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Corner-Cube Retroreflectors Based on
Structure-Assisted Assembly for Free-Space
Optical Communication
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Abstract—We have fabricated sub-millimeter-sized quad tion with solar cells, sensors and CMOS control circuits. CCR
corner-cube retroreflectors (CCRs) for free-space optical com- transmitters have been employed in miniature, autonomous
munication. Each quad CCR structure comprises three mirrors sensor nodes (“dust motes”) in the Smart Dust project [5]

micromachined from silicon-on-insulator wafers, and is designed Fabricati f th di . | struct ith isel
to facilitate manual assembly with accurate angular alignment. abrication or three-dimensional structures with precisely

Assembled CCRs exhibit mirror nonflatness less than 50 nm, Positioned out-of-plane elements poses challenges to current
mirror roughness less than 2 nm, and mirror misalignment less microelectromechanical system (MEMS) technologies. One

than 1 mrad, leading to near-ideal optical performance. The way to achieve three-dimensional structures is to rotate parts
quad CCR incorporates a gap-closing actuator to deflect a base out-of-plane on hinges [6]. However, hinges released from

mirror common to the four CCRs, allowing their reflectivity to be . . .
modulated up to 7 kbJs by a drive voltage less than 5 V. We have Surface-micromachined processes typically have gaps, per-

demonstrated a 180-m free-space optical communication link using Mitting motion between linked parts. Previous CCRs have
a CCR as a passive optical transmitter. Quad CCRs have been been fabricated in the MUMPS process [7] and side mirrors
integrated into miniature, autonomous nodes that constitute a ere rotated out-of-plane on hinges. These CCRs had nonflat
distributed wireless sensor network. We present an analysis of the o syrfaces and high actuation voltages. Most importantly,
signal-to-noise ratio of CCR-based links, considering the impact the hi t able t id ficient] ) ’
of CCR dimensions, ambient light noise, and other factors. [907] ? |ng-es were no -a et pI’O\{I € summciently accurate
mirror alignment. In this paper, we introduce a new scheme,
Index Terms—Assembly, corner-cube retroreflector, free-space truct isted blv. to fabricat d ble CCR
communication, microelectromechanical systems (MEMS). struc ure.-aSSIS e assem. y, 10 fabricate and assembie S
that achieve accurate alignment of out-of-plane parts. The
optical and electrical properties of CCRs produced through
. INTRODUCTION this method are far superior to previous CCRs fabricated in the

REE-SPACE optical communication has attracted coMUMPS process. Improvements include a tenfold reduction in
F siderable attention for a variety of applications, such Aairror curvature, a threefold reduction in mirror misalignment,
metropolitan network extensions, last-mile Internet acceds,fourfold reduction in drive voltage, an eightfold increase
and inter-satellite communication [1]-[3]. In most free-spad® resonant frequency, and improved scalability due to the
systems, the transmitter light source is intensity modulatégadruplet design. o
to encode digital signals. Zwirn proposed to use a micro- We previously reported the new scheme of fabricating quad
fabricated corner-cube retroreflector (CCR) as a free-spde€RS in a silicon-on-insulator (SOI) process, making use of
optical transmitter [4]. An ideal CCR consists of three mutualIZ;UCtL're'aSSiSted assembly to achieve good mirror alignment
orthogonal mirrors that form a concave corner. Light incide ]. Here we present more detailed information about the design,
on an ideal CCR (within an appropriate range of angles) f@bricatiqn and performance of_the;e qugd CCRs. We des_cribe
reflected back to the source. By misaligning one of the thr&& experimental free-space optical link using a CCR transmitter,
mirrors, an on-off-keyed digital signal can be transmitted ba@d present an analysis of the signal-to-noise ratio (SNR) of
to the interrogating light source. Such a CCR has been termfeg@R-based optical links. Fabricated CCR is incorporated with
a “passive optical transmitter” because it can transmit withother parts of Smart Dust mote and transmits signals collected
incorporating a light source. An electrostatically actuated CCRY the accelerometer and light-level sensor.
transmitter offers the advantages of small size, excellent optical
performance, low power consumption and convenient integra- Il. DESIGN AND FABRICATION OF CCRs

The SEM picture in Fig. 1 shows a fabricated and assembled
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Fig. 1. SEM picture of assembled CCR quadruplet. Note the spring-locks beside the V-grooves to grab the feet of the side mirrors and the nottlctpicirusi
at the top of the side mirrors to achieve more accurate positioning. The extended beams with triangular heads act as limit stops for the gapattrsimgdact
land on electrically isolated substrate islands.

and suspended by two torsional springs. The device layer aithated orthogonally around the actuated bottom mirror. Each
substrate layer of the SOl wafer conveniently form the opposingthe side mirrors has “feet” that can be inserted manually into
electrodes of a gap-closing actuator. With half of the substrate larger open end of the V-grooves. The substrate under the
layer under the mirror etched away, the gap-closing actuadgrooves has been etched away to facilitate this insertion. After
provides a pure torsional moment. The narrow gap between theertion, the side mirrors are pushed toward the smaller end of
device layer and substrate layer provides an angular deflectibe V-grooves, where the feet are anchored by springs located
of several mrad for a mirror plate with a side length of severakxt to the V-grooves. One side mirror has a notch at the top and
hundredum. At the same time, the narrow gap size enables higfe other side mirror has a spring-loaded protrusion at the top;
actuation moment with low drive voltage, as electrostatic actafter assembly, the protrusion locks into the notch, maintaining
ation force inversely depends on gap size between electrodescurate alignment between the two mirrors. In this way, we
A second advantage of this gap-closing actuation design is tlhah naturally fabricate four CCRs that share a common actuated
it decouples the sizing of the actuated mirror from the sizirfgpttom mirror, although the performance of those four CCRs
of the actuator. With the substrate electrodes spanning from thay differ because of asymmetrical positioning of the side mir-
center of the mirror plate to the root of two extended beams, thars and the presence of etching holes on part of the actuated
extended device layer beams act as mechanical stops to preveintor plate. The quadruplet design increases the possibility of
shorting between the two actuator plates after pull-in. When theflecting the light back to the base station without significantly
moving mirror reaches pull-in position, the triangular-shapéddcreasing die area or actuation energy as compared to a single
stops make point contact with electrically isolated islands on tGCR.
substrate, minimizing stiction and insuring release of the mirror
when the actuation voltage is removed. The amount of angu@r Fabrication
deflection and puII-.in voltagg depends on the position of the eX-The process flow is shown in Fig. 2. The fabrication starts
tenc_ie_d be_ams while _the mirror plate may _be larger to refleﬂth a double-side-polished SOl wafer with a pfn device
sufficient light for the intended communication range. layer and a 2:m buried oxide layer. First, a layer of thermal
) . oxide with 1 um thickness is grown on both sides of wafer at

B. Design of Structure-Assisted Assembly 1100°C. We pattern the front-side oxide with the device-layer

Two groups of V-grooves are patterned in the device layer toask. The main structure is on this layer, including the
assist in the insertion of the two side mirrors. The V-grooves apettom mirror, two torsional spring beams suspending the
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o mirror 1, using a pair of fine-tip tweezers. We insert it into the
Wet oxidation large-opening end of the V-grooves around the bottom mirror
and push it into the slot, where the feet of side mirror 1 are
grabbed by the springs beside the V-grooves. Then we pick
up side mirror 2 and insert into the perpendicular V-grooves.
When both mirrors are pushed to the end of V-grooves, the
Pattern both sides ~ spring-loaded protrusion on one side mirror is locked into the
notch on the other side mirror and these spring-loaded struc-
tures ensure that the side mirrors remain in correct alignment.
This assembly process can be completed within several minutes
under a stereomicroscope. After assembly, we use a probe sta-
tion to finely tune the position of side mirrors and use UV-cur-

it st skl SR TR A |
i i Backside etch able epoxy to secure the side mirrors to the chip. As silicon re-
flects only about 30% of visible light, we can evaporate a 50
[ == nm-thick layer of gold either before or after assembly without
masking, to improve the optical performance of the CCRs.

. . E Frontside etch ll. PERFORMANCE OFFABRICATED CCRS
ﬁ .ﬁ ﬁ In the Smart Dust project, the CCR needs to operate with an
EEN  (EEEETN s —

actuation voltage less than 5 V, to be compatible with solar cell

power and low-voltage CMOS control signals. The modulation
speed of the CCR should be in the range of several kb/s. Most
' M Ll importantly, the optical performance of CCR has to be good
ﬁ ﬂ enough to transmit a signal for several hundred meters with low

bit-error probability.

SiES ot il ek Rpust A. DC and AC Actuation of Fabricated CCRs

Fig. 2. Bottom mirror fabrication process. The back-side etching allows The deflection of the actuated mirror takes place under the

creation of electrically isolated islands in the substrate, which serve as li ; ; _
stops for the gap-closing actuator when it is pulled-in. The side mirrors canT)%su'tam of the electrostatic torque and spring torque. A gap

fabricated in the same process, or in a simpler single-mask process. A sepds#@$ing actuator, suspended by two torsional beams, has pull-in

process provides more flexibility over choice of design parameters. position and pull-in voltage of [9]

. . . g
bottom mirror, gap-closing actuation stops and V-grooves Opuni—in = 0440477 1)
for anchoring the side mirrors. Then we flip the wafer over, " 5 L
deposit thick resist and pattern the back-side oxide using the v o 9.685K40,,,11_ i @)
substrate-layer mask. The substrate layer functions as the pull=in e0Lm

second electrode of the gap-closing actuator and provides two

electrically isolated islands as the pull-in stop for the actuatavhereg is the actuator gap, i.e., the thickness of buried oxide

We perform STS etching from the back-side first. After etchinyer in the SOI wafer. Herd}y,,, and L,,, are the width and

through the substrate, we continue the etching to remove {bagth of the actuator plate, ad¢y is the torsional spring con-

exposed buried oxide, reducing the residual stress betweendtant.

buried oxide and device layer that might otherwise destroy Fig. 4 shows experimental results of deflection angle versus

the structures after the front-side etching. Then we etch thpplied voltage, as well as the theoretical relationship. Experi-

front-side trenches. After etching, the whole chip is dipped inthents demonstrate a DC pull-in voltage as low as 4.7 V and a

concentrated HF for about 10 min, to remove the sacrificiplll-in angle of approximatel9.4 - g/W,,, in good agreement

oxide film between the bottom mirror and substrate. There is mith theoretical predictions. Notice that the full angular travel

need to employ critical-point drying after release, because tbthe actuator ig/W,,, which is several mrad for a gap dis-

tethers between the moving mirror and the rest of the chip halthce of 2:m and an actuator width of 3Qém. The difference

the actuated mirror in place, preventing it from being attractégtween the experimental and theoretical values of the full an-

to the substrate. gular travel results from the existence of the gap-closing stops.
The side mirrors can be fabricated in the same process oiThe mechanical resonant frequency of the actuated plate is

by another standard single-mask process on a SOl wafer. g#en by

patterned the device layer with the shape of side mirrors, fol-

lowed by a long-duration HF release. When both the bottom 1 [ ke >

mirror and side mirrors are ready, we mount the side mirrors f= o <K>

onto the bottom mirror manually to form a fully functional CCR.

Fig. 3 shows the sequence of assembly. First, we pick up sidberel,, is the moment of inertia of the actuated plate.

®3)
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(a) Before assembly:

Side mirror 1

Side mirror 2

Bottom mirror

(b) After inserting side mirror 1:

(c) Inserting side mirror 2:

Fig. 3. Assembly sequence. Snap locks yield alignment accuracy better than 1 mrad.
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Fig. 4. Actuator angular displacement vs. applied DC actuation voltage. Fig. 5. Frequency response of the actuated bottom mirror plate.

Fig. 5 shows the frequency response of one device, m&5 kHz. This corresponds to a mechanical cut-off frequency
sured using a POLYTEC laser Doppler vibrometer. A pure sbf about 7.0 kHz, implying that the CCR can be digitally modu-
nusoidal voltage source is applied to the gap-closing actuatated up to about 7 kb/s. A much higher modulation speed could
and a lock-in amplifier senses the output signal at twice thee achieved by fabricating the bottom mirror on a SOI wafer
frequency of the drive signal. Electrical resonance occurs teving a decreased device-layer thickness, with little or no im-
2.2 kHz, corresponding to a mechanical resonant frequencypafct on other performance characteristics of the CCR.

4.4 kHz, because the actuation torque is proportion&4pso Fig. 6 shows the response of a CCR to a 250 Hz square wave.
that the torque is applied at twice the frequency of the electrioad ¢ = 0.5 ms, the actuation voltage is turned off. The actu-
drive signal. The electrical 3-dB cut-off frequency is aroundted mirror is restored to its relaxed position under the restoring
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1, is the reflected light intensity at the observation plane and
L is the distance between the CCR and the observation plane.
Note that the DSCS has dimensions of fsr. The DSCS de-
pends on the mirror dimensions, mirror flatness, mirror surface
quality, mirror reflectivity, and relative alignment between the
mirrors. In addition, the DSCS depends on the directions of the
incident and reflected beams. For a CCR with three identical
square mirrors, the DSCS is largest for incident and reflected
directions close to the body diagonal, i.é, and n, near
1/(V3)(1,1,1).
| ; If we illuminate an unactuated CCR with laser light, the
-4 ' ‘ ‘ ' far-field diffraction pattern corresponds to the DSCS for
0 ! 2 ‘ 3 4 °  reflected light directions,, close to—n;. Fig. 7(a) shows the
Time (ms) measured far-field diffraction pattern of an unactuated CCR,
_ _ with illumination along the body diagonal direction, while
Fig. 6. Response of the actuated bottom mirror plate to a 250 Hz square WEEFQ. 7(b) shows the simulated diffraction pattern for a perfect
CCR of the same size [11]. The illumination wavelength is

torque of the torsional springs, turning on the beam reflectg§2'8 nm. Both measured and simulated patterns exhibit similar

from the CCR. At = 2.5 ms, the actuation voltage is turned on star” patterns, corresponding to an effective reflecting area

pulling down the actuated mirror, and turning off the beam rébat 's a six-sided polygon. The angular separation between

flected from the CCR. Both release and pull-down exhibittrarru]—.UIIS is 1.2 mrad in the experiment, and 1.0 mrad in the

sition times of about 5%s. When the mirror is released, it eX_S|mulat|on, showing good agreement. The experimental results

hibits ringing for about 1 ms before settling to the relaxed posq_emonstrate that any angular misalignment between the mirrors

tion. The 1 ms settling time implies a maximum modulation ra{nUSt be smaller than 1 mrad, or else we would not be able to

of about 1 kb/s. Fortunately in this process we can add an isoeb_serve the diffraction pattern with null spacing on the order

lated substrate area under the actuated plate to obtain increz?seldmrad'. ] ]
squeeze-film damping after release of the actuation voltage. wel € collinear DSCS (CDSCS) is defined as the value of the
have demonstrated that this can greatly reduce the settling tiff@CS when the directions of illumination and observation are

permitting the maximum modulation speed to be limited on§!lin€ar, i.e..i, = —i,. The CDSCS is relevant because in

by the resonant frequency. C;R—bgseq links, the receiver is usu.allly placed along the axis
A major goal of the Smart Dust project [10] is to minimizePf |II1_Jm|nat|on. If the d|stancq: is sufficiently Igrge, then the

the energy per bit required for transmission. The capacitarl&€iver subtends a small solid anglg, over which the DSCS

of the CCR changes from around 1.3 pF before pull-in to '§ @PProximately equal to the CDSCS. Under these assump-

pF after pull-in. The actuation voltage is around 5 V. A rougHons; the received poweF, can be computed approximately

estimate of the energy expended during each pull-in action4s'"9

CV? ~ 75 pJ (no energy is required to release the CCR).

Assuming nonreturn-to-zero encoding, energy is required only PoaT do

when the transmitted bit transitions from “1” to “0”, so that the oA,

average energy consumption is about 19 pJ/bit. This compares

quite favorably to other (RF) approaches such as Bluetoottsr example, if a CCR consists of three identical square mirrors
which has a fundamental transmission cost of 1 nJ/bit ovehgying side length and reflectivityr,,, and is illuminated along

Angular Displacement (mrad)

E Plate release ; Plate pull-in

(fLL —’fli) . Qo. (5)

few 10 s of meters. the body diagonal by light at wavelengihthe CDSCS is

B. Optical Performance of Fabricated CCRs do [ 1 1 3ads3
— [ —=(1,1,1),-—=(1,1,1) | = m_(6)
a0, \ /3 V3 e

A useful parameter describing the optical performance of
CCR is the differential scattering cross section (DSCS). It is
defined as [11]: In (6), we see that the CDSCS is proportional to the power cap-

tured by the CCR (a factar?) and the power reflected in three
bounces from the mirrors (a factaf, ), and is inversely propor-
(4) tional to the solid angle into which light is diffracted from the
Ii CCR (a factor\2/a?).
At a wavelength of 632.8 nm, uncoated silicon has a reflec-
where n; is the incident light directions,, is the reflected tivity of approximately 0.3, while gold has a reflectivity of 0.99.
light direction, I; is the light intensity incident on the CCR,For an ideal CCR with a 25pm bottom mirror and 45Q:m

do (72, )_L,LZ
aQ, N, Mo) =
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(b)

Fig. 7. Far-field patterns of light reflected from CCR. (a) Experimental result for a fabricated device. (b) Theoretical result for a perfect EGRnaé thize.
The diffraction pattern demonstrates good alignment between the three mirrors of the CCR. The misalignment is well under half of the anglebstwaration
different diffraction orders, i.e., less than 1 mrad.

side mirror$ illuminated along the body diagonal, Fraunhofer IV. SIGNAL-TO-NOISE RATIO (SNR) ANALYSIS OF
diffraction theory predicts CDSCS valuesiof x 10~3 m?/sr CCR-BASED LINKS

and4.4 x 1072 m?/sr for uncoated and gold-coated devices, re- |, yhis section, we present an analysis of the SNR of free-
spectively. We have experimentally measured CDSCS valuesgt e optical links using CCR transmitters, to identify critical
9.3x107* m?/sranc2.8 x 107 m?/sr, for uncoated and gold- gesjgn parameters and aid in design optimization. Here, we ne-
coated devices, respectively. These measured values are clo§¢et@[ the effects of atmospheric turbulence. These effects may be
the theoretical predictions, further confirming the near-ideal opggligible for short-range indoor links. For outdoor links with
tical quality of the fabricated CCRs. ranges up to a few hundred meters, turbulence-induced inten-
We have realized free-space optical communication oversgy fluctuations may often be overcome simply by an increase
range of 180 m. The optical setup is shown in Fig. 8(a). A coin transmitted power, as in the example of Fig. 8(b).
tinuous-wave laser (CW) beam with 632.8 nm wavelength, 0.80ur analysis considers a system design as in Fig. 8(a). ACW
mW power and 0.1 mrad divergence (half-angle) is directed tiaser beam with poweP; and divergence half-angk, is inci-
ward CCR by a small mirror placed in front of the telescopelent on the CCR from a range The intensityl;, incident on
The telescope has an entrance aperture of 8 cm diameter, $hb-CCR is
tending a half-angle of 0.22 mrad at the CCR. When the CCR P
bottom mirror is not actuated, the beam reflected back to the Ii = m ()

telescope has a divergence (half-angle) of 0.7 mrad; when the

mirror is actuated by 5.7 mrad,, this reflected beam splits apaft® telescope has light collection arda. We assume thak
into two beams, each directed 11.4 mrad away from the 0!ﬁ_sufﬁmently large, and thatl. is sufficiently small, that the

tical axis, well away from the telescope entrance aperture. K%ensity of light reflected from the CCR is constant over the

the size of the directing mirror in front of the telescope is smagﬂeSCOpe aperture. Since the telescope subtends a solid angle

_ 2 H
compared to the aperture of the telescope, the amount of li = A/L* at the CCR, using (5), the telescope collects a

signal blocked by the directing mirror is minimal compared toIgnal power
the amount of signal collected by the telescope. The CCR is PiA, do
driven by a pseudorandom, nonreturn-to-zero bit sequence at Psig = i tan2 0. 40 (T2iy =) (8)

400 b/s. Light collected by the telescope passes through an op-
tical bandpass filter having 632.8 nm center wavelength and When the CCR is not actuated (logical “1"). The telescope is as-
nm bandwidth, and is imaged onto a silicon photodiode wiumed to collect negligible signal power when the CCR is actu-
dimensions of 0.81 mnx 1.37 mm, which is coupled to a tran-ated (logical “0”). Assuming the photodetector has responsivity
simpedance amplifier. Fig. 8(b) shows the transmitted bit patteR) when the CCR is not actuated (logical “1”), the signal pho-

and the detected optical signal. The modulated signal is receitedurrent is
with high signal-to-noise ratio, although its amplitude fluctuates

slowly due to air turbulence in the optical path. Pidclt do

baig = ———s— —— (g, —7i). 9
9 wLA tan? 6; dQ, (i, =i) ©
, . . _ ) ) ) Hereatfter, for concreteness, we assume that the CCR consists
1in devices fabricated to date, the dimensions of the side mirror are sligh

tl . . . . .
larger than those of the bottom mirror because the bottom mirror is minimizéﬁ three identical square mirrors having side lengénd reflec-
to minimize layout area. tivity r,,,, and is illuminated along the body diagonal by light at
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Fig. 8. (a) Optical setup for uplink free-space optical communication using a CCR as a passive transmitter. (b) Detected 400 b/s signal aftetrtresnsigaion
over 180 m. Waveform 1: CCR drive signal; Waveform 2: detected photocurrent, which is proportional to the intensity reflected from CCR.

wavelength\. In this case, the CDSCS is given by (6). Thus, the//(m? - nm)), and that this region reflects ambient light with

signal photocurrent when the CCR is unactuated (logical ‘1") reflectivity 1. Suppose that the telescope employs an optical

given by bandpass filter having bandwidth . Within the filter band-
width, the total ambient light power reflected from the region

iy = SPiaZngzAZCR' (10) ‘seen” by the photodetector is
TAZL4 tan“ 6;
. . . P, ANALL?
Note that the signal photocurrent is proportional to the laser Py = prgRygANAf = ”9”9—2‘1. (12)
power P;. Because the beam is subject to diffractive spreading f

\cIthen %ropa%ﬁ“ntg both _to _and fromeLth§e CC? tge f&(gfgrre,&'ésuming that the region surrounding the CCR is a Lambertian
epends on the transmission rangd.as, instead of the _Ireﬂector [12], the poweP,, results in an irradiance at the tele-
dependence usually observed in free-space optical links. &eope of

photocurrent depends on mirror sizes mirror reflectivity

asr? and on wavelength as=2, for reasons explained previ- Py PygrygANAg

ously. Iy =75 = e (13)
We now calculate the ambient light noise received by the ph|9|- th bient light-induced phot i
todetector. Suppose that the photodetector hasAyeand that ence, the ambient fightinduced photocurrent Is
the telescope has focal lenggh The area in the CCR plane
3 Pyyryg ANAGA.
“seen” by the photodetector is ivg = IhyAR = ’gT’gW;‘Q ! R. (14)
Ap = AdLQ. (11) Note that the ambient light photocurrent is independent of the
f? transmission rangé, but is proportional to the photodetector

aread, and to the telescope light-collection aréda. In order
Assume that the region surrounding the CCR is illuminated by minimize ambient light noise, it is desirable to choose the
ambient light having spectral density, (this quantity repre- photodetector to be only as large as required to capture the entire
sents power per unit area per unit wavelength, and has unit€G&R image.
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Fig. 9. Communication rang€ versus interrogating laser powék required to achieve a bit-error probabilify = 10 _¢ for different CCR side lengths
(assuming that the CCR consists of three equal-sized square mirrors). We assume a bit rate of 1 kb/s and a receiverBardwkéth All other important
parameters, including interrogating beam divergence, collecting lens aperture, and photodiode dimensions, are assumed to be the samedethepade th
communication experiment.

We assume that a preamplifier is employed to amplify the reshereQ () = 1/2 erfo(z/(1/2)). Achieving a bit-error proba-
ceived photocurrent, and will refer all noises to the preamplifidility of 10~6 requires a peak SNR of about 19.5 dB. Fig. 9 plots
input. The ambient light induces white shot noise, which haglae relationship between the interrogating laser poReand

(one-sided) power spectral density (PSD) given by: the maximum transmission rangie assuming a bit-error prob-
ability P, = 10~¢, for different values of the CCR side length
Spy = 2qis (15) o We assume a bit rate of 1 kb/s, and assume a transimpedance
g — g-

receiver having bandwidtB = 1 kHz and feedback resistance
N ) ) _ Rp = 20 MQ. All other important parameters, such as inter-
Additional noises may be contributed by the preamplifier. fyqating beam divergence, collecting lens aperture, and pho-
feedback or load resistandé, will contribute white noise (ggiode dimensions, are assumed to be the same as those in
having PSDSr = (4kpT)/(Rr), wherekp is Boltzmann's he free-space communication experiment, described in the pre-
constant andl’ is absolute temperature. The preamplifiefioys section. The noise is dominated by approximately equal
transistors are assumed to contribute white noise with P3Ributions from ambient light shot noise and thermal noise

Samp. Assume that the preamplifier (or a following lowpasgom the feedback resistor, while amplifier noise is negligible.
filter) limits the noise bandwidth to a (one-sided) bandwitth s jijustrated in the Fig. 9, the maximum transmission rafige

Wh_ereB i_s appr_oxir_nately equal to the bit rate. Then the tOtfﬂepends on the laser powera§1/4, and depends linearly on
noise variance is given by the CCR side length. Fig. 9 demonstrates that a CCR-based
link of several hundred m range is feasible.
Ut20t = (Sbg + Sk + Samp)B- (16)
V. INTEGRATION INTO SENSORNODES

The peak electrical SNR is Micromachined CCRs have been packaged with other com-

ponents of Smart Dust “motes,” i.e., solar cell, 1 Mb/s CMOS
2

SNR — I5ig 17 optical receiver, finite-state machine counter, low-power
T o2, (7) ADC, accelerometer and light-level sensor, to form a 162mm

autonomous solar-powered sensor mote [5], as shown in
Assuming that all noise sources are Gaussian distributed, ffig- 10(2)- Each mote consists of three dies, a Q.25EMOS
bit-error probability is given by ASIC die, a 2.6-mm S'OI solar cell array chip, and a MEMS
four-quadrant CCR die. The mote has successfully sampled
photosensor data and transmitted it over the optical link with the
) (18) CCR under the illumination of one sun, or under incandescent
or LED illumination of equivalent intensity.

Pb:Q< SZ:NR
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1 5.00V

Start bit

(b)

Fig. 10. ()16 mm? solar-powered sensor mote with bi-directional optical communication. Components include a multi-junction solar power array, 1 Mb/s
optical receiver, CCR for optical transmitter, 8-bit ADC, digital controller, accelerometer and light-level sensor. (b) Detected data parkétedrat 182 b/s
from the mote by the modulation of CCR mirror and received using a photodiode detector. Start (“1”) and stop (“0”) bits from each packet are highlighted

In the Smart Dust communication architecture, a single baaecurate alignment made possible by spring-loaded assembly of
station transmits commands and queries to a collection of mof&dI side mirrors. The actuation voltage, less than 5V, is com-
via a broadcast free-space optical downlink at bit rate up patible with solar cell power and CMOS control switches. The
1 Mb/s. The base station also illuminates the CCRs and usgrergy consumption, which averages 19 pJ per bit, is consistent
a telescope and photodiode to receive messages transmittedwih the power requirements of a millimeter-scale autonomous
the CCR-based uplink at a bit rate approximately 180 b/s. dénsor node. The optical performance of the CCRs is sufficient
the base station is equipped with an imaging receiver incdo- allow interrogation from hand-held equipment at ranges of
porating multiple pixels, it can decode uplink messages trarsindreds of meters.
mitted simultaneously and without synchronization by multiple
dust motes, a form of space-division multiplexing. ACKNOWLEDGMENT
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