connecting beam in the tie-down is replaced by a long straight beam and

the tie-down is connected to a hinged plate such that rotation is possible, but

translation is minimized (Fig. 3.6(b)).
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Tie−down

poly1 contact to substrate
poly2 contact to substrate
poly1
poly2

(a)

Tie−down

(b)

Figure 3.6: The layout of a hinged plate connected to a typical polysilicon tie-down
is shown in (a). A hinged plate with long tie-downs is shown in (b).

The connecting beams have lengths ranging from 90 to 250�m with a width

of 2�m, which is the minimum line width. The precise length and width are not

critical as long as the beams can tolerate the desired rotation, i.e. the maximum

shear strain from the rotation is less than the shear strain limit for polysilicon.

For a rectangular beam with length L and cross-section dimensions a and b where

a > b, the maximum shear strain occurs along the centerline of the wider sides of

the beam, and is given by

max = k
b

L
� (3:48)

where � is the angle of rotation in radians. k is a dimensionless constant depending
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Figure 3.7: This SEM photo shows a polysilicon torsional lock keeping a polysilicon
plate in a vertical position.

only on a and b [100]. For a=b = 1:5, k is computed to be 0.848.

For polysilicon, various values of the modulus of elasticity, Poisson's ratio,

tensile strength and fracture tensile strain had been reported [90, 41, 85]. A study

based on several MUMPS runs reported 169GPa, 0.22, and 1.20GPa for the three

values respectively [85], suggesting a tensile strain limit of 0.71% and a modulus of

rigidity of 69GPa. Unfortunately, no reported shear strain limit for polysilicon was

found. As a rough estimate, assume that the shear strain limit is twice the tensile

strain limit. Then, in order to rotate a tie-down 90 degrees without fracturing,

a 2�m Ply1 beam with a length of 100�m or more should be adequate. From

fabricated structures, tie-downs with length less than 100�m were indeed found to

break frequently during assembly.

Once the mirror plates are rotated upright, they are usually locked in place with
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Tenon and mortise

 Tie−
Down

Torsional
  Lock

  Gold−coated
Mirror Surfaces

Locking Plate

Torsional Lock

Figure 3.8: This drawing shows how the di�erent locking mechanisms are used
to form two orthogonal mirrors for the corner cube reector. The substrate may
act as the third orthogonal mirror. Note that this CCR cannot modulate incident
light.

torsional spring locks. Fig. 3.7 shows a torsional spring lock which is composed

of a spear-shaped beam connected to a torsional spring on the substrate. When

the plate is being rotated upright, the spear-shaped beam goes through a hole

on the plate and eventually catches a slot on the plate. To further ensure the

orthogonality of the vertical plates, we also used tenons, mortises, and additional

plates with slits for alignment and support (Fig. 3.8).

Fig. 3.9 shows an assembled CCR with the various alignment and locking mech-

anisms built in. This CCR has a movable substrate mirror which was not shown in

the design in Fig. 3.8. The design of actuated mirrors will be discussed in greater

details in the following section. Excellent alignment between the vertical mirrors

is evident from the close-up view of the edges of the mirrors where the tenon and

mortise meet (Fig. 3.10). The tenon is made of a 2�m slit on the right mirror
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Figure 3.9: A micro CCR with various locking mechanisms showing excellent align-
ments for the vertical mirrors. This CCR also has an electrostatic base mirror
which is currently rested at an angled position.

plate. The mortise is made of a P ly1 stub which is also 2�m thick, forming a

perfect �t with the slit. Fig. 3.11 shows how the mortise protrudes through the

mirror plate with the slit. Although this design yielded good results, the drawback

of using 2�m slit for a 2�m stub was that assembling the two parts together was

often di�cult.

The locking plates which are folded over the mirror plates to improve the align-

ment were found to be necessary with the current torsional lock design. Fig. 3.12

shows the same CCR as in Fig. 3.9 without the locking plates assembled. It

is apparent from the SEM that the two vertical plates are not perfectly aligned.

Eliminating the locking plates is desirable for simplifying the assembly process and

for minimizing the chip area needed for each CCR. With an improved torsional
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Figure 3.10: A close-up view of the micro CCR in Fig. 3.9 shows that the edge of
one mirror appears to be perfectly aligned with the other mirror plate.

lock design or other lock designs, CCRs without locking plates should be possible.

3.1.4 Actuated micro mirrors for CCRs

To use a micro CCR for communication, we require that the CCR must be able to

modulate the incident light. If just one of its three mirrors becomes misaligned, the

CCR will deect the incident light away from its source, thus modulating the light.

Therefore, we decided to add a movable base mirror to the CCR in Fig. 3.8 and

to keep the vertical mirrors stationary because it seems more simple to modulate

the base mirror than one of the vertical mirrors.

We also designed an actuated mirror such that in its idle state (with no actua-

tion voltage applied), the CCR will not be orthogonal. The bene�t of this design is
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(a) (b)

Figure 3.11: Rear view of the CCR in Fig. 3.9 shows the mortise protruding
through one of the mirror plates (a). The close-up view of the mortise and tenon
are shown in (b).

that the CCR will be reective only when it is actively transmitting data. When it

is not transmitting data, it would rest passively in the background without being

detected or being a noise source to other transmitting CCRs. This design goal may

not be necessarily in all applications. Nevertheless, we included this requirement

to make our CCR design more generally applicable.

We chose to use electrostatics for actuation for several reasons. Electrostatics

o�er large forces for short range of motions. With the MCNC process, electro-

static actuation is one of the most commonly used method of actuator. Thermal

actuation can also be easily implemented with this process [16]; however, ther-

mal actuators typically consume milli Watt of power, several order of magnitude

higher compared to electrostatics. Magnetic[2, 28, 67, 45], piezo-electric, and other

actuation methods may not necessarily consume high power but are clearly more

di�cult to implement with this process. Therefore, we focused our e�ort on de-

signing electrostatic actuators.
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Figure 3.12: A micro CCR without the support of locking plates was shown to
have worse alignment compared to the identical CCR in Fig. 3.9 which is fully
supported.

Fig. 3.13 shows a design of an electrostatic CCR. This design is identical as the

CCR shown in Fig. 3.8 with the addition of a movable base mirror. The movable

mirror of the CCR in Fig. 3.13(a) is not yet assembled. To assemble the movable

base mirror, the hinge mirror on the substrate is rotated about its microhinges by

almost 180 to a position just a couple degrees from being parallel to the substrate.

A metal contact on the lower part of the rotated plate comes in contact with

another metal contact on the substrate such that a voltage can be applied to the

rotated plate.

When a su�ciently large voltage is applied across the tilted mirror and the

electrode which is located on the substrate just below the tilted mirror, the tilted

mirror moves toward the substrate by bending the support beams and eventually
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Figure 3.13: One design of an electrostatically actuated corner cube for MCNC's
polysilicon process. (a)The base mirror of this CCR is formed by rotating a mirror
plate to a tilted position above a substrate electrode. (b) The cross-section of the
actuator shows how two rails on the substrate are used to help level the pulled-
down mirror and to prevent short-circuiting across the actuator.

rests against two rails on the substrate. The substrate rails not only help leveling

the pulled-down mirror but also prevent shorting between the conductive mirror

and the substrate electrode. The cross-section drawing in Fig. 3.13(b) shows an

assembled actuator moving the mirror from the angled to the horizontal \pulled-

down" position.

A fabricated electrostatic CCR is shown in Fig. 3.14. To prevent the assembled

mirror from coming apart, beams are added to clamp the mirror in place (Fig. 3.15).
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Figure 3.14: An electrostatically actuated polysilicon CCR with a 250�m corner.
The motion of the bottom plate modulates the reection from the corner. The
plate as shown is in an \up" position (the CCR is o�).

The locking beam must �rst be lifted up or pushed toward one side because the

mirror plate should be rotated to the angled position. After the mirror plate is in

place, the locking beam can then be released.

The ip-over actuated mirror design is functional but not ideal in several ways.

The ip-over mirror has a polysilicon reecting front surface instead of a metal

surface. Even when a gold layer is placed on the unrotated plate (so that the

rotated mirror would have a gold back surface) as shown in Fig. 3.13(a), signi�cant

optical power is lost in the polysilicon layer. Another problem with this design was

that the mirrors were found to be di�cult to assemble because of the 180 rotation

requirement and the locking beam design. Therefore, the yield of these devices

was low.
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Figure 3.15: Bent beams are used to prevent the rotated mirror from being disas-
sembled. To assemble the tilted mirror, a probe applies an axial force to buckle
the microjack, lifting the locking beam, the mirror is then rotated into position
(Fig. 3.13), and the locking beam is lowered.

Fig. 3.16 (a) shows an actuated mirror design with a gold reective surface.

It is formed by a suspended plate which is pried up to an angled position with

a sliding plate. The cross-section diagram of the actuator in Fig. 3.16 (b) shows

how the angle of the tilted mirror is determined by the thickness and position of

the sliding plate. The sliding plate may be set against a �xed stopper so that the

mirror is tilted to a precise angle. When the mirror is electrostatically attracted

toward the substrate, it encounters and rests on two rails on the substrate to

become orthogonal to the two vertical stationary mirrors.

Fig. 3.17 shows a fabricated actuator. It takes 3 steps to assemble this actuator:

1) pushing on a microjack which raises the mirror plate to an angle (details about

microjacks are presented in Section 3.3.2; 2) setting the sliding plate underneath
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Figure 3.16: (a) The base mirror of this CCR, which has a gold front surface, is
formed by a mirror plate which is pried up to an angled position. (b) The angle
of the pried-up mirror is determined by the thickness and position of the sliding
plate.

the base support plate of the mirror; and 3) releasing the microjack. This assemble

process is indeed more simple than that of the other design since it only involves

pushing and pulling, instead of lifting and rotating. Actuators with several sup-

port beam design variations were also fabricated as shown in Fig. 3.17 to achieve

di�erent actuation voltage and bandwidth.

The actuated mirror takes advantage of the nonlinearity and instability found

in a typical spring-mass-electrostatic system such that the mirror can be pulled

down with relatively low voltages. Typically, an actuation voltage of 10 to 20 volts
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Figure 3.17: A movable mirror with a gold front surface is assembled by 1) pushing
on the microjack, 2) pulling on the handle to move the sliding plate underneath
the base support plate of the mirror, and 3) releasing the microjack. The tilted
mirror is then actuated like the design in Fig. 3.13.

is adequate to move the tilted mirror (at about 2-3 degrees) to a at position.

Estimated capacitance of the electrostatic actuator is less than 0:3pF . When

the CCR is driven with 20 V and 10 kHz voltage input, the estimated power

consumption of the actuator is therefore less than 0:6�W.

3.2 Analysis of Electrostatic Actuator

3.2.1 Modeling of the non-parallel plate actuator

In order to predict the behavior of the nonlinear mirror actuator shown in Fig. 3.13

and Fig. 3.16, a lumped-element model has been used to simulate the system

(Fig. 3.19). This model assumes that the mirror is a rectangular rigid body with
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(a) (b)

Figure 3.18: Tilted movable mirrors with support beams attached (a) on opposite
sides of the mirror and (b) at one end of the mirror.

width W , length L, thickness t, mass Mp and moment of inertia Ip given by

Ip =
Mp

12
(L2 + t2) +Mp(L� L0)

2 (3.49)

where L0 is the distance between the axis of rotation and one edge of the plate to

plate de�ned in Fig. 3.19. The axis of the rotation is de�ned by the support beam

attachment points to the mirror. Note that the t2 term in Eq. 3.49 is negligible

because the mirror is a thin plate.

The support beams are modeled as �xed-end elastic straight beams, each with

length l, width w, height h, and moment of inertia of beam cross-section Ib given

by

Ib =
w3h

12
: (3.50)

The forces and moments acting on the mirrors are generated by the electrostatic

attraction between the mirror and the substrate electrode, the elastic beam sup-

ports, and squeeze-�lm damping.
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Figure 3.19: Lumped-element model for the electrostatic actuator.

Based on these assumptions, the system equation for the actuator in Fig. 3.14

is the following:2
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where for � � 0,

� = d (3.52)

and for � < 0,

� = d+ 2L sin
j�j
2

(3.53)

E, �, and � represent Young's modulus of polysilicon, permittivity of free space,

and viscosity of air. Other variables are explained in Table 3.2. We will further

explain the derivation of the equation in the rest of this section.

71



Mp mass of mirror plate 1.25 �g
Ip moment of inertia of mirror plate 3.26�10�17 kgm2

W width of mirror plate 250 �m
L length of mirror plate 280 �m
Ib moment of area of beams 2.25�10�24 m4

l length of support beams 370 �m
V applied voltage 0-20 V
d gap distance { �m

(at the beams attachment)
� angle between the plate { deg

and the substrate
d0 initial gap distance 20-30 �m
�0 initial plate angle 2-4 deg

Table 3.2: Explanation of variables for the system equation

The electrostatic actuator is modeled as a non-parallel capacitor (Fig. 3.20).

First, the electric �eld, E, is found by solving Laplace's equation in polar coordi-

nates as a function of the radial distance, neglecting the e�ect of fringing �eld.

V =
Z
E � ds =

Z �

0
E(r) r d� (3.54)

=) E(r) =
V

� r
; r0 < r < r0 + L; (3.55)

The capacitance, C, is calculated using Gauss' law for electricity (Eq. 3.56.

q = "0

I
E � dA = "0

Z r0+L

r0

Z W

0
E(r) dz dr (3.56)

=) q =
"0W

�
ln
r0 + L

r0
V (3.57)

q = C V =) C =
"0W

�
ln
r0 + L

r0
(3.58)
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Figure 3.20: Illustration of a non-parallel plate capacitor.

C may be represented in terms of the displacement d (as de�ned by Fig. 3.20) by

substituting r0 in Eq. 3.58 with

r0 =
d

2 sin �
2

� L: (3.59)

It can be shown that the capacitance, C, for the non-parallel plates is equal to

that for a parallel plates as � goes to zero.

lim
�!0

C =
"0W L

d
(3:60)

The total energy, U , for the non-parallel plate capacitor is then calculated using

Eq. 3.61.

U =
1

2
C V 2 (3.61)

The force, Fe, applied to the support beams by the charged plates is calculated

by taking a partial derivative of the total energy U with respect to the vertical

separation.

Fe =
@ U

@ d
=

1

2

@ C

@ d
V 2 (3.62)
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Therefore, Fe as a function of d, �, and the plate dimensions is given by the

following express:

Fe = �1

2
V 2 "0WL

d �

 
2sin�

2

d � 2Lsin�
2

!
(3.63)

It can be shown that the electrostatic force for the non-parallel plates is equal to

that for the parallel plates as � goes to zero.

lim
�!0

Fe = �1

2
V 2 "0W L

d2
(3:64)

We assume that this electrostatic force, Fe, is directly applied to the tips of the

support beams.

The electrostatic moment,Me, applied to the support beams by the actuated

mirror is more critically dependent on the location where the beams and the mirror

are connected. At this location lies the axis of rotation for the mirror. This

moment can be calculated by summing the product of the electrostatic force due

to a di�erential area, F 0
e, and the corresponding distances from the areas to the

axis of rotation.

The electrostatic force due to a di�erential area, F 0
e, is de�ned by

Fe =
Z r0+L

r0
F 0
e(r)dr: (3.65)

r is de�ned in Fig. 3.20. By expressing Fe in terms of r0 instead of d in Eq. 3.63,

we can de�ne F 0
e as the following:

F 0
e(r)dr = lim

�L!0;r0!r
Fe(r0; L) (3.66)

Therefore, the electrostatic moment generated by the plate, Me, as a function

of the beam attachment location characterized by L0 (Fig. 3.19) is de�ned by the
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Figure 3.21: Illustration of an elastic beam with one �xed end and one free end.

following integral:

Me =
Z r0+L

r0
(L0 + r0 � r)F 0

e(r)dr (3.67)

Therefore, Me is given by

Me = �1

2
V 2 "0W

2� sin �
2

 
ln
�
r0 + L

r0

�
� L(r0 + L0)

r0(r0 + L)

!
(3.68)

L0 is equal to L, L=3, and 0 for the design in Fig. 3.17, Fig. 3.18(a), and Fig. 3.18(b)

respectively. The expression for r0 (Eq. 3.59) can be substituted in Eq. 3.68 to

represent Me in terms of d and �. The complete expressions of the electrostatic

force and moment for L0 = L are shown as the �rst terms on the right side of the

system equation (Eq. 3.51).

The two support beams of the actuated mirror are modeled as ideal linear

rectangular beams with one free-end and one �xed-end (Fig. 3.21). The elastic

curve of the beam is de�ned by

EI
d2y

dx2
=M(x) (3.69)

where M(x) is bending moment along the beam [100]. With a force F and moment

M load at the tip of the free end, the slope � and the deection y at the tip are

de�ned by the following expressions:

� =
l

EI
M +

l2

2EI
F (3.70)
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y =
l2

2EI
M +

l3

3EI
F (3.71)

Since the support beams and the mirror are connected, � and y are coupled to

the position and angle of the mirror. When the mirror moves, the beams become

bent and in return exert a force and moment onto the mirror. The spring force

and moment expressions, derived from Eq. 3.70 and Eq. 3.71, are shown as the

second term on the right side of the system equation for the case where L0 = L

(Eq. 3.51). The original � and y of the beams are represented in d and � based on

the coordinate system of the mirror (Fig. 3.19).

The damping force in the system is approximated by squeeze-�lm damping for

parallel-plates [88, 4], and the damping moment is calculated by multiplying the

damping force by the distance from the center of the mirror to the axis of rotation.

The damping expressions are shown as the last term of the right side of the system

equation.

The system equation in Eq. 3.51 describes the mirror's motion only when the

mirror is not in contact with any rails on the substrate. Ideally, the mirror will

contact both rails at the same time and then come to a full stop at the rails very

quickly. We would like to design such a movable mirror. On the other hand, if the

mirror happens to collide with one of the rails before the other one, the subsequent

motion of the mirror would require a more complex model. For example, the mirror

must no longer be modeled as a simple point mass. The compliance of the mirror

and the rails also need to be taken into account. Nevertheless, this simple model

is still useful for estimating the static positions, pull-down and release dynamics

of a near-ideal actuated mirror.

76



0 2 4 6 8 10 12 14 16
26

27

28

29

30

31

Voltage (in V)

P
la

te
 T

ip
 D

ef
le

ct
io

n 
(u

m
)

0 2 4 6 8 10 12 14 16
3.6

3.7

3.8

3.9

4

4.1

Voltage (in V)

P
la

te
 a

ng
le

 (
de

g)

Figure 3.22: Simulated deection and angle of the actuated mirror in Fig. 3.13 as
a function of input voltages is shown. Simulated pull-in voltage is 15:3V .

3.2.2 Simulation of the actuator

The system equation, Eq. 3.51, is simulated with Matlab using Simulink and the

Runge-Kutta �fth order method.

The model predicts a voltage at which the electrostatic force will overcome the

spring force, as seen in parallel-plate electrostatic systems [13]. Fig. 3.22 shows

the simulated equilibrium positions of an actuator with voltage input from 0 to

the predicted pull-in voltage of 15.3 V. The predicted voltage agrees well with

experimentally observed pull-in voltages for this actuator, which cluster around 15

V. The increase in plate angle when the applied voltage approaches 15V suggests

that the unsupported mirror edge will �rst collide with a rail during a pull-down.

This e�ect has also been observed.

Fig. 3.23 shows the simulated motion of the plate from a \pull-down" position

to an idle position with no applied voltage. The natural frequency of the actuator

is simulated to be 550Hz.
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Figure 3.23: Simulated positions of the actuated mirror in Fig. 3.13 as it goes from
the \down" position to the \up" position.

3.3 Fabrication of micro CCRs

Layout of the CCR designs are electronically submitted to MCNC for fabrication.

Generally, MCNC will fabricate and deliver the 15 chips within about 3 months.

MCNC o�ers services of release etching, packaging, and bonding. To take advan-

tage of these services, the design must follow strict etch hole design rules so that

the chips may be properly released. In our case, our CCR designs have large plates

(with dimensions of 300�m) which do not have etch holes (Section 3.1.2). Since

these designs do not follow the etch hole design rules, we do not request MCNC's

etching or bonding services. Instead, we requested un-post-processed chips from

MCNC. These chips are coated with protective photoresist and the polysilicon lay-

ers are still encased in the sacri�cial oxide layers. To create CCRs, these chips

must be further processed including wet etching and micro-assembly.

78



3.3.1 Post-processing of MCNC chips

The MCNC chips were �rst soaked in acetone in order to remove the protective

photoresist layer. Generally a 15 minute soak in acetone and then a quick rinse in

isopropanol would adequately remove the photoresist layer for a successful sacri-

�cial release etch. All the rinses were done at room temperature. Unfortunately,

small spots of photoresist scum or residue were often found on the gold surfaces

and the chips tended to exhibit stiction. Best results were found by extending the

15 minute soak to 30 minutes and soaking the chips in an ultra-sonic bath, followed

by a 5 minute isopropanol dip. The chips were then transfered to a fresh bath of

isopropanol before the sacri�cial oxide etch.

In order to release the structural polysilicon layers, the chips must be etched in

hydrouoric acid (HF) to remove the sacri�cial oxide layers. MCNC uses phospho-

silicate glass (PSG) deposited by LPCVD as the sacri�cial oxide. The etch rate

of the MCNC MUMPS' PSG in room temperature 49% HF is about 10�m=min.

Since our designs had large plates with no etch hole, the acid must undercut dis-

tances of up to 150�m of PSG in some areas. Therefore, we etched our MCNC

chips in room temperature 49% HF for up to 15 minutes in order to release for all

the polysilicon plates. The chips were etched with essentially no agitation to avoid

damaging any released or partially released plates. 49% HF is reported to show

near zero etch rate for polysilicon and slow etch rate for low-stress nitride [97].

The 15min long etch generally did not cause any observable e�ect on the gold or

polysilicon layers.

Following the HF etch, the chips were carefully taken out the HF bath and

immediately placed in DI water for a 5 minute rinse, followed by an isopropanol

rinse for another 5 to 10 minutes. Again, minimal agitation was applied to prevent
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damage to the released structures. Finally, the chips were either dried on a 105o

hot plate for 2 minutes or baked in a 120o oven for 20 minutes.

Using isopropanol as a �nal rinse chemical is bene�cial because its low surface-

tension reduces the capillary force which often causes beams or plates to become

adhered to the substrate during drying. Although there are many other release

procedures such as supercritical-liquid carbon dioxide drying [72], self-assembled

monolayer (SAM) anti-stiction �lm coatings [36, 87], and vapor-phase HF etch-

ing [59] which were shown to provide better release results in terms of minimizing

stiction [48], we found that the simple alcohol release method which we used was

able to provide adequate results for our designs.

Depending on the method of packaging, the 1cm2 may be diced into several

dozen diced pieces. Dicing must be carried out before the wet release process

because the debris generated during the dicing process could easily damage the

released MEMS structures. The chips were diced at the UCLA Center of High

Frequency Electronics, and all the wet processing was conducted at the UCLA

Nanoelectronics Research Facility. The 1cm2 chips were generally easy to handle;

however the small 3mm2 diced pieces required special attention since it was easy to

scratch the chips with the tweezers. The small chips could also easily turn upside

down and damage the poly structures.

3.3.2 Manual assembly of micro CCRs

All the polysilicon CCRs presented in Section 3.1 are manually assembled using

micro-manipulators at a probe station with a microscope. A microscope with a

total magni�cation of about 100 is generally adequate for assembly; however, long

distance objectives are necessary to allow the probe tips to reach the structures
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on the chip. Probe tips with tip diameters of 12�m were found to be best since

they are sharp but not too fragile. Probe tips which are too sharp could actually

cause problems such as getting caught by the etch holes on the plates or piercing

holes through the plates. In general, two micro manipulators are su�cient for

assembling the designs presented in this work.

The assembly process of a micro corner cube like the ones in Fig. 3.9 and 3.14

includes assembling the movable base mirror and lifting and rotating four plates {

two plates which form the two vertical mirrors and two which serve as additional

alignment aides. Assembling the di�erent designs of movable base mirrors was

already briey discussed in Section 3.1.4. For example, the assembly procedure for

the movable mirror in Fig. 3.17 was relatively straight forward { only pushing and

sliding are involved. The probe tip must be lowered to the surface of the substrate

and then moved along the substrate. To assemble the movable mirror in Fig. 3.14

or the other vertical mirrors, released plates must be lift up and rotated about

their hinges. The required steps are more di�cult to carry out.

To lift and rotate a plate about some hinges, one must place a probe tip un-

derneath the plate. Once the probe tip is underneath a plate, it must be raised

up from the substrate while keeping in contact with the plate until the plate is

latched up by a lock or is resting on other structures. Depending on the design

of the hinged plate, the edge of the plate may lie at on substrate or have a gap

of up to 2:75�m above the substrate. Sliding a sharp probe tip underneath the

plate may be relatively easy. Unfortunately, in some cases, friction between the

probe tip and the plate may cause the free plate to slit on the substrate such

that hinge pins are pushed against the staple and break. In other cases, stiction

or adhesion between the released plate and the substrate may cause the plate to
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Figure 3.24: A micro jack is resting on the substrate in a buckled shape. Microjacks
can be used to raise up a hinge plate slightly so that sliding a probe tip underneath
the plate becomes much easier.

become \stuck" to the substrate such that it becomes extremely di�cult to slide

a probe tip underneath the plate.

In order to facilitate micro assembly, particularly in situations described above,

microjacks are used to raise the released plates so that probe tips can easily be

placed underneath the plates [13]. Microjacks, usually made of P ly1, are long

beams with one free end and one �xed end. When compressed axially from the free

end, the microjack will buckle (Fig. 3.24). When a microjack is placed underneath

a P ly2 plate, it may be used to raise the edge of the plate by ten's of microns so

that placing a probe tip underneath the plate becomes trivial. With the aid of a

microjack, lifting and locking a hinged plate may take as little as a few seconds.

For the CCRs designed in this work, the di�erent mirror plates and locking

plates must be assembled in a speci�c sequence: the mirror plate with the mortise
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or alignment stub must be locked into position before the other vertical mirror

plates. The two locking plates can be rotated to their �nal position as long as

the corresponding mirror plates are already in place. The movable mirror may be

assembled before or after the assembly of the vertical mirrors.

The ease and yield of manually assembled micro CCRs largely depends on

the release-etch process. If the chip is properly released and rinsed such that the

substrate is free from scum and minimal stiction is present, assembly of a CCR

may take 3 to 4 minutes with a yield of at least 90%. When stiction is present,

more care is required to assemble a CCR. As a result, the assembly process takes

10 to 15 minutes. The yield may be reduced to 50% when a lot of stiction is

present. In these cases, the microjack may break while trying to pry up the plate

which is stuck to the substrate. Subsequently, only careful manipulation of the

probe tips can lift up the plate. Therefore, a reliable release-etch process such as

the one described earlier is crucial for the realization of these microstructures.

3.3.3 Self-assembled micro CCRs

The micro CCRs which have been presented have been designed for manual assem-

bly. For mass production, automation of the assembly process would likely lead to

lower cost and higher yield. Since a well-de�ned sequence of steps is needed to as-

semble a micro CCR, in principle, they can also be automatically assembled using

programmable micro-manipulators. A micro-manipulator could be programmed

to push against a microjack, then another manipulator would lift up the raised-

up plate and move it to a known position where the plate will become locked.

Although such automation would not be too di�cult to implement, an assem-

bly system with complex hardware may be required. Furthermore, each design

83



variation with plate size or beam sti�ness may require a unique program unless

sophisticated force feedback and image processing are used. In a more ideally sit-

uation, CCRs should be designed to self-assemble when some external energy is

applied.

Hinged structures have been demonstrated to self-assemble in water where the

motion of agitated water pushes the released hinged plates with integrated locks

and causes them to become locked [9]. Since our CCR designs require a sequence

of assembly steps, assembly by random water motion is very di�cult. A number of

microstructures with integrated micro actuators for self-assembly were reported.

Actuators which may be used for assembly include linear stepper motors or inch

worm motors [99, 92], vibromotors [19], thermal actuator arrays [16], and scratch-

drive actuator arrays [3, 55]. In this work, we have also attempted to integrate

micro actuators with CCRs so that the CCRs may self-assemble when they are

supplied with the appropriate voltage signals.

We chose the scratch drive actuator (SDA) for its large force output (up to

100's of �N), its ability to achieve long range of motion (100's of �m of distance),

and most importantly, its simple design (simple to layout). Like many MEMS

actuators, large voltage (60 to 120V ) is required to actuate SDAs . However, this

is not a signi�cant concern since this micro-assembly needs to be performed only

once and the voltage requirement does not a�ect the actual performance of the

devices during normal operation. Cost of supplying large voltage for the one-time-

only assembly process is also negligible.

Fig. 3.25 shows an array of 6 SDAs which has rotated up a plate through some

mechanical couplings. These structures also fabricated by MCNC. Each scratch

drive actuator in the array is a small rectangular plate (50 to 100�m in length)
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Figure 3.25: An array of 6 SDAs have rotated up a plate (near the top) using
mechanical couplings including plates and scissor-hinges (Fig. 3.27).

and a bushing at one end, forming an L-shaped cross-section. Fig. 3.26 shows a

close-up drawing of one of the SDAs in the array. The actuators are connected to

several movable but guided rails on a conductive plane. The guided rails provide

mechanical linkage for the actuators so that the forces generated by the actuators

are summed. The rails also serve as electrical connection from the conductive plane

to the actuators.

When a positive square waveform is applied between the conductive rails and

the substrate, the actuator becomes attracted to the substrate and experiences a

cycle of deformation and motion: the plate is pulled toward the insulating plane,

becomes elastically deformed, then slides forward in the direction of the bushing as

it is released for the substrate, and �nally returns to its initial shape (Fig. 3.26).

In each cycle, the actuator moves forward only a fraction of a micron (about
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Figure 3.26: A close-up drawing of a scratch drive actuator in the actuator arrays
in Fig. 3.25).

0.01�m[64]); however, with a bandwidth in the tens of kilo-Hertz range, the ac-

tuators can travel hundred of microns in a few seconds depending on the input

voltage frequency.

In MCNC MUMPS process, the rectangular plate may be made of the P ly1

layer, and the bushing may be created with the dimple layer, which is a 0.5 micron

partial etch on the Ox-1 layer. The 0:5�m nitride layer forms the insulating layer

while the P ly0 forms the conductive plane on which the conductive rails rest.

MCNC does not o�er the option to pattern the nitride layer. Therefore, to create

electrical contact to the substrate, one may stack the holes layers of Ox1 and Ox2

(known as Anchor1 and Anchor2) together such that the over-etch would etch

through the nitride layer. As a result, the P ly2 and gold layers may be electrically

connected to the substrate.

The SDA array in Fig. 3.25 is mechanically coupled to a hinged plate using

plates and scissor hinges so that the linear motion of the array is translated into

rotation of the hinged plate. Scissor hinges are made of interconnected �ngers of
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Figure 3.27: A close-up view of the scissor-hinges which connects the horizontal
sliding plate to the angled plate.

polysilicon which allows plates to rotate with respect to each other [99]. Fig. 3.27

shows the scissor hinge joint which connects the horizontal sliding plate to the

angled plate in Fig. 3.25.

A mechanical stopper can be integrated into the conductive rails so that the

SDA array will travel a precise distance and then stop. The SDA array in Fig. 3.25

has traveled a distance of about 200�m. The close-up view of the actuator array in

Fig. 3.28(a) reveals that the array can no long move forward because its integrated

stopper is already pushing against on the center rail guider. In contrast, the

actuator array in Fig. 3.28(b) whose stopper has been physically removed was able

move further forward as shown. The stopping position is then dependent on when

the input voltage is turned o�. With the stopper, the stopping position of the

array is well de�ned; therefore, the hinged plate can also be rotated to a precise
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(a) (b)

Figure 3.28: Close-up views of the SDA array from Fig. 3.25 are shown in (a) with
a mechanical stopper and (b) with the mechanical stopper removed. The array in
(b) has moved about 60�m further than the one in (a).

angle.

Fig. 3.29 shows a self-assembled CCR with integrated SDA. The structure also

has integrated tie-downs, mortise, and tenon for alignment like the manually as-

sembled CCRs. Unfortunately, the CCR as shown was not fully assembled because

the stoppers were placed at the incorrect position so that the SDA array's travel

was limited. Although the mirrors of this particular CCR were rotated up by the

SDAs, many other mirrors require an initial lift with a probe tip. The reason

is that the mirrors, which have the same voltage potential as the SDA, become

attracted to the substrate just like the SDAs. This problem, however, can be com-

pletely eliminated by adding a P ly0 plane underneath each mirror, similar to the

conductive P ly0 plane underneath the movable rails.

The stoppers which limit the travel of the SDA arrays in Fig. 3.29 were carefully

removed with a probe tip, the CCR was able to assemble completely, as shown in

Fig. 3.30. The two mirror plates and the locking plate are assembled in sequence,
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Figure 3.29: A CCR which was not able to self-assemble completely because of
incorrectly designed stoppers.

just like the manually-assembled CCRs. This structure, however, was found to

have come apart during the SEM process as shown in Fig. 3.31, suggesting that

additional locking mechanism is needed.

Fig. 3.32 shows the rear views of two CCRs, one with an unassembled locking

plate which is resting on the substrate, and one with an assembled locking plate

which is pushing against one of the vertical mirror plates. The design of the

mechanical coupling for the locking plate is slightly di�erent from that for the

mirror plates because the locking plate must rotate for more than 90 degrees. The

locking plate successfully to the desired angle; however, one of the coupling plate

was found to be too short so that the conductive rails began to curve up as the

actuator moved forward. This problem can be corrected by increasing the length

of the coupling plate.
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Figure 3.30: A CCR which was not able to self-assemble completely because of
incorrectly designed stoppers.

Auto-assembly of the actuator was not successful for the fabricated designs.

As shown in Fig. 3.29, the SDA array connected to a microjack was able to cause

the microjack to arch { this microjack remained in this position probably due to

fraction. In practice, when the SDA were driven, the microjack would even arch

more dramatically. Unfortunately, the microjack could not raise up the base mir-

ror. The reason is that parts of the movable mirror such as the support beams and

the edges of the mirror were not resting on the conducting P ly0 plane. Therefore,

the mirror was strongly attracted to the substrate when the SDA were driven,

preventing the assembly of the structure. This problem can also be corrected by

properly designing the P ly0 conductive plane.

The fabricated self-assembled CCR test structures had numerous problems due
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Figure 3.31: A close-up view of the CCR shows that the CCR came apart during
the SEM process. Tenons and mortises were integrated for alignment, although
they were not properly engaged in this case.

to design errors. Nevertheless, it is evident from the results from these test struc-

tures that fully self-assembled CCRs are realizable. Scratch-drive actuators were

found to be suitable for self-assembly, although the required die area for these

designs was doubled compared to that of self-assembled one. The challenge, there-

fore, is to design self-assembled CCRs which are compact in size with high yield

so that the cost per CCR may be minimized.

3.3.4 Packaging of micro CCRs

The devices may be assembled before or after the chips were packaged and bonded.

All the bonding was either carried out in the UCLA Center of High Frequency

Electronics or the UCLA EE115AL Laboratory. In the earlier development stage,

the devices were usually assembled before bonding because the assembly yield was

low. Unfortunately, the bonding process often destroyed the assembled device due

to poor handling of the chips. Otherwise, the exact sequence of assembly and

bonding were not critical. Unbonded devices were occasionally tested by applying
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Figure 3.32: Rear view of a self-assembled CCR (a) with an unassembled locking
plate on the substrate and (b) with an assembled locking plate.

electrical signals to the devices through the micro-manipulators and observing the

motion of the mirrors through the microscope. More robust testing, however,

required the chips to be bonded.

For the undiced 1cm2 chips, each chip was attached to a custom-made glass

substrate with copper pads. These small substrates were made from copper plated

PC boards etched in sulfuric acid which were cut into small squares. In order to

keep the microstructures safe and clean, each substrate was housed in a transparent

plastic case. An example of a packaged chip is shown in Fig. 3.33(a). Depending

on the application or test, the lid may be opened to improve the reectivity of

the device. For the full size chips, standard IC packages were available. However,

these packages were generally too large for mounting on the optical mounts in our

test bench and therefore not used.

Some of the MCNC chips were diced into small pieces with only one CCR per

piece. In this case, standard 8-pin dip-packages were used instead of the custom-

made glass substrates. Since the dip packages were easier to handle, they may
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(a) (b)

Figure 3.33: (a) A bonded MCNC chip on a glass substrate inside a plastic case.
(b) A single CCR in a 8-pin dip package inside a plastic case.

be directly plugged into a breadboard or socket for testing. Nevertheless, these

packages usually were also housed inside a plastic case as shown in Fig. 3.33(b).

We had also made cover lids for these dip packages using 150�m thick microscope

glass covers. Because of the thickness of the glass covers, it was easy to cut the

glass covers into the appropriate sizes with a sharp blade. The glass lid is either

glued or taped onto the dip package.

Although the plastic cases and glass lids prevented general physical damages

to the devices, they were not ideal solutions for various reasons. For example,

a plastic lid has a transmittance of about 86% (at 45 degree incident angle) but

the transmitted light beam is often distorted. The glass lid has an equal value of

transmittance without causing distortion. However, since the interrogating light

must pass through a lid twice before reaching the detector, the lid causes a net

26% decrease in received power. Aside from poor optical qualities, these packages

were de�nitely not robust enough for harsh climate or environment. Further work

is required to develop a packaging scheme which minimizes optical distortion and

prevents the devices from physical damages due to debris, gust, and moisture.
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Figure 3.34: Drawing of the di�erent capacitances associated with a micro CCR.

3.3.5 Capacitance testing of packaged CCRs

Four main capacitances are associated with a CCR actuator. Shown in Fig. 3.34 is

a block diagram which explains these capacitances. The four capacitances are Ces,

the capacitance between the drive electrode and the substrate, Cms, the capaci-

tance between the movable mirror and the substrate, Cme, the capacitance between

the movable mirror and the electrode, and �nally Cbg, the capacitance between the

substrate and the environment. The substrate includes the silicon chip substrate

as well as the package to which the substrate may be electrically connected.

In order to determine the values of the capacitances, we used an oscillation

circuit whose frequency output is a function of an input capacitor (Fig. 3.35). A

simple oscillation circuit was built using a 555 chip, whose frequency output is

given by:

freq =
K0

K1 + Ctest
(3.72)

To estimate the circuit constants K0 and K1, 35 5% capacitors with values ranging

from 0.22�F to 0.1�F were connected to the oscillation circuit. The measure
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Figure 3.35: Block diagram of the capacitance test setup.

Cin GND Ctest

Substrate Mirror, Drive electrode Ctest1 = Ces + Cms + Cbg

Mirror Substrate, Drive electrode Ctest2 = Cme + Cms + Cbg

Drive electrode Substrate, Mirror Ctest3 = Cme + Ces + Cbg

All 3 nodes (Not connected) Ctest4 = Cbg

Table 3.3: Explanations for the measured CCR capacitances using an oscillation
circuit.

output frequencies and the corresponding known capacitor values were then used

to compute the best �t values of K0 and K1.

After the circuit was well characterized, di�erent CCRs were connected to the

circuit and tested as capacitors. 4 di�erent frequency measurements were taken

for each CCR by grounding di�erent combinations of the three CCR nodes. For

example, by electrically connecting the substrate to the circuit and grounding the

drive electrode and the mirror nodes, Ctest would equal to the sum of Ces, Cms,

and Cbg. The four di�erent possible \test" capacitances corresponding to the 4

di�erent measured frequencies are given in Table 3.3.

The four measured frequencies for each CCR were used to determine the four

\test" capacitances, which were then used to solve for the four unknown capac-

itances Ces, Cms, Cme, and Cbg. Theoretical estimates based on the layout ge-

ometries are compared with the experimental results in Table 3.4 for a CCR. For

Ces and Cms, theoretical estimates assume that C = �A=d where d is the nitride
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Ces Cms Cme Cbg

Theoretical Value (pF ) 19.29 26.67 0.0646 (up) {
0.308 (down)

Measured Value(pF ) 19.4 26.5 1.55 1.19

Table 3.4: Theoretical and measured capacitances for a packaged CCR.

thickness (0.5�m) and � = 7:5�0. The corresponding A's were calculated from the

layout which includes the actuator areas as well as the additional wiring and the

pad areas. For Cem, theoretical estimate was calculated using Eq. 3.58.

The theoretical and measured values for Ces and Cms showed excellent agree-

ment. For all the devices tested, Ces, Cms, and Cbg are within 10%; however, the

ratio of Ces and Cms, which should be equal to the ratio of the areas Aes and Ams,

are consistently within 2%. Unfortunately, the measured values for Cme did not

appeared to be a�ected by the position of the actuator. In general, the measured

values for Cme were several times larger than the theoretical values. Nevertheless,

the measured Cme seemed reliable. The discrepancy is probably due to the par-

asitic capacitances associated with the packaging and the test circuit which are

much larger than the actual capacitance.

To minimize the capacitance of the actuator during the operation, the moving

mirror node was grounded and electrically connected to the substrate. The driving

signal was applied to the driving electrode. Therefore, the capacitance of the device

is equal to Ctest3, which is about 21pF . This value can be reduced by optimizing

the Aes such as carefully routing the wires which connects the drive electrode to

the bonding pad.
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Figure 3.36: A typical optical setup used for testing fabricated CCRs.

3.4 Optical Experiment Results

Numerous fabricated CCRs were tested on an optical bench in controlled lighting.

Shown in Fig. 3.36 is a typical test setup. Di�erent optical components were

mounted on a breadboard which was placed on a vibration isolation table. A dark

environment was created by enclosing the breadboard in a box with black interior.

A 10mW helium-neon laser with a wavelength of 633nm was used as the light

source. The beam was aligned so that it was near parallel to the optical bench,

and the beam intensity was varied in di�erent experiments using beam splitters

and neural density �lters (not shown in Fig. 3.36). The device being tested rested

on a combination of mounts which provided six-degree of alignment adjustments.

In most cases, the reected light from the device was directed to a silicon pin photo

detector using a beam splitter and a mirror. A CCD camera and a power meter

were also used in di�erent experiments. Relevant details of each experiments will

be discussed in the corresponding sections.

The performance of the fabricated CCRs obviously varied between design it-

erations. Rather than presenting results from every variations of CCRs, we will

present only results which provide insights to the critical design and behaviors of

the CCRs.
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Figure 3.37: A CCD image of a typical mirror reection. The gold-coated polysil-
icon mirror has dimensions of about 300 microns.

3.4.1 Reected beam pro�le and divergence for a single mirror

When a single micro mirror is illuminated by a large laser beam, a complex reec-

tion is created from the micro mirror. A CCD image of the reection from a single

mirror with dimension of 300�m is shown in Fig. 3.37. The square image corre-

sponds to the square shape of the mirror, although much more complex compared

to the di�raction pattern from a simple square aperture. The complex interference

patterns are probably caused by the ridges, edges, and curvature of the mirror.

The divergence of the reected light beam from the mirror was found to be

greatly dependent on the mirror curvature. For example, the measured divergence

from fabricated gold-coated polysilicon mirrors with the design in Fig. 3.2 (a)

is about 36mrad. These mirrors had measured radius of curvature, �, of about

10mm (Section 3.1.2). On the other hand, for the oxide encapsuled mirrors with

the design in Fig. 3.2 (b) which had a radius of curvature of about 20mm, the

measured divergence was about 27mrad. The theoretical estimate based on the

di�raction (Eq. 2.16) is only 2.57mrad, which is much smaller than the measured
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values. Using a more simple estimate based on geometry, where

2�div
2�

=
W

2��
; (3.73)

(W being the mirror dimension), the corresponding estimates for the two di�erent

mirrors are 15mrad (for � = 10mm) and 7.5mrad (for � = 20mm), which are

much closer to the measured values. Therefore, we conclude that the large mirror

divergence is largely due to the mirror curvature. The non-uniform mirror pro�les,

especially near the mirror edges (Fig. 3.1.2) probably also contributed to the large

divergences.

3.4.2 Reected beam pro�le and divergence of a micro CCR

Now, consider the reected image of a CCR.When an interrogating light shines at a

CCR from the �(1; 1; 1) directions, we predicted with our theory from Section 2.2.1

that the reected light from an inactive CCR (one with a tilted base mirror) would

have two light patterns and that the two light patterns would come together to form

a single pattern when the CCR becomes active (all its mirrors become orthogonal).

Using a CCD camera, we imaged the reected light from a well-aligned CCR in

the inactive and active states. The CCD images are shown in Fig. 3.38.

When the base mirror was tilted, the reected light from the CCR showed two

separate images (Fig. 3.38 (a) and (b)). When the base mirror was pulled down,

the two images became overlapped and formed a single bright image (Fig. 3.38

(c)). A faint hexagonal shape is visible in all three images, although it is most

clear in the combined image. This shape becomes more evident when the intensity

of the image in Fig. 3.38 (c) is reversed and enhanced, shown in Fig. 3.38(d).

A hexagon shape was expected because the projection of a CCR on a plane

is indeed a hexagon. Compared to di�raction simulations of a micro CCR with
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(a) (b)

(c) (d)

Figure 3.38: The two spots, bottom and top, reected by a CCR in the inactive
mode are shown in (a) and (b) respectively. The two spots combines into a single
spot when the CCR becomes active as shown in (c). The reverse image of (c) is
enhanced to show the hexagon shape of the CCR's reection.

at mirrors [38], the observed images lacked the sharp peak in the center of the

beam due to the curvature of the fabricated mirrors. For CCRs with less perfect

alignment, the combined light pattern may become enlarged and di�used, and the

hexagon shape becomes less identi�able.

Depending on the misalignment, each of the two separate patterns in Fig. 3.38(a)

and (b) may also split into 2 or 3 polygon-shaped patterns. If the alignment is

signi�cantly poor, the two set of light patterns in the inactive state may not even
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meet. Poor alignment is often due to broken tie-downs, hinges, or locking plates.

Such CCRs are not operational unless the detector has a large aperture and is

placed in close range of the CCR (Section 2.2.1).

The reected light beam from a CCR is a�ected by the alignment as well as

curvature of the CCR mirrors. For example, we observed in the earlier CCRs that

CCRs with the concave-down ipped mirror actuator (Fig. 3.14) generally have

smaller divergence (by 10mrad or more) than CCRs with the concave-up mirror

actuator with a gold front surface (Fig. 3.17). Despite of this bene�t, the concave-

down base-mirror design had the disadvantages of low reectivity and di�cult

assembly steps (Section 3.1.4), we adopted the later design and further improved

the mirror curvature and alignment support.

From optical experiments, it was found that measured divergence for laser light

reected by typical CCRs with gold front-surface mirrors like the one in Fig. 3.9

was about 25mrad. These CCRs had oxide-encapsulated mirrors and alignment

mechanisms with low tolerances. The best observed CCR reection has divergence

of about 15mrad while \bad" CCR reections may be 40mrad. Compared to the

rough divergence estimate based on �=d (Eq. 2.16), this measurement is about

a factor of 5 to 10 greater. Therefore, these current devices are not near the

di�raction limit of an ideal micro retro-reector. Further reduction of the mirror

curvature would be desirable for our communication application since the signal-

to-noise ratio is inversely proportional to the fourth power of the CCR's divergence

(Section 2.3.3).
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Figure 3.39: Measured and simulated optical response for di�erent CCR orien-
tations are compared in this plot. The simulated and measured response were
normalized by the corresponding maximum response (at the 111 direction).

3.4.3 CCR response for di�erent orientations

In Section 2.1.2, we discussed how the e�ective area of the CCR, which directly

corresponds to the reected power, is dependent on the direction of the incident

light, or, equivalently, the orientation of the CCR. To determine the relationship

between the response and the CCR orientation, we carried out the following exper-

iment. We shined a laser beam at the CCR where the CCR appeared to have the

highest reectivity. With the laser direction �xed, we rotated the CCR about an

axis normal to the optical table. We then measured the intensity of the reected

light from the CCR with a photo detector as a function of rotation and compared

the result to simulation.

Although the experiment was conceptually simple, collecting meaningful data
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was di�cult because precise optical alignment was critical. The laser beam must

be adequately columated and wide so that the reected light from the CCR would

only depend on the orientation and not the pro�le of the laser beam. The laser

beam must be aligned to intersect the axis of rotating stage. The CCR must

also be properly aligned to the axis of rotating stage. Improper alignment to the

rotation axis would cause the CCR to translate away from the center of the laser

beam. Finally, it was also necessary that all the reected light from the CCR (in

the active state) was completely collected by the aperture of the detector.

The result of this experiment is shown in Fig. 3.39 and is compared with sim-

ulation results based on the analysis from Section 2.1.2 for an ideal CCR. The

simulated as well as the measured values were normalized by the corresponding

maximum value. The incident laser angle relative to the CCR was changed from

-0.17rad (10 degrees) to 0.17rad from the ideal (111) incident direction. Intensity

change for larger angles of deviation could not accurately measured because of the

limited range of the rotating stages. The measured and simulated values showed

good agreements in the range tested.

The intensity, which is proportional to the CCR e�ective area, was found to

decrease nearly linearly as the laser direction deviates from (111). The slope of the

intensity decrease is about 10% per 0.05rad (2.9 degrees), which is similar to the

predicted value (10% per 0.066rad (3.8 degrees) in the linear region. The round

peak of the measured data also di�ered from the sharp peak of the simulation

which assumed that the CCR was in perfect alignment with the CCR and the

axis of rotation. The di�erences between the measured and simulation data are

due to the CCR mirror curvature, which is not taken into consideration by our

simulation, as well as the non-ideal experiment setup. For example, we found from
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simulation that any small initial misalignment in the mount would in fact create

a round instead of sharp peak. Therefore, we know that our theoretical model can

provide reasonable estimate of the e�ective area of the CCR.

3.4.4 Dynamic experiment results

We were interested in �nding out the dynamic response of the CCRs. Therefore,

illuminated CCRs were modulated with a positive square wave at di�erent fre-

quencies. The square wave was generated by a function generator which switches

a MOSFET on and o�. The reected light was detected with a photo diode as

shown in Fig. 3.36. The output of the photo detector is connected to an oscillo-

scope.

From Fig. 3.38, we know the reected beam from a CCR is not uniform in

intensity, even for a highly orthogonal CCR. As a result, depending on the position

of the photo detection, we were able to observe slightly di�erent waveforms. To

achieve consistent results, the photo diode in Fig. 3.36 was aligned so that when

the CCR was active (orthogonal), the center of the reected beam would lie on

the center of the photo diode. When the CCR was inactive, no reection from the

CCR would hit the photo diode, and the two reected beams would be away from

the photo diode by the same distance.

The simple setup shown in Fig. 3.36 with a single photo diode actually could

not provide precise information about the motion of the actuator due to the nonlin-

earity of the photo detector and the actuator's large range of motion. Nevertheless,

this setup was used because it precisely resembles a typical application of micro

CCRs, where the large reected beam from the CCR will scan back and forth

across a small detector aperture.
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Figure 3.40: Raw output of photo detector for di�erent CCR modulation frequen-
cies. Direction of incident light is near (-1,-1,-1). The square wave represents the
input signal which modulates the CCR, where a low input pulls down the movable
mirror. Actuation voltage is 15V.

Fig. 3.40 shows the raw signals (with no ampli�cation) from the detector at the

oscilloscope when the CCR in Fig. 3.14 is driven at di�erent modulation frequen-

cies. The square waves represent the input signal to the circuit which powered

the CCR, where a low input activates the CCR. The high level of the detector

waveforms correspond to increased intensity detected by the photo diode. Fig. 3.40

show that the detector waveforms change in shape and magnitude as the frequency

changes.

At low frequencies, the change in detector output could be as high as 260mV

(corresponding to about 0.5�W), with a relatively small DC o�set of 50mV. Peaks

are often observed before the rising and falling edges of the detector output. The

source of these peaks is still unclear, although both Fig. 3.23 and Fig. 3.40 suggest
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Figure 3.41: Magnitude plot of the intensity change of the photo detector waveform
as a function of CCR modulation frequency.

that reective transitions may occur more than once during each cycle. The rise

time and delay of the rising edge have been observed to decrease with increased ap-

plied voltage (beyond the pull-in voltage). At high frequencies, the AC component

of the detector waveform begins to decrease in amplitude while the voltage peak

remains constant, indicating that the actuated mirror lacks time to move away

from the pull-down position. Fig. 3.41 shows the AC magnitude change versus the

frequency. The -3dB point occurred at 444Hz. It has also been observed that the

detector waveform may change in intensity and shape depending on the direction

of the incident light, yielding a di�erent frequency magnitude plot (Fig. 3.42).
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Figure 3.42: Waveform and magnitude plots of the intensity change of the photo
detector waveform as a function of CCR modulation frequency. The incident angle
as well as the observed spot location are changed from Fig. 3.40. Actuation voltage
is 18V.
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4 Communicating with Micro Corner Cube Re-

ectors

Consider a micro corner cube reector located at a distance which is modulating

its shape from perfectly orthogonal to non-orthogonal according to a digital data

stream generated from a sensor or some other data source. As described in Section

1.2, we can shine light at the CCR and detect its modulated reection and thus

retrieve data from the CCR. E�ectiveness and complexity of this communication

method will depend on the choices of light source to use, optical detection method,

coding and signal processing schemes. This chapter will focus on these broader

system issues, particularly related to designing a receiver for the CCR transmitter.

There are a number of challenges in order to receive data from the modulating

corner cube. In Section 4.1 and Section 4.2, we will discuss issues related to

establishing a communication link with remote CCR units and interrogating light

selection and detection. In Section 4.3 and Section 4.4, we will present two receiver

system designs which used two di�erent methods to receive data from CCRs. These

systems assume that we know the rough location of the CCR well enough so that

we can shine a laser directly at the CCR (the laser beam will be much bigger

than the size of the CCR). Although the two methods used in these systems are

signi�cantly di�erent, the two methods can potentially be combined or modi�ed

depending on the need of the applications.

4.1 Establishing a communication link

To communicate with a CCR, we are required to shine light at the CCR from the

proper quadrant of a hemisphere since the CCR is responsive to light only from a
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particular quadrant. Fortunately, we do not need to know its precise orientation

since precise alignment is not necessary for communication as discussed in Chapter

2. A transmitter ideally would have multiple CCRs with various di�erent orienta-

tions so that it may respond to interrogators from any direction. In applications

where the general location of the transmitter is known, such as friend-or-foe iden-

ti�cation of a tank, we may simply direct an interrogating laser at the tank and

analyze the reected light. In other applications such as distributed sensing, estab-

lishing communication may not be as simple since multiple transmitter units may

be scattered in a large area. If the transmitters' surrounding is highly reective,

locating and identifying a transmitter will be especially di�cult.

In general, the transmitter (and de�nitely the CCRs) will be invisible to the

interrogator. As a result, the interrogator may not easily be able to determine

the exact location of the device and must use a broad laser beam to �nd the

transmitter. The interrogator can locate a transmitter with CCRs by scanning

an area with the laser beam and searching for highly reective structures. The

reective structures can further be investigated by verifying whether the reected

light from each structure contains any meaningful information. For example, a

random stationary reective object should be constantly reective and its reection

will contain no information. On the other hand, a CCR unit can be programmed

to give out a periodic data stream so that its reection can be identi�ed. Once the

initial communication link is established, we may then narrow the interrogating

laser beam to increase the signal-to-noise ratio during a long data transmission.

In the case where multiple CCR transmitter units are illuminated by a laser si-

multaneously, cross-talk or interference may occur. If the CCRs have a large band-

width, spread spectrum techniques such as code-division multiple access (CDMA)
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could be used for multiplexing. For CDMA, a signi�cant portion of the bandwidth

would be sacri�ced.[18] Time-divisionmultiple access(TDMA) and frequency-division

multiple access (FDMA) are also non-ideal to implement since the interrogator is

required to coordinate all the di�erent units. On the other hand, space-division

multiple access (SDMA) may be most simple to implement, and the CCRs would

not be required to have high bandwidth. In Section 4.4, we will present a receiver

system which uses an imager to communicate with multiple CCRs.

4.2 Competing with ambient light

In a bright environment, the modulation of a micro CCR is visible to our naked eyes

if it is placed within a few inches away. The reason is that the CCR reection is not

only stronger but also more directional than the reection from its surrounding.

As a result, we are able to distinguish its reection from the other light detected

by our eyes. In this case, no special interrogating light is needed. In the case

where a bright and focused interrogating light is used, one might think that it is

always possible to detect the CCR modulation as long as the interrogating light is

comparable to the ambient light in intensity.

A bright focused interrogating light is desirable for two reasons. Stronger inter-

rogating light which hits the CCR will result in more reected light which contains

data. Furthermore, less area of the CCR background will be illuminated, thus

reducing reected light which contains no data. However, out shining the ambient

light with our interrogating light does not automatically solve all the problems.

From the SNR analysis in Section 2.3.3, we know that ambient light, including

the reection of the interrogating light from the CCR background, has a signi�-

cant e�ect on the SNR because of the shot noise it induces in the detector. In
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addition, strong ambient light could also create a large current o�set and either

saturate the detector or decrease the dynamic range of the detector. Therefore,

the interrogating light being reasonably bright and focused is not su�cient. It

should also have distinct characteristics compared to the ambient light so that

the undesired ambient light could be �ltered, not ever reaching our detector. For

these reasons, in the SNR analysis in Section 2.3.3, we chose to use a laser as our

interrogating light so that we could put a narrow bandpass �lter in front of the

detector to remove the undesirable ambient light.

Naturally, we would like to select a wavelength which does not have a large

component in the ambient light spectrum and which will not be absorbed or dis-

torted by the transmission medium. In all our communication demonstrations, we

used laser modules with wavelength of 670nm, largely because of its wide avail-

ability. Gold, which is the available coating for our CCR mirrors, is also known to

have high reectivity at this wavelength. Lasers with wavelength of 840nm were

recommended for long-distance optical transmission because both Rayleigh scat-

tering of solar radiation e�ect and thermal radiation e�ect due to the atmosphere

may be neglected.[44]

A continuous-wave (CW) laser can be used for interrogation as we will show in

Section 4.4. However, a modulated interrogating laser can provide an additional

bene�t: it can be used to distinguish the CCR reection (which contains data)

from the general ambient light which also happens to pass through the optical

�lter. In other words, with a modulated laser, the CCR signal spectrum is shifted

to the spectrum centered at the modulation frequency away from the noise at the

low frequency spectrum. Therefore, by sending the detector output to a bandpass

�lter (an electronic one instead of an optical one), we can extract the CCR signals
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as we will show in Section 4.3.

Note that the extracted signal will contain not only the CCR signal but also

the signal from the CCR background illuminated by the interrogating laser. This

background reection can be reduced by narrowing the interrogating beam. Unfor-

tunately, in most applications, the interrogating beam must have adequate width

to prevent optical alignment problems. The background reection can also be re-

duced or even removed using a spatial �lter via a detector array. We will further

describe this approach in Section 4.4. A conceptually more simple solution is to

add an additional level of modulating or encoding with the CCR. In that case, an

additional �lter or decoder must follow the �rst bandpass �lter. A portion of the

CCR bandwidth will also be sacri�ced with this approach.

Depending on the application requirements, di�erent signal modulation and

receiver design may be needed. The following sections in this chapter describes

how the CCR was demonstrated as a free space optical transmitter using two

di�erent receiver systems. The focus in this work is not necessarily to create the

best receiver for micro CCR communication but merely to show the feasibility of

micro CCR based communication links.

4.3 Transceiver system with a modulated laser and a sin-

gle photo-detector element

A simple CCR communication link can be built using a single photo detector

for optical detection and a modulated laser for interrogation. [12] The schematic

diagram for this communication link is shown in Fig. 4.1. The receiver shines

a laser beam at a single modulated CCR. The CCR reected light is collected
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Figure 4.1: Schematic diagram of a CCR communication link using a modulated
laser and a single photo detector for interrogation.

with a lens and focused onto a photo detector. The photo detector output is then

processed to retrieve the CCR signal.

The advantage of the system shown in Fig. 4.1 is that the CCR data spectrum

is shifted to the spectrum centered at the laser modulation frequency away from

ambient noise at low frequencies. Many commercial lasers can be modulated to

mega Hertz range so that there is still su�cient bandwidth for the CCR data.

Furthermore, it is relatively easy to �nd a high performance single photo detector

and to design suitable electronics to amplify and decode a single detector's output.

4.3.1 Prototype hand-held transceiver

To demonstrate this communication scheme and the functionality of the CCR,

a palm-size transmitter unit and a similar sized receiver unit have been built

(Fig. 4.2). This transmitter can send either a periodic or an arbitrary digital

signal to the receiver. The prototype transceiver system with the micro CCR

operates in the arrangement shown in Fig.4.2, where the receiver's laser beam is
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Figure 4.2: Photo of prototype transmitter (on the left) and receiver (on the
right). The receiver box is 15 � 10 � 6cm3 in size, which built-in laser module,
photo-detector, and signal processing circuits.

aimed at the CCR of the transmitter. A light emitting diode (LED) on the trans-

mitter unit blinks according to the signal being transmitted, while another LED

on the receiver unit blinks in synchrony when the receiver successfully detects the

reected signal.

4.3.2 Hardware implementation

The block diagram of the receiver is shown in Fig. 4.3. The receiver module

contains a laser diode module from a commercially available laser pointer with

wavelength of about 670nm. Initially we used laser diode modules taken from

commercial laser pointers (CL2000 laser pointer by HSN Marketing Inc., Booton,

NJ). Modulated at 2kHz, a typical laser module was found to output a laser beam

of 1.7mW rms power, although the laser output was found to decay quickly after

limited hours of testing and the quality of the laser beams were also found to

vary greatly for di�erent laser modules. A miniature 4.2mW laser diode module
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Figure 4.3: Block diagram of the hand-held receiver module.

(A53163 from Edmund Scienti�c) which can be modulated up to 100kHz has also

been used. At 70kHz, the laser has an rms output of about 2.6mW .

A 2.5cm diameter lens was used to focus the returned light onto a silicon P-

I-N photo diode (FDS100 by ThorLabs). The photo diode had an active area of

13.7mm2 active area with 20nA dark current and 1.2�10�14W=
p
Hz NEP. The

purpose of the lens was to increase the photo detector aperture. However, if the

returned beam from the CCR had a divergence of 20mrad and the CCR is 2 meters

away, the lens will only capture at most a quarter of the returned light. A large

lens or aperture was not used because we wanted to build a small size receiver.

Due to space considerations, the lens and the photo detector are placed 90

degrees from the path of the outgoing laser. A beam splitter is placed in front

of the laser module to direct the returned light to the photo detector. The use

of a 50% beam splitter in this fashion was not ideal because the outgoing laser

and the returning laser are reduced in power by half, yielding a 75% reduction in

detected laser power. As a result, custom-made beam splitters were also used. One

beam splitter was made from a glass slide with metal evaporated on one side and a

hole is patterned on the metal to allow the outgoing laser beam to shine through.
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Another beam splitter was made from a silicon wafer with gold evaporated on one

side and a small hole etched through the wafer with KOH. In both cases, the loss

of power is reduced from 75% to about 30 to 40%.

As shown in the system block diagram in Fig. 4.3, the photo detector output is

�rst ampli�ed by a factor of 10 and then high-pass �ltered with a four-pole 2 stage

Butterworth �lter [35]. This �lter removes the low frequency noise from ambient

light as we had discussed in Section 4.2, although ideally a bandpass �lter should

have been used instead. A high-pass �lter was used in this case largely because of

its simplicity so that it could be easily modi�ed (or even left unchanged) when the

laser modulation frequency or the data bandwidth was changed.

The �ltered signal was further ampli�ed with an adjustable gain ampli�er.

Although this gain stage was designed to amplify the signal by up to 70 times, the

actual achievable gain was only about 5 before the gain stage became unstable. The

signal was then passed through an envelope detector to remove the high frequency

laser modulation. The signal then went through a threshold comparator to remove

additional noise including noise or o�set due to CCR background reection, high

frequency noise from ambient light, and inherent sensor noise, yielding the actual

transmitted digital data.

The receiver unit is powered by three 9-volt batteries, one for the laser module

and driving circuit, and two for the detection circuit. It was found necessary to

separate the laser modulation circuit from the detection circuit to minimize cross-

talk.

The block diagram of the CCR transmitter module is shown in Fig. 4.4. The

chip with the micro CCR is glued and wire-bonded to a plastic substrate with
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Figure 4.4: Block diagram of the hand-held CCR transmitter module.

copper bonding pads. The plastic substrate with the chip is stored inside a trans-

parent petri dish to prevent damage to the CCR. (Fig. 3.33(a)) The transmitter

module can drive the micro CCR with either a low-frequency square waveform

(2Hz) or a constant high or low voltage controlled by a push-button. An addi-

tional transmitter module was also made to allow the micro CCR to transmit a

periodic digital waveform which was set using dip switches. A voltage multiplying

circuit using Maxim773 is used to supply a voltage between 10 to 20V needed for

the CCR actuator. The transmitter module is powered by a 9-volt battery. Note

that no e�ort was made to miniaturize or reduce the power consumption of the

transmitter module because these transceiver modules were used to demonstrate

only the feasibility of the proposed communication strategy.

4.3.3 Results

Figure 4.5 shows typical waveforms in the receiver circuits when the receiver was

successful in interrogating the CCR transmitter. The bottom waveform represents

the detector output signal after passing through the high-pass �lter. An on-o�

keyed signal is clearly visible, although the signal-to-noise ratio is only about 5.
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Figure 4.5: Waveforms in the di�erent stages of the in hand-held receiver demo
unit. The bottom waveform is the output of the �lter stage. The top waveform is
the output of the envelope detector stage.

The top waveform represents the signal after passing through the envelope detector

which, in fact, strongly resembled the signal used to modulate the CCR.

Free space communication across a distance of more than 4 meters under nor-

mal room light was demonstrated. When the CCR is covered with a petri dish lid,

the largest distance demonstrated was only about 1 meter. Highest observed com-

munication rate transmitted and detected with the prototype is 1K bps. Therefore,

with this system, we successfully demonstrated the concept of communication with

a micro CCR.

Nevertheless, the proto-type system was found to have numerous problems,

including the internal scattering of the interrogating beam before exiting the inter-

rogator, loss of optical power through the beam splitter, and cross-talk between the

laser modulating circuit and the detector circuit despite of using separate power

supplies. Precise alignment between the interrogating unit and the transmitter

unit was found to be extremely important. Furthermore, with this prototype sys-

tem con�guration, communication with multiple CCR units could not be easily

implemented.
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There are a number of possible system design changes which would certainly

improve the system, such as using a band-pass �lter instead of a high-pass �lter,

increasing the receiver aperture size, adding an optical bandpass �lter before the

detector, and �nally using a robust gain stage. Instead of further improving this

proof-of-concept system, we explored a di�erent interrogating system design for

long range communication with multiple CCR units. This system is presented in

the following section.

4.4 Transceiver system with constant power laser and an

imager

In the previous section, we discussed using a single photo-diode to detect reected

light from an interrogated CCR. The fundamental disadvantage of this scheme is

that the output of the detector will be an integration of all the light of every light-

emitting or reecting object in the �eld of view of the optics. Bright or reective

objects in the background of the CCR may then \drown out" the reection from

the CCR. Unless a more sophisticated coding method is used, such as frequency

modulating the CCR, we will not achieve an adequate signal-to-background ratio.

In this section, we will describe results using a photo-detector array to design a

receiver for communication with a corner cube reector.

Consider that we interrogate a CCR with a CW laser source. In this case, we

will focus the view of the interrogated CCR to a photo-detector array instead of a

single photo-detector. As shown in Fig. 2.13, each element of the photo-detector

array will have light intensity (and color) corresponding to only a speci�c region

of the view. A bright object in the �eld of view may a�ect only some elements in
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the array signi�cantly but have minimal or no a�ect on other elements. Moreover,

the element or elements corresponding to the region of the view which contains

the CCR will be mostly inuenced by the CCR reection and not by other objects

nearby. Therefore, the photo-detector array in essence provides a spatial �lter

which �lters out (or spreads out) the background image \noise" so that the CCR

reections can be more easily identi�ed. In fact, as shown in the SNR analysis

based on detector shot noise in Section 2.3.4, the SNR could theoretically be

increased by Ndet times given Ndet detectors in the array. Detectors with Ndet

greater than 100,000 are widely available.

This detection scheme also allows simultaneous communication with multiple

CCRs. Suppose multiple CCR units which are spatially separated are illuminated

by the interrogating laser. The CCR units, if su�ciently far apart, will appear in

di�erent regions of the photo-detector array. Depending on the closeness of the

CCRs and the number of the detectors in the array, one or more detectors could

be dedicated to communicate to each CCR unit at a given unit of time. Obviously

problems would occur if more than one CCR reections are focused on a single

detector element. In that case, each CCR must encode its data, similar to the

single detector case.

Using a multiple detector array in the interrogator receiver, we will need to

perform image processing to determine which elements of the array correspond to

some modulated CCRs and to keep track of these elements to retrieve the actual

data transmitted by each CCR. One simple method of identifying a modulated

CCR in a set of consecutive images is by performing a image subtraction between

one image frame and the previous frame. The image di�erence will contain pixels
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Figure 4.6: Block diagram of a CCR communication link whose receiver uses a
multiple-element detector.

which have changed intensity during that time increment. If only pixels corre-

sponding to modulated CCRs change intensity, then the CCRs can immediately

be identi�ed from the image di�erence. A block diagram of a CCR communication

system which uses a photo-detector array for detection is shown in Fig. 4.6.

One of the disadvantages of this scheme is that the data transmission rate may

be signi�cantly reduced due to photo-detector arrays and system hardware process-

ing speed limitations. While typical video systems run at 30 frames per second,

high speed imaging systems with CCD cameras or active pixel CMOS cameras

may run at 1000 to even 10000 frames per second (for a short data collection pe-

riod). Nevertheless, this receiver design could be useful in situation where data

bandwidth may be compromised to yield improved signal-to-noise ratio.

121



4.4.1 Prototype system hardware

A prototype system was built according to the block diagram in Fig. 4.6 to demon-

strate the detection and communication concept. The system uses all commercially

available components with the exception of two adaptors. The choice of these

components was to demonstrate that simple and relatively low-cost o�-the-shelf

equipments can be used to build a reasonably robust yet portable receiver system

for CCR communication.

The prototype system has a miniature 4.2mW CW laser module as the interro-

gating light source, a small telescope as the light collector, a black and white CCD

camera as the photo-detector array, a PCMCIA video frame grabber to digitize the

analog video output from the camera, and �nally a laptop computer as an image

processor. Table. 4.1 shows the details of each component.

The telescope is a 4-inch Newtonian reecting telescope which has a magni�-

cation of about 30 with a 15mm eyepiece. Although this telescope was cheaper

than most competitive telescopes, it was found to be a poor choice of telescope

for several reasons. In order to attach a CCD camera to the telescope for eye-

piece projection, it was necessary to create a custom-made adaptor to connect the

camera (which has a C-mount) to the telescope eye-piece. Moreover, once the

CCD camera was mounted on the eye-piece, it became very di�cult to adjust the

telescope focus because of the instability of the focus knob.

The miniature laser module is set in a custom-machined mount made of acrylic

which is attached to the center of the aperture window of the telescope, where the

telescope second mirror is connected on the opposite side. The laser module and

mount were not found to cause any obstruction to the view of the telescope for

far-�eld objects. The axes of the laser module and of the telescope are set to close
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Component Manufacturer Part # Description

Laser source ThorLabs 98002-
083

670nm, 4.2mW , 5.0�1:2mm2

beam, 1:5� 0:3mrad
Telescope Edmund Scient. M2015,

Astroscan
4.25in diameter, Newto-
nian, 3.5deg �eld, 445mm focal
length

CCD Camera Cohu, Inc. 2122-
2023

Monochrome, 1/2in, RS-170A:
768(H)�494(V),
8.4�m� 9:8�m

Frame
Grabber

MRT MS801 PCMCIA, 8-bits/pixel for
monochrome, max 8Mbyte/sec
transfer-rate

Laptop
Computer

Dell Comp. Latitude
LM

166 Pentium, 40M RAM

Table 4.1: Brief descriptions of the prototype receiver components

alignment so that the reection of the laser beam appears near the center of the

eyepiece. One can aim the laser at a distant CCR by steering the telescope which

is mounted on a tripod for stability during operation.

The CCD camera was selected for its light weight, small size, high resolution,

and availability. Unfortunately, this camera had a frame rate of only 30 frames per

sec, which is the standard for NTSC video. This frame rate limited the maximum

bit rate of the CCR to only 15. Much higher frame rate cameras are commercially

available; however, other components of the receiver system including the frame

grabber and the computer would be required to have much higher performance.

Since this prototype's goal is for demonstrating the communication strategy, we

chose not emphasize high data transfer rate.

The laptop computer was used for the system primarily to allow more porta-

bility; however, a desktop computer for the same cost would most likely give a

faster performance. The particular model of the laptop was selected for its price,
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high processor and system speeds, fast graphics display, and a fast PCMCIA bus

architecture to service a PCMCIA video frame grabber. This laptop allows data to

transfer from the PCMCIA bus directly onto the PCI-32 bit bus, which is (at least

twice) faster than many laptops which have to transfer data from the PCMCIA

bus to the ISA bus, then �nally to the PCI bus. During the course of computer

purchase and experiment with the system, faster laptops became available in the

market. However, we did not repeat our experiments with the newer computers

since it was obvious that high data rate would be achievable. The selection of

the video frame grabber was simple since it was the only PCMCIA frame grabber

which we could �nd commercially.

4.4.2 Prototype system software

A software program was developed to locate and keep track of blinking CCRs ob-

served by the telescope. The window-based program was created using Microsoft's

Visual C++ Compiler 4.0 and the software developer kit associated with the frame

grabber. This program, enhanced from a free demonstration program, used pre-

de�ned subroutines by the frame grabber manufacture as well as newly developed

subroutines.

The program allowed the user to see the view of the telescope on the computer

screen so that the user could aim the laser at the CCRs. As shown in Fig. 4.7,

the view of 2 CCRs through the telescope is displayed by the CCR demonstration

software. These CCRs are kept in transparent boxes with opened lids.

The program also allows the user to see the images generated from the thresh-

olded subtraction between consecutive video frames using another view window

as shown in Fig. 4.8. If two consecutive images have pixels with large di�erence
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Figure 4.7: Video display screen of the CCR demonstration software showing two
CCRs aligned with a laser beam through the view of a telescope.

in intensity, the corresponding pixels will appear on the white display area. The

threshold for the di�erence is set by one of the scroll bars. Although the back-

ground surrounding is expected to remain constant in a controlled environment,

slight pixel variations (a few percent of full scale) are often found, possibly due

to vibration of the surrounding light sources, digitization errors, or air motion.

Based on the noise present in these images, the user can increase the threshold (to

a few percent) until all spots in the images disappear except for the blinking spots

corresponding to the modulated CCRs.

The user can then de�ne a sampling period during which the program will

collect data. Data is collected by calculating the centroid and size of each spot

appearing in each generated image and recording the blinking of each spot since its

�rst appearance. Each spot is assumed to be the reection of a modulated CCR.

The user sets the duration of the sampling period with a sliding bar and begins the
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Figure 4.8: Another screen of the CCR demonstration software which is used to
show the thresholded di�erences between consecutive images. Controls for the
data collection option are also shown.

data collecting process by pressing the \START" button. At the end of the period,

the result is written to a �le on the hard drive. The �le summarizes the number of

CCRs found and the blinking sequence of each CCR during the sampling period.

Furthermore, since the user knows where the blinking CCRs are located in the

image prior to data collection, the software also allow the user to specify a small

region for analysis during data collection to minimize computation time. The small

frame in the white area may be resized using the mouse for that purpose. The user

may also set the sampling frequency of the video system. If the analysis region is

small (100 by 100 pixels), then 16 frames per second would yield reliable results.

20 frames per second appears to be the maximum rate for our computer system

even if the analysis region is further reduced to just a few pixels. Therefore, the

data sampling rate for our system was limited by the frame transfer rate between

the video frame grabber and the computer.
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When collecting CCR data, the program analyses the incoming video frames,

carrying out the following steps repeatedly:

1. Capture a new frame and store it as the \new" bitmap.

2. Create a \thresholded" bitmap where each pixel corresponds to the

thresholded di�erence in intensity of the corresponding pixels between

the \new" bitmap and the \previous" bitmap. When the intensity

di�erence is greater than the threshold, the pixel of the \di�erence"

bitmap is made black; the di�erence is less than the threshold, the

pixel is made white. ( The \threshold" bitmap can be displayed on the

computer screen for viewing.)

3. Identify each isolate spot which appears on the \threshold" bitmap.

Each spot detected is assumed to be a CCR. Calculate the centroid

and size of each spot.

4. Update the list of detected CCRs: new CCRs are added to the list; the

reappearance of previously detected CCRs are marked as transmitting

a \1"; and the disappearance of previously detected CCRs are marked

as transmitting a \0". A CCR is considered new if its centroid does

not lie within the circumference of any previously detected CCRs.

5. Store the \new" bitmap as the \previous" bitmap.

4.4.3 Experiment setup

Experiments with the prototype system were carried out indoors. All the indoor

experiments were performed under regular room light in the long hallways in the
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Engineering IV building or in the basketball courts of the UCLAMen's Gymnasium

and Pauley Pavillion. Outdoor experiments were not carried since we were not able

to secure a large outdoor area devoid of people.

The 4.2mW 670nm laser we used was classi�ed as a Class 3A laser. It is similar

to laser modules which are commonly used in laser pointers for presentations in

classrooms and lecture halls. According to the Laser Institute of America, even

though it is possible for a Class 3A laser to exceed exposure levels for the eye in

0.25sec, it poses only a low risk of injury [86]. Following the guidelines provided by

the American National Standard Institute [1], we found that the nominal ocular

hazard distance (NOHD) for our laser was about 10 meters for a 10 sec exposure.

NOHD is de�ned as the distance along the axis of a direct laser beam to the

human eye beyond which the irradiance or radian exposure would not exceed the

appropriate maximumpermissible exposure (MPE). NOHD can be estimated using

the following expression:

NOHD =
1

�

�
4�

� MPE
� a2

�0:5
(4.74)

where � is the beam divergence in radian, �, the total laser power output, and a,

the diameter of the emergent laser beam.

In other words, our laser was essentially eye-safe as along as no direct viewing

of the laser would take place closer than 10 meters. By aiming the laser at waist

height and by preventing people from standing close to the laser, we did not create

any hazardous situation during our experiments.

The setup of the experiment is shown in Fig. 4.9. One or two CCRs were

placed at various distances from the interrogator system. And the CCRs and the

interrogating laser were roughly aligned to yield strong reections from the CCRs.

To achieve large distances (greater than 70 meters), a mirror was also used in some
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Figure 4.9: The experimental setup for the CCR communication link using a CCD
camera.

experiments. In these cases, the interrogating laser on the telescope was directed

to a square mirror with 3in sides. The mirror was aligned so that the interrogating

laser would shine on the CCRs. The reected light from the CCRs would then

hit the mirror and return to the interrogator. The optical path (or the e�ective

communication distance) was generally set to be about twice the distance between

the interrogator and the mirror.

The CCRs, mounted only a few centimeters apart, were independently modu-

lated by a battery-powered module, each of them transmitting 16 bits periodically.

Each of the 16-bit sequence was composed of 8 bits (set by dip-switches) followed

by 8 bits of 1's. Since the frame grabber software worked reliably at about 18

frames per second, the bit rate was set to be about 4 bits per second.
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4.4.4 A measure of noise

In Section 2.3.4, the analysis of the signal-to-noise ratio for a receiver which uses

a detector array was presented. This analysis focused on the e�ect of shot noise

in the detectors but neglected other noise e�ects. In this section, we would like to

de�ne a broader measure of SNR which can be used to evaluate our experimental

results.

Assume that we use the image subtraction method in Fig. 4.6 to �nd CCRs in

our camera output. Any intensity changes in a pixel from one frame to another may

be interpreted as a CCR being modulated. A valid modulated CCR could certainly

change the intensity of a pixel or a cluster of pixels. Random motion of the objects

in the CCR background, modulated light sources in the CCR background, relative

motion between the interrogator and the background (such as from vibration), and

light attenuation from atmospheric e�ects could also cause some pixels' intensity to

change in time. Even though these e�ects might not necessarily directly introduce

noise to the pixels corresponding to valid CCRs, \false-detection" of CCRs is

certainly possible.

In addition, constant background light could create an o�set in the intensity of

the pixels. If the light is strong enough to saturate the CCR pixel regardless of the

CCR's state of reectivity, then no information can be collected from the CCR. If

the CCR pixel is saturated only when the CCR is reective, the CCR signal may

still be retrieved from image subtraction. However, the measured CCR intensity

change could be much smaller than the actual optical intensity modulated by the

CCR. Probability of detection is, therefore, decreased due the intensity o�set from

the background light.

With these noise e�ects in mind, we de�ne a measure of signal-to-noise ratio as
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the ratio between the intensity change of the CCR pixel divided by the intensity

change of a background pixel:

SNR =
�intensity of CCR pixels

�intensity of background pixels
(4.75)

Since the change in intensities are calculated from the digitized values of the camera

video output, the SNR would include not only all the noise e�ect we already

mentioned in this section but also noise e�ect due to detector shot noise and video

frame grabber quantization noise.

4.4.5 Spatial �lter results for a single CCR

Shown in Fig. 4.10 are images captured and created with the receiver system of

a modulated CCR at a distance of 50 meters away from the telescope receiver.

In Fig. 4.10(a), the CCR is shown in the non-reective (or inactive) state. In

Fig. 4.10(b), the CCR is shown in the reective state (or active) state. The CCR

inside a transparent plastic box was mounted on a piece of transparent plexi-glass.

The polygon-shaped plexi-glass mount, although transparent, became extremely

bright when illuminated by the interrogating laser. The white wall behind the

CCR also created a strong di�used reection of the interrogating beam.

A casual observer would not easily be able to distinguish the di�erence between

the two images because of the di�erent bright spots (high noise) present in the

background. The mean luminosities of the 8-bit digitized images in Fig. 4.10(a)

and (b) were 112.95 and 112.90, di�ering by less than 0.5%. In other words, the

CCR signal is less than 0.5% of total energy collected by the imager. Therefore,

the signal-to-background is less than -40dB.

By subtracting Fig. 4.10(a) from Fig. 4.10(b), the CCR demonstration software
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(a) (b) (c)

Figure 4.10: These images are captured or generated by the CCR demonstration
software of a modulated CCR under interrogation at 50m away. (a) CCR is o�.
(b) CCR is on. (c) Image generated by subtracting (a) from (b). Note that the
image is inverted to provide a clearer view of the spots.

created the image shown in Fig. 4.10(c). The mean luminosity of the di�erence im-

age was found to be 1.16. The CCR's reection was clearly visible in the generated

image despite of the high background noise environment. Other small spots were

also found in the generated image. Theses spots with lower intensities than the

CCR spot were the \noise" in this detecting scheme, possibly due to uctuation

of the laser power supply or video camera and digitization noise. Vibration of the

building and air current across the optical path may also contribute to this noise.

In this particular case, the maximum intensity of these noise spots is about 10% of

the maximum brightness of 255, or 25.5. However, the CCR's reection was found

to be more than 3 times brighter than these spots (greater than 80). Therefore,

these spots can easily be eliminated with a digital threshold comparator at 10%

or greater. And the CCR signal can be successfully retrieved from the image via

software. The signal-to-noise using the spatial �lter is increased from -40dB to

9.5dB.

Fig. 4.10 demonstrated how a software spatial �lter may provide a solution to
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(a) (b) (c)

Figure 4.11: These images are captured by the CCR demonstration software of
two modulated CCR under interrogation at 45m away. (a) Both CCRs are on. (b)
Only bottom CCR is on. (c) Only top CCR is on.

the problem of high background reection. By taking periodic images of a scene

which contains a modulated CCR and computing the \di�erence" image between

consecutive images, it is possible to identify the modulated pixels corresponding to

a CCR changing reective state. However, a photo-detector array is necessary for

this detection method. Additional computation power is then required for image

processing.

4.4.6 Multiple CCRs imaging results

In Fig. 4.11, images of two modulated CCRs at di�erent instances are shown. In

Fig. 4.11(a), both of the CCRs were reective; in (b) and (c), only one of the CCR

was reective. The mean luminosity of Fig. 4.11(a) was again less than 0.5% higher

than that of Fig. 4.11(b) and (c); however, the mean luminosities of Fig. 4.11(b)

and (c) were basically equal (within 0.01%). Therefore, it may be possible to detect

CCR modulations based on the total intensity measured with a single detector;

however, the independent modulations of the two CCRs cannot be distinguished

unless sophisticated coding or modulation is used.

As shown in Fig. 4.11, the modulated reections of the two CCRs were clear
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(a) (b)

Figure 4.12: These inverted di�erence images (a) and (b) are generated by subtract-
ing Fig. 4.11(b) from Fig. 4.11(a) and Fig. 4.11(c) from Fig. 4.11(a) respectively.

and distinct. Given snap shots like those in Fig. 4.11, state changes of each CCR

are easily identi�able by taking image di�erences of two consecutive image frames,

just as in the single CCR case. Communication with multiple CCRs may be accom-

plished with no additional hardware. Shown in Fig. 4.12 are images representing

the di�erences in intensity between Fig. 4.11(a) and (b) and also Fig. 4.11(a) and

(c). In both cases, a threshold �lter at 30% is needed to remove all the \noise"

spots. The signal-to-noise ratio was about 2.1.

4.4.7 Imaging with an optical �lter

The images in Fig. 4.10 and Fig. 4.11 were taken under regular room lighting.

The camera's automatic gain controller was active and no optical �lter was used.

In Fig. 4.13 are several images of the modulated CCRs taken with the optical

bandpass �lter. The �lter appeared to remove all the room lighting successfully:

only objects illuminated by the laser were visible. Because the average brightness

of the image was very low, the camera's automatic gain was expected to be at its

maximum (20dB). The background brightness was found to be about 6.7%. (In

contrast, the value for Fig. 4.11 was about 55%.)
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(a) (b) (c)

Figure 4.13: These images show two modulated CCR under interrogation at 45m
away with an optical �lter and camera AGC active. (a) Both CCRs are on. (b)
Both CCRs are o�. (c) Image (b) is subtracted from (a) and then inverted.

In Fig. 4.11 and Fig. 4.13, although both CCRs were mounted inside a plastic

box, only one of them (bottom) has its lid closed. At these interrogation distances,

the presence of the plastic lid did not cause noticeable degradation to the CCR's

reection. On the other hand, the internal reection of the plastic case were

more evident with the optical �lter, indicating that a better packaging scheme was

desirable.

Fig. 4.13 shows the image di�erence between the CCR \on" and \o�" images.

A signi�cant portion of the background spots were removed. Unfortunately, the

remaining spots had reasonably high intensity such that a 40% threshold �lter was

needed to remove the \noise" spots in the di�erence image. The resulted signal-

to-noise level was about 2.5, which is only a small increase from the case where no

optical �lter was used (Section 4.4.6). The small SNR increase with the optical

�lter in Fig. 4.13 resulted from the non-linearity of the digitization of the video

signal by the frame grabber board due to �nite dynamic range. The ampli�ed

intensity of the CCR pixels were saturated to 255 such that the ampli�ed intensity

of the background scattering spots became comparatively stronger, thus yielding

a lower SNR.
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(a) (b) (c)

Figure 4.14: These inverted images show two modulated CCR under interrogation
at 70m away. A bandpass �lter was mounted on the camera and AGC was turned
o�. (a) Both CCRs are on. (b) Both CCRs are o�. (c) Image (b) is subtracted
from (a).

There are several solutions to this non-linear saturation problem. One solution

is to change the gain control algorithm, such as setting the gain based on both

the maximum pixel brightness and the average pixel brightness. Another solution

is to use a camera with a larger dynamic range, although saturation could still

potentially happen in that case. In our detection system, the gain controller of our

camera unfortunately can only be externally controlled manually with two options,

on and o�. Therefore, we could not dynamically adjust the gain control to prevent

saturation. As a result, most of the communication experiments were carried out

with the optical �lter mounted and the automatic gain controller turned o�.

Fig. 4.14 showed inverted images of two modulated CCRs under interrogation

at 70 meters with an optical �lter but no AGC. All the images as shown are

inverted. In these images, both CCR lids were opened. The CCR background

was a bulletin board with di�erent colors of posters, identical to the previous

experiment, although the CCR was now closer to the bulletin board. Once again,

the reections from the two CCRs were clearly visible in the images. The general

background appeared nearly black, about 0.78% of saturation, almost a factor of 10
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less than the background in Fig. 4.13 where the gain was probably at maximum,

which would be 10. A small halo, corresponding to the size of the laser spot,

was also visible in the background. The ratio between intensity of the brightest

CCR pixels and the brightest background pixels was about 4.2 for Fig. 4.14(a),

although generally the ratio was 10 or greater. In Fig. 4.14(b), only 4.9% of the

total luminosity was estimated to be from the two CCRs.

After the background lighting Fig. 4.14(b) was subtracted from (a), the ratio

between the brightest CCR pixels and the brightest background pixel was increased

to 7 in the di�erence image (Fig. 4.14(c)), while most of the background had zero

brightness. Therefore, setting a threshold at 10% would remove all the noise in

the di�erence image.

One problem with using the optical �lter with an imager was that focusing the

telescope became much more di�cult because the image mostly consisted of spots

and halos instead of shape features. Unless the laser happens to illuminate some

easily identi�able objects, focusing the CCR reections on the camera was often

not trivial. If the optical �lter were applied after a rough focus is �rst achieved,

then focusing would not be as di�cult. Unfortunately, in our case, the process

of adding the �lter was almost guaranteed to signi�cantly mess up the focus of

the camera. Moreover, the mechanical design of our telescope often prevented

achieving a precise focus. As a result, the CCR reections might became focused

on two to four or more pixels. Di�erent SNRs could be achieved depending on

how well the camera was focused.
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4.4.8 Communication results

With the camera's automatic gain controller disabled, successful communication

with a CCR was achieved at di�erent distances up to 150 meters (500 feet). Data

was transmitted at only 4bps due to the hardware speed limitation. Based on our

device capacitance measurement (Section 3.3.5), 16nW was consumed to actuate

the mirror actuator.

For distances less than 100 meters, communicating with 2 CCRs simultaneously

could also be achieved easily, as long as the interrogating laser could shine on both

CCRs. However, for larger distances, communicating with two CCRs became

more and more di�cult. The reason was that the two CCRs had slightly di�erent

orientations. As a result, getting good optical response from one CCR often led

to poor response from the second CCR at large distances.

In most of our experiments, establishing a communication link with the CCR

unit was relatively easy. We �rst aimed the laser at the remote CCR unit, then

we turned the CCR unit so that the CCRs are roughly facing the direction of the

laser and the telescope. (The CCR unit acted as a cooperative target.) In most

cases, the laser incident angle to the CCR was probably within a few degrees from

the (111) ideal direction. It was, however, impossible to know the exact angle due

to the unprecise position and orientation of the telescope on which the laser was

mounted and the unknown orientation of the CCRs which was dependent on the

rough visual alignment and by the angle of the non-uniform oor.

Even though the interrogating laser incident angle did not have to be precise,

alignment between the CCR and the interrogating laser was found to have an

important e�ect on successful data transmission, especially when the communica-

tion distance was greater than 100 meters. For example, we discovered that the
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Figure 4.15: Intensity of the CCR reection was measured at di�erent interrogating
distances using the CCD camera. The measured value was found to be strongly
depended on not only distance but also CCR orientation.

weight of a person could ex the oor panel su�ciently to misalign the CCR unit

and break a successful communication link. Because of this alignment sensitivity,

the increase in CCR signal strength (and SNR) were not necessarily found to be

consistent with decreasing communication distance.

Fig. 4.15 shows the CCR signal strength measured at several di�erent com-

munication distances compared to theoretical values. At each distance, after suc-

cessful communication was demonstrated, images of the CCR at both \on" and

\o�" states were captured. The total intensity level for each CCR reection in the

\on" image was calculated by summing the intensity (less than or equal to 255) of

all CCR pixels and multiplying by the camera's power conversion factor. (From

calibration test, it was found that the least signi�cant bit (LSB) corresponded to

about 0.01pW .) We also computed the total intensity level for each CCR reec-

tion found in the \di�erence" image created from the \on" and \o�" images. Note
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that some of the pixels in the images for short distances were saturated. Therefore,

the calculated intensity may be smaller than the actual reected intensity. The

theoretical values of the incident CCR power at the detector, PCCR�inc were com-

puted using expressions derived in Section 2.3.1 for a 275�m CCR with 20mrad

divergence and 85% reectivity.

As expected, the intensity values computed from the \di�erence" images were

smaller than the corresponding values from the \on" images. The intensity di�er-

ence represented the background light which was not modulated by the CCR. In

other words, the CCR surrounding also contributed small amount of light to the

CCR pixels, despite the spatial separation.

Both sets of experiment data were found to be larger than the theoretical es-

timates. This is probably due to the inaccurate calibration of our CCD camera,

where the reference power meter only had one signi�cant �gure. Nevertheless, the

measured values seemed well within the expected power range from simulation.

However, the results did not match our theoretical expectation in the sense that

the decease in detected intensity did not show a strong fourth power of the dis-

tance according to Eq. 2.22. Many factors contributed to these non-ideal results,

including the inconsistent orientation of the CCR, the non-uniformity of the inter-

rogating laser beam, and the saturation of some of the CCD pixels which we have

mentioned earlier.

Nevertheless, the results in Fig. 4.15 demonstrates an important point. Despite

of the CCR signal intensity's strong dependence on the orientation of the CCR,

it is clear that without precise alignment between the CCR and the interrogating

light, communication is still possible. The unique optical property of CCRs makes

CCRs ideal for this communication application. On the other hand, to create a
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(a) (b) (c)

Figure 4.16: These images show a modulated CCR under interrogation at 136m
away. Images were taken with a bandpass �lter and no AGC. (a) CCR is on. (b)
CCR is o�. (c) Image (b) is subtracted from (a).

truly robust communication link, a CCR unit should have multiple CCRs facing

di�erent orientations, then the unit will be able to respond to interrogating lasers

from all directions.

From images which we captured, we also learned that our simple image sub-

traction algorithm had some drawbacks. As an example, Fig. 4.16 shows the \on"

and \o�" images of an interrogated CCR at 136 meters. Again, all these images

are inverted to create a clearer presentation. The \di�erence" image is also shown.

The bright line which is visible in all three images resulted from the reection of

the laser beam by the edge of the mirror which was used to extend the optical path

of the interrogation. The \di�erence" image showed that the image subtraction

failed to remove completely the bright line and many small spots around the CCR,

although in general, each background pixel intensity was decreased by 50% to 70%.

The poor subtraction result was largely due to room vibration, although air

motion may also be a factor. Because of this problem, we found was that the soft-

ware would �nd false CCRs in the image as the communication distance increased.
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Since the false CCR reections contained no useful information, theoretically one

could create more intelligent software to identify them. However, we found that

we could establish successful communication in these long distance test without

modifying our software. Instead, we set the interrogating area not to include the

bright line. Furthermore, we set the threshold limit to a high value, like 40%

(about 100) or higher. For the case of Fig. 4.16 where the interrogating distance

was 136 meters, the brightest CCR pixel in the \di�erence" image has an intensity

of only 52.5% (134); therefore, successful data transmission with no false CCR

detection was just barely possible. The largest distance we successfully achieved

was 150 meters; however, larger distances than 150 meters were not attempted.
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5 CMOS Corner Cube Reectors

We have conducted a preliminary study of using CMOS technology to fabricate

micro CCRs. Although the CMOS process was not originally designed to fabri-

cate mechanical structures, it o�ers many interesting design possibilities. In this

work, we focused on creating structures made of silicon dioxide, aluminum, and

polysilicon by chemically removing selected parts of the supporting silicon sub-

strate. Large suspended plates connected to the substrate by metal interconnects

or oxide beams were fabricated. Using carefully designed metal interconnects as

metal hinges, large released plates were rotated from the substrate to form three-

dimensional corner cube reectors.

To fabricate micro CCRs for communication in CMOS, we need to develop

micro mechanical components including large mirrors, hinges, alignment and lock-

ing mechanisms, and micro actuators as we have done for the MCNC's MUMPS

process. In this work, we designed and fabricated these components, although not

including micro actuators, using the Orbit 2�m CMOS process through the MOSIS

Foundry Service. The CMOS structures were released using a novel etching process

using xenon diuoride (XeF2). Without actuators, only static CCRs were made.

However, these CCRs can be integrated with actuators developed elsewhere [52]

to form modulatable CCRs.

5.1 Micromachining with CMOS

The 2�m Orbit CMOS process is a standard CMOS process with four conducting

layers (2 polysilicon and 2 aluminum), and 5 insulating layers (all oxide layers)

which is suitable for fabricating both analog and digital circuits [11]. Fig. 5.1 shows
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Substrate

1.0   micron oxide (OG)

0.65 micron oxide (Ox2)

0.85 micron oxide (Ox1)

0.04 micron oxide (POx)

0.60 micron oxide (FOx)
 

1.15 micron alum (Met2)

0.60 micron alum (Met1)

0.40 micron poly (Ply2)

0.40 micron poly (Ply1)

Figure 5.1: Cross-sectional view of the layer structure for the 2�m Orbit CMOS
process is shown. Note that the exact thickness of each layer in a stack of layers
varies depending on the exact composition of the layer stack.

a cross-section of all the layers stacked on a substrate with the corresponding ideal

thickness information. In contrast with MCNC's MUMPS process, the polysilicon

layers are only a small fraction of the total layer stack in thickness. The oxide and

metal layers are the dominating layers in this case. In this section, we will explain

how to create mechanical structures using this CMOS process.

In this CMOS process, all the conductor layers can ideally be patterned to a

speci�ed geometry according to the layout submitted to MOSIS as long as a set

of design rules are followed. Interconnections between these layers and with the

substrate are also possible by using the appropriate via and contact layers which

de�ne the holes in the oxide layers. Since the poly and metal layers are generally

required to have small features in integrated circuits, the minimum line width and

spacing for the polysilicon layer and the metal layers are relatively small, 2 and

3�m respectively. The vias and contacts also have 2�m line-width and spacing.

The oxide layers can be patterned with one or multiple via and contact layers.
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A deep oxide cut through several oxide layers generally requires stacking several

di�erent via and contact layers. For best results, the sizes of these stacked should

increase incrementally according to the order of the oxide layers, with smaller via

and contact cuts for the lower oxide layer and larger openings for the higher oxide

layer. Patterning of an oxide layer or conductor layer may also cause the underlying

oxide layer to be partially etched. As a result, the sidewalls and thickness of the

oxide layers in general are not as well de�ned as for the conductor layers. As an

example, cantilevers composed of di�erent layers were reported to have thicknesses

a few percent to 20 percent less than the ideal thicknesses [96]. Some cantilevers

were also found to be completely over-etched.

By stacking the various contacts, large areas of the silicon substrate can be

exposed. The exposed silicon areas as well as their surrounding areas can be

chemically etched away. To facilitate design and fabrication of suspended struc-

tures on CMOS which require exposed silicon area, MOSIS added an \open tile" or

\pit" layer to the CMOS design rules [66]. The Open layer has a minimum width

of 5�m and a minimum spacing of 8�m and is composed of several via and contact

layers including the overglass opening, Met2�Met1 contact,Met1�P ly contact,

the active area layer (Field Ox opening), and the active contact (Met1-Active area

contact).

Using the Open Tile, suspended oxide and aluminum micro structures can be

created [73, 81]. Shown in Fig. 5.2 is an example of an oxide plate with embedded

metal which can be fabricated in CMOS. The sides of the oxide plate is de�ned by

the bare-silicon pit area. After the chip is etched using a silicon etchant which is

selective against oxide (and also aluminum in other cases), the silicon underneath

the oxide plate is removed and the oxide plate becomes a suspended structure.
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Oxide layers Met2

Layout (Top View) Cross−section before etch

Cross−section after isotropic etch Cross−section after anisotropic etch

Oxide Opening 
   created by 
    PIT layer
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   created by 
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Silicon Substrate

Silicon Substrate Silicon Substrate

Figure 5.2: Process steps to create a suspended oxide plate is shown. The shape
of the oxide plate is de�ned by the PIT layer in the layout. After the chip is
fabricated and returned by MOSIS, the silicon underneath the oxide plate can be
chemically removed. Depending on the etchant used, pits with di�erent shape will
be created during the etch.

A bene�t of the fabrication approach shown in Fig. 5.2 is that only one post-

process etch step is required to create MEMS structures with standard CMOS. No

additional masking or lithography step is needed as long as the etchant used is

selective against aluminum and oxide. Many other techniques are in fact available

for fabricating MEMS structures using CMOS as discussed in Section 1.4 and

Section 5.3. However, we found that this basic fabrication approach shown in

Fig. 5.2 is in fact very suitable for micro CCR development. While exploring other

approaches could also be bene�cial, we were only able to explore this fabrication

approach in this work. Details regarding the post-process chemical etch will be
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presented in Section 5.3.

5.2 Building blocks for CMOS CCRs

Similar to the polysilicon CCR designs, we would like to create CMOS CCRs by

folding up mirror plates and locking them to form 90 degree angles. Therefore, we

created hinged plates and alignment mechanisms for these plates. We also studied

di�erent mirror designs to create at mirrors. We will describe our CMOS results

in the following sections.

5.2.1 Micro mirrors

The CMOS process was originally designed to fabricate integrated circuits; there-

fore, mechanical properties of the �lms such as stress of the �lms were not impor-

tant concerns. To fabricate useful corner cube reectors in CMOS, we would like

to �nd out if it is possible to fabricate at mirrors despite the �lm stresses. Mirrors

with several di�erent layer combinations were fabricated. Reported reectance for

aluminum �lms is greater than 95% for long wavelengths (greater than 1�m)[20].

For wavelengths between 0.2 to 1�m, the reectance is above 85%.

The curvature of the fabricated mirrors was measured using a Wyko white

light interferometer (Fig. 5.1. The layer combinations which we used, however,

only represent a small subset of all the possible combinations. Therefore, the

results here are not conclusive although still useful. We found that it is indeed

possible to make CMOS mirrors with comparable curvature to polysilicon mirrors

in Section 3.1.2.

Fig. 5.3 shows the cross-sectional view of some of the fabricated mirrors. These

mirrors include metal mirrors with oxide frames and metal mirrors embedded in
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Figure 5.3: Cross-sectional views of various fabricated CMOS mirrors are shown.
These �gures are not drawn to scale. The oxide thicknesses are based on the ideal
values given in Fig. 5.1. The mirror curvature results of the fabricated mirrors are
shown in Table 5.1.
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Figure Composition Curvature(mm) Comments

5.3(a) Met2 oxide frame, astigmatic
5.3(b) Met1 +Met2 oxide frame, astigmatic
5.3(c) Met1 15 ox plate, concave down
5.3(d) Met2 4 ox plate, concave up
5.3(e) Met1 +Met2 3.5 ox plate, concave up
5.3(f) Met1 3.55 ox plate, poly frame, concave up
5.3(g) Met2 2.8 ox plate, poly frame, concave up

Table 5.1: The curvature results for the fabricated CMOS mirrors are shown.
These results, which correspond to 200�m mirrors with cross-sections shown in
Fig. 5.3, were collected using a Wyko white light interferometer.

oxide. The metal mirrors with oxide frames have 190�m square aluminum mem-

branes with 25�m width oxide frames so that the overall mirror size was (200�m)2.

As shown in Fig. 5.3(a) and (b), the metal membranes were made of the Met2

layer or the Met2 layer contacted to Met1. These mirrors were created by placing

a 150�m square \Open" layer in the center of the mirror layout shown in Fig. 5.2.

The advantage of this design is that incident light can directly shine on the reec-

tive metal surface. Note that it is not possible to make a Met1 membrane because

patterning of theMet2 layer, which would be deposited directly on theMet1 layer

due to the lack of the Ox2 layer, will remove the Met1 layer.

The metal mirrors embedded in oxide were made of 200�m (or 250�m) square

oxide plates enclosing either Met1, Met2, or both metal layers (Fig. 5.3(c), (d),

and (e)). These mirrors are created using the basic mirror layout shown in Fig. 5.2.

Variation of these mirrors were created by adding a 15�m width polysilicon frame

under the metal mirror (Fig. 5.3(f) and (g)). 10�m or 12�m etch holes have been

used to reduce release etch time, although plates with dimensions of 200�m with

no etch holes could also be successfully released (Section 5.3).

Table 5.1 shows results of fabricated 200�m square mirrors. The mirrors with
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(a)

(b)

Figure 5.4: (a)The 2-D pro�le of an astigmatic CMOS square mirror with 200�m
sides is shown. The cross-section of this mirror is shown in Fig. 5.3(b). (b)The
2-D pro�le of a typical concave CMOS square mirror with 200�m sides is shown.
The cross-section of this mirror is described by Fig. 5.3(d).
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only oxide frames as support (Fig. 5.3(a) and (b)) were found to be severely dis-

torted, forming an astigmatic or toric surface [32]. Radii of curvature measured

across the diagonals of these mirrors ranged from 1.4 to 2.8mm. An example of

an astigmatic mirror pro�le is shown in Fig. 5.4(a). This image is taken from a

released mirror with cross-section shown in Fig. 5.3(b). Most of the other mirrors

formed symmetric concave surfaces with still undesirably small radius of curvature

(about 3.5 to 4mm). An example of a concave mirror pro�le is shown in Fig. 5.4(b).

This image is taken from a mirror with cross-section shown in Fig. 5.3(d).

The attest fabricated mirrors have onlyMet1 encased in oxide, with curvature

ranging from 15mm up to almost 80mm for 200�m square mirrors. The large

radius of curvature for these mirrors is due to the large thickness of oxide (which is

compressive) compared to that of aluminum (which is tensile). The large variation

is due to the CMOS process variation and the curvature's sensitivity to the balance

of the �lm stresses in the composite plate.

Table 5.1 also indicated that the oxide mirrors with polysilicon frame have small

radii of curvature despite of the addition of a polysilicon frame. It is important

to note that the mirror area with polysilicon was actually found to be very at.

Therefore, the radius of curvature measurements were taken from the region inside

the poly frame instead of the whole mirror so that a fair comparison cannot be

made. These fabricated mirrors, however, strongly indicated that the polysilicon

layers should be used to counteract the metal stresses. With the addition of one

or two polysilicon layers in the mirror stack, it may even be possible to expose the

aluminum surface by removing the overglass layer without decreasing the radius of

curvature of the mirror. Therefore, successful fabrication of CMOS mirrors with

good optical quality is promising.
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Figure 5.5: Process steps to create a hinged oxide plate are shown. The oxide plate
is de�ned by the PIT layer in the layout. TwoMet2 beams link the isolated oxide
plate to the surrounding oxide area. After the chip is fabricated and returned
by MOSIS, the silicon underneath the oxide plate and the aluminum beams is
chemically removed using XeF2. The oxide plate can then be rotated upward.

5.2.2 Aluminum micro hinges

Fig. 5.5 shows the layout for an oxide plate which is free to rotate after the sacri�cial

silicon substrate is removed. Similar to the plate in the Fig. 5.2, this oxide plate

is de�ned by several rectangular regions of bare silicon area. In this case, the

center oxide plate is completely isolated from the surrounding oxide except for

the metal interconnect which forms a bridge across the bare silicon area. After

the release etch, the oxide plate becomes suspended over the silicon pit by the

aluminum interconnect. Since the aluminum beam is exible, the plate can be

rotated away from the substrate while the aluminum beam becomes plastically
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deformed (Fig. 5.5). In essence, the aluminum beam acts as a hinge for the oxide

plate.

An aluminum hinge can be created using Met2 (hinge thickness would be

1.1�m) orMet2 contacted toMet1 (hinge thickness would be 1.75�m). Due to the

layer order of the metal layers (Fig. 5.1), an aluminum hinge naturally has a sharp

bend at the edge of the oxide plate to which the hinge is connected. This non-

ideal hinge topology can be observed in the cross-section illustrations in Fig. 5.5.

The sharp bends as shown are also contributed by the over-etching in the CMOS

process, where the exposed silicon area on which the metal beams rest are often

etched by more than 1�m. Because of this topology, it is most common for the

hinge to bend near the oxide edges. Despite the large stresses which are present at

the bent locations, aluminum hinges were demonstrated to survive cycles of large

bending while maintaining good electrical properties [52].

To create hinged structures with precise mechanical alignment, it is desirable

to make the aluminum hinge bend at only a speci�c location. One method is to

make the beam more narrow at the desired bending location than the other parts

of the beam. Another method is to use double metal layers to form the hinge

except for the area where bending is desired to occur [61].

Fig. 5.6 shows two metal hinges which are connecting two released plates to

the substrate. The plate on the right is resting parallel to the substrate, while the

plate on the left is lifted up to a near vertical position. These hinges are 10�m

long and 35�m wide. We found that these hinges were reasonably rugged and did

not easily break during plate rotation. We also found that even though the hinge

would naturally bend at the desired (narrower) end, the hinge could also bend at

the other end if the plate is pressed incorrectly with the probe tip during assembly.
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Figure 5.6: Close-up view of the metal hinges which allows the rotation of the
mirror plates. The hinges are made of a 1.1�m aluminum layer.

Shorter and wider hinges are generally desirable because of their strength. How-

ever, the unetched oxide found next to the right hinge in Fig. 5.6 suggests that

short hinge designs could potentially be problematic. As shown in the �gure, the

CMOS process failed to completely remove the oxide in a 10�m wide pit area, even

though the design rules only required 5�m openings. This is a particularly serious

problem if an anisotropic wet etchant is used to release the structure. In our case,

since we used an isotropic gas etchant (XeF2), we never experienced any problems

with this design.

5.2.3 Mechanical alignment aids

Using micro mirrors and hinges described in the previous sections, we can create

hinged mirrors to form the vertical mirrors of a CMOS CCR. Unlike the polysilicon
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(a) (b)

Figure 5.7: The front (a) and rear (b) views of a CMOS CCR is shown. This CCR
made of oxide, aluminum, and polysilicon, has dimensions of about 250�m. The
two vertical mirrors are aligned together by sliding a stub of one plate through a
slide on the second plate.

hinged mirrors, the CMOS hinged mirrors do not necessarily need to be locked to

remain in a vertical position because the aluminum hinges are plastically deformed

when bent by a large angle. However, it is still necessary to make sure that the

two vertical mirrors are well aligned with each other and with substrate.

Fig. 5.7 shows a fabricated CMOS CCR. This CCR has two vertical mirrors and

a rotated mirror which could be used to modulate incident light like the polysilicon

actuators in Section 3.1.4. The actuated base mirror as shown, however, is not

functional. The two vertical mirrors are aligned with each other using an alignment

stub and slit similar to the ones used in the polysilicon designs (Section 3.1.4).

From the rear view of the CCR in Fig. 5.7, we can see the stub (or tenon) of one

mirror which was slid into a slit (or mortise) of the other mirror.

The thickness of the stub (assuming no over-etching) was about 3.14�m. The

width of the slit was designed to be 4�m, although the fabricated slit might be

more narrow because the oxide cut forming the slit did not necessarily remove
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(a) (b)

Figure 5.8: The front (a) and rear (b) views of a di�erent CMOS CCR is shown.
The alignment stub and slit are located near the top of the mirror plates. Sti�eners
made of oxide and poly are added to the edges of the mirrors, although they were
not found to a�ect the mirrors' curvatures.

all the oxide. This e�ect is more evident in the alignment slit on the right plate

in Fig. 5.6. However, it is possible for this oxide residue to become completely

detached from the plate when the stub is pushed through the slit. Therefore, the

oxide residue generally was not found to prevent successful assembly of the mirrors.

On the other hand, we found that the design of the plate extension where the

slit is located could cause problems. Because of the weak support near the base,

the plate extension would break if a probe tip pushes against it during assembly.

Another undesirable feature of this alignment design is that it is hard to know if

the mirror with the slit is rotated adequately. In other words, even though the

vertical mirror with the stub is well aligned to the substrate, the other vertical

mirror could be misaligned. Therefore, the alignment of CCRs with this design

largely depends on the assembly process.

A di�erent alignment stub and slit design is shown in the CCR in Fig. 5.8. In

this design, the alignment stub and slit are located near the top of the mirror plates
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(a) (b)

Figure 5.9: The front (a) and rear (b) views of a CMOS CCR with linked-mirrors
is shown. In this CCR, the two vertical mirrors are linked together by hinges. The
long alignment slit is located on the substrate such that the one edge of the hinged
mirror is rotated through the top surface of the substrate.

so that more accurate alignment could be achieved. Similar to the other design,

the stub is about 3.14�m thick. However, the slit was designed to be 5�m wide,

following the design rule. Even though the slit is wider, this design was found to

be more rugged than the previous design since the slit is only a small section of a

continuous plate. Another advantage of this design is that the edge of one mirror

rests against the side of the other mirror. Therefore, it is easy to know if the both

plates are adequately rotated. Moreover, there is no gap between the two vertical

mirrors after assembly.

Fig. 5.9 shows a CCR with an alignment design which is very di�erent from

the other design. In this CCR as shown in Fig. 5.9(a), the right vertical mirrors

is hinged to the left vertical mirror. When the left vertical mirror is rotated to

a vertical position, part of the right mirror enters a long slit on the substrate.

As shown in Fig. 5.9, the vertical plates show excellent orthogonality; however,

both mirrors are slightly misaligned from the substrate because the left mirror (in
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Figure 5.10: Illustration of alignment design improvement for the CCR in Fig. 5.9
is shown.

Fig. 5.9) was not rotated adequately. The problem with this present design is that

it is di�cult to know whether the mirror which is hinged to the substrate is rotated

su�ciently.

The CCR design in Fig. 5.9 can be improved with several minor modi�cations.

The mirror stub or extension should be made from a continuous plate like the stub

in Fig. 5.8. Furthermore, the mirror with the stub should be shaped so that instead

of the whole bottom mirror edge going through the slit, part of the edge would

rest on the substrate as shown in Fig. 5.10. In that case, over or under-rotation of

the substrate-hinged mirror would be prevented.

Similar to the CCRs in Fig. 5.7, the mirror alignment of the CCRs in Fig. 5.9

as well as in Fig. 5.8 was also largely dependent on how carefully the CCR was

assembled. For the later designs, the main reason is that the hinge lengths were

simply too long and could easily bend incorrectly. Therefore, the hinge length of

the CCRs with either designs should also be signi�cantly reduced. Then CCRs

with precise alignments would be possible.
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5.3 Fabrication of CMOS microstructures

Layout of the CMOS CCR designs are electronically submitted to MOSIS for

fabrication. Fabricated dies are generally delivered between 8 to 10 weeks. The

CMOS CCR dies could ideally be packaged and bonded before the post-processing

etch and assembly process. We did not do so because the CCR test structures were

usually crowded on the die to yield a large number of test structures per die. If all

the devices were bonded, the bondwires inevitably would cross over one or more

structures, adding unnecessary complications to the assembly process. Therefore,

the CMOS dies were post-processed with no packaging. In the following sections,

we will discuss post-processing of CMOS chips including bulk etching and assembly

of microstructures.

5.3.1 Bulk etching of CMOS chips

The chips from the CMOS process must be post-processed by etching away the

silicon to which our oxide and metal structures are attached. Many di�erent

options are available for etching bulk silicon. In our application, we must use

a process which would cause minimal damage to oxide and metal (aluminum)

which are used as the MEMS structural materials. Anisotropic etchants includ-

ing ethylenediamine-pyrocatechol (EDP) [71] and pH-controlled tetramethyl am-

monium hydroxide (TMAH) with water and dissolved silicon [83] were found to

preserve oxide and aluminum (protected by native aluminum oxide) e�ectively.

Potassium hydroxide (KOH) may also be used if the aluminum layer is properly

protected, such as using electroplated gold [80] or oxide passivation layers [42].

Conventional plasma etching could also be used to etch silicon, but in general,
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Figure 5.11: Block diagram of the XeF2 etching system used to post-process the
CMOS chips.

plasma etches do not have high selectivity against oxide [97]. Therefore, an addi-

tional masking layer is needed [25].

To etch our CMOS chips, we used an isotropic dry-etching process with xenon

diuoride (XeF2) [14]. XeF2 is a member of a family of uorine-based silicon

etchants which includes ClF3, BrF3, BrF5 and IF5. All of these compounds can

be used for vapor-phase chemical etching of silicon [39, 40]. XeF2 and BrF3 both

exhibit very high etch rates for silicon at room temperature, yet zero or near zero

etch rate for oxide and aluminum [97, 14, 95]; therefore, these etchants are very

suitable for CMOS. The isotropic nature of the etchant also allows quick undercut

and release of the structures. Moreover, dry etching is advantageous compared

to wet etching because the microstructures do not have to experience large uid

forces present in a wet bath.

At room temperature, XeF2 has a sublimation pressure of about 4 Torr. The

overall reaction equation for the Si=XeF2 reaction is the following:

2XeF2 + Si! 2Xe + SiF4 (5.76)

We used XeF2 as a vapor-phase etchant by placing XeF2 crystals in high vacuum
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(about 10mT ) where the crystals sublime to gas and then exposing the gas to our

CMOS chips. We had initially used a simple vacuum system as an etcher. Unfor-

tunately, we found that direct exposure of the XeF2 crystals to the etch reaction

often caused the crystals to stop subliming after a period of silicon etching. We be-

lieved that the crystal surfaces become contaminated by the moisture and various

chemicals present in the etching chamber. Therefore, we developed a technique

called controlled pulse-etching where the vapor from the crystal expanded into a

designated chamber, and only pulses of XeF2 vapor were exposed to the etched

sample. The block diagram of the system is shown in Fig. 5.11. With this system,

we were able to release CMOS structures quickly and reliably [62, 21, 53]. Details

of this etching system are described elsewhere [14].

The CMOS chips generally needed no special preparation before etching. How-

ever, we found that some CMOS chips with no preparation would only be partially

etched. In these cases, white scum would often appear on the silicon surface. How-

ever, CMOS chips which were given a dehydration bake on a hot plate shortly prior

to etching. Baking generally prevented this problem. A short bu�ered hydrouoric

acid (BOE) dip may also be used prior to etching to clean the silicon surface. In

this work, BOE dip, however, was rarely applied.

In general, about 20 to 25 one-minute etch pulses (about 30 minutes of etching)

are needed to release 200�m square oxide plates with no etch hole. Etch pits may

have depth greater than 50�m. Fig. 5.12 shows a CMOS corner cube reector on

a MOSIS chip after being etched in XeF2. Because of the isotropic nature of the

etchant, bond pads should be placed far away from an etch pit opening. Otherwise,

the chip should be bonded before the release etch.
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Figure 5.12: The top view of the CMOS CCR in Fig. 5.7 before being assembled.
The CMOS chips was etched in XeF2 to remove the supporting bulk silicon.

5.3.2 Manual assembly

The manual assembly process for the CMOS structure is similar to that of the

polysilicon structure. The CMOS structures are assembled using micro-manipulators

under a microscope. To lift up a plate, one must carefully place a probe tip un-

derneath the plate and slowly raise the tip, guiding the plate through the rotation

about the hinges. In the polysilicon case, there may be at most about 5�m of gap

to slide a probe underneath a plate. Therefore, we used microjacks as an assembly

aid (Section. 3.3.2). In the CMOS case, generally there would be a gap of tens of

microns so that placing a probe underneath the plate is relatively easy. Because

of the alignment designs, the plates must be lifted up in a sequence. For example,

Fig. 5.13 shows the order of the plates to be rotated for the CCR design in Fig. 5.7.
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(a) (b)

Figure 5.13: The two vertical mirrors are lifted up in a sequence as shown in (a)
and (b). These mirrors are made of a metal membrane supported by an oxide and
poly frame. Residual stress has caused the membranes to curve.

Lifting up a CMOS plate could be easier than a polysilicon plate for another

reason. While a polysilicon plate is being lifted up by a probe tip, if the probe

accidentally loses contact with the plate, the plate would fall back down on the

substrate because the hinges are a free pin-joint. On the other hand, as a CMOS

hinged plate is being lifted up, the metal hinges are becoming plastically deformed

so that even if the probe loses contact with the plate during the rotation, the plate

would stay rotated and not fall back down toward the substrate.

Despite the advantages already described, overall CMOS microstructure assem-

bly is more di�cult than polysilicon assembly for several reasons. One main reason

is that the silicon etch pit surrounding the structure is rough and unreective. As a

result, when a probe tip is placed above the pit, the probe tip is generally invisible

through the microscope unless the probe tip is in perfect focus. Another reason

is that the oxide plates are di�cult to see under the microscope compared to the

polysilicon plates, especially when the plate is near vertical. Part of the di�culty

is due to the lack of light reecting from the chip background. Furthermore, an
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oxide plate, like glass, appears almost transparent unless some metal is present.

Nevertheless, the presence of metal on a plate was found to o�er limited bene�ts,

such as when the plate is near at or near 45 degrees from the substrate.

In spite of these di�culties, all the CMOS structures which are presented in

this work were assembled using the same probe station setup as for the polysilicon

structures with reasonable success. These assembly di�culties can be alleviated

by setting the chip on a tilted stage or applying illumination to the side of the

chip during assembly. Stereo-microscopes with high magni�cation would also sig-

ni�cantly simplify the process.
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6 Conclusion

6.1 Summary of Results

Fabricated polysilicon CCRs using a standardized MEMS process yielded func-

tional CCRs with excellent mirror alignment but only satisfactory optical quali-

ties and bandwidth. Precise mirror alignments were achieved using novel designs

including torsional tie-down, tenon, and mortise. The largest (best) radius of cur-

vature for fabricated mirrors was about 20mm, leading to CCR-reected beam

divergence of about 20mrad. Further improvement would require additional post-

processing steps or re�ning the fabrication process.

Novel electrostatic actuator designs have bandwidth ranging from 500Hz to

3kHz and require 15 to 37V . Angular motions of up to 3 degrees was achieved.

Theoretical capacitance is about 0.3pF so that a CCR modulated at 10kH us-

ing 20V would consume only 0.6�W . Measured actuator capacitance of package

devices was about 1.55pF , although actual capacitance of the device during oper-

ation is about 21pF due to pads and wiring layout. The mechanical design can

de�nitely be improved to increase the bandwidth and power e�ciency, but proper

vacuum packaging will be necessary to create devices suitable for high data band-

width applications. Self-assembled CCRs based on scratch-drive actuators were

also designed and tested. Although no self-assembled devices were fully functional,

self-assembly is shown to be a viable option for large volume CCR fabrication.

Fabricated CCRs devices, though unoptimized, successfully demonstrated data

transmission across 150 meters at 4bps, consuming 16nW for mirror actuation.
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Low data rate was limited by our commercial o�-the-shelf hardware. The experi-

mental results not only support our communication analysis but also strongly sug-

gest that long range communication (greater than 1km) is achievable with suitable

improvement of the CCRs' performance (such as the mirror curvature) and the re-

ceiver system. Communication with multiple CCRs was also demonstrated, which

suggests that CCRs can be used in applications requiring multiple communication

channels.

We also demonstrated successful fabrication of static CCRs in CMOS using

aluminum micro-hinges and a novel silicon etching process with vapor XeF2. Fab-

ricated mirrors made of aluminum and oxide have a large range of curvatures, but

some designs were found to have less curvature than the polysilicon mirrors. Un-

fortunately, from our results, we cannot draw conclusions about the performance

limit of CMOS-fabricated CCRs. Nevertheless, our results strongly support further

development of monolithic CCR-based transmitters using CMOS.

6.2 Future Work

6.2.1 CCR Applications

In this work, we have shown that CCR-based communication links are de�nitely

feasible. There are many potential applications where asymmetric power con-

sumption between two communicating nodes can be bene�cial. However, only

�eld-testing of these CCR devices in di�erent environments would indicate the

best possible use of CCR-based communication links. Test environments may in-

clude the desert, the jungle, the North Pole, on the moon, outer-space, inside a

166



wind-tunnel, on the ocean, and even inside the ocean. At the end, the environ-

mental e�ects in di�erent applications will naturally de�ne the best use of this

communication technology.

6.2.2 Micro assembly and packaging

Micro assembly technology has an important role in the successful development

of micromachined devices. For micro CCRs based on hinged plates, the need of

a low-cost high-yield self-assembly process is especially critical in order to meet

many potential application requirements. Although many MEMS designs have

been demonstrated for micro-assembly, a common drawback is the requirement of

large chip area. These micro-assembly devices (including scratch-drive actuators)

must be further miniaturized to assemble small devices with high precise and lower

cost.

Advanced packaging technology is also necessary to create rugged and useful

micro CCRs and MEMS devices in general. Micro CCRs ideally should be sealed

and packaged immediately after the sacri�cial release etch and then activated to

self-assemble inside the sealed medium. As an example, for infrared applications,

a silicon wafer with micromachined cavities can be wafer-bonded to a CCR wafer

after the sacri�cial release etch. Then the wafer can be diced and appropriate

packaged. Non-planar substrates or packages may also be considered to create

CCR arrays with multiple orientations.

6.2.3 Actuator Designs

High bandwidth, low-power actuators have applications in micro CCRs as well

as many other devices. Higher CCR bandwidth would allow not only high data
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rate but also signal coding. Besides general mechanical design improvements, sev-

eral aspects of the actuators designed in this work can be further investigated

including squeeze-�lm damping for non-parallel surfaces, non-linear electrostatic

feedback control, and impact actuation[56]. Among di�erent micromechanical de-

signs, micromachined di�raction gratings appear to provide the highest potential

modulation speed for CCR applications; however, appropriate packaging is needed

to make CCRs visible only to desired wavelengths. Designs of actuators using

thermally reshaped polysilicon could also lead to interesting devices.

6.2.4 Process Development

Analog Devices has already shown that a combination of a MEMS single-layer

polysilicon process with a CMOS electronics process can be used to produce com-

mercially viable products. Development of process which combines multi-layer

(and possibly thick-layer) polysilicon with CMOS may allow many interesting pos-

sibility. Hinged polysilicon technology combined with liquid-crystal and other

electro-optics technology may also open doors to many interesting possibilities,

especially in development of micro-optical MEMS.
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