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Optical Modeling of MEMS Corner Cube
Retroreflectors With Misalignment
and Nonflatness

Xiaoming Zhy Student Member, IEEB/ictor S. Hsu, and Joseph M. Kahellow, IEEE

Abstract—Micromachined corner cube retroreflectors (CCRs) Reflected Ray
can be employed as transmitters in free-space optical communica- z (i Migs 1iz)
tion links. In this application, a CCR is illuminated by an unmodu- \
lated beam, and one mirror of the CCR is intentionally misaligned w
to modulate the intensity of the retroreflected beam. The low power ' b 4
consumption, small size, and ease of operation of a CCR makes it L \., ya
an attractive option for certain types of optical links. However, cur- (10 My KD 1
vature and misalignment of the micromachined mirrors can cause . 0, pa |
CCRs to perform far from theoretical limits. In this paper, we de- e |
velop two methods to predict the optical performance of CCRs Iy |
having ideal or nonideal mirrors. We first introduce a discretized .
analysis method based on ray tracing and scalar diffraction theory. R "iy’"ii)/ . !
We then propose a simpler phase-shift model under the assump- . = !
tions that the misalignment and surface nonflatness are small and . O !
that they do not alter the optical topology of the CCR. These as- V&
sumptions are satisfied by typical CCRs to be used in free-space
optical links. Using our two methods, we determine tolerances on x
mirror curvature and misalignment for representative microma-
chined CCRs.
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Fig. 1. Ray trace through an ideal CCR and the CCR coordinate system.

Index Terms—Free-space optical communications, MEMS CCR, ) ) )
misalignment, optical modeling, surface curvature. has been proposed as a passive transmitter in a free-space op-

tical communication system over a range of up to 1 km [4].
In this application, the CCR offers extremely low power con-
sumption &1 nJ/bit), ease of operation, and small size; CCRs
CORNER cube retroreflector (CCR) is a device made umder a cubic millimeter in size can be microfabricated in pro-
of three mutually orthogonal reflective surfaces, or mireesses used for fabrication of microelectromechanical systems
rors, forming a concave corner [1]-[3]. The mutual orthogdMEMS). In practice, however, the performance of microfab-
nality ensures the light entering the CCR will be reflected baclcated CCRs can be degraded substantially by nonidealities,
to the source, provided that it strikes the CCR within a regidncluding nonflatness and misalignment of the mirrors. In this
that depends on the direction of incidence. In Fig. 1, we illustrapaper, we describe two methods of numerically computing the
the CCR’s retroreflection property through ray tracing. By intereflection characteristics of nonideal CCRs with misalignment
mittently misaligning and realigning one or more of the CCR’and/or surface curvature. Using these techniques, one can deter-
mirrors, one can transmit a digitally modulated optical signahine specifications for CCR fabrication and predict the perfor-
back to the interrogating light source. For example, in [1]-[3[nance of free-space optical links using CCRs. Current optical
two of the CCR’s mirrors are fixed, while the third mirror iSMEMS processes can yield mirrors with surface roughness on
hinged and equipped with an electrostatic actuator, allowing ttiee order of tens of nanometers. When these mirrors are illu-
mirror to be tilted in response to an applied voltage. The hingetinated in the visible or near-infrared range, surface roughness
mirror-actuator system has a resonance frequency on the ordiees not significantly impair CCR performance (see, e.g., [3]).
of several kilohertz, allowing the CCR to transmit an optical The remainder of this paper is organized as follows. In Sec-
signal at a bit rate up to several kilobits per second. The CGRn Il, we introduce the geometrical optics description of CCRs.
We define the characteristics of CCRs that are relevant for free-
space optical communications, especially those determining the
Manuscri . L osptical power reflected to the receiver. We then describe two
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Fig. 3. On-off-keyed free-space optical link using a CCR: (a) on state and (b)
off state.

the effective area will be reflected back to the source. The ef-
fective area can be determined by ray tracing. Because of the
symmetry of an ideal CCR, it is sufficient to consider the case
thatn;. > n;y > n4.. In Fig. 2, we depict the effective area in
each of the two possible cases, i, > ni. > ny > N
andn;, > 2n;, > 2n,,. For other incident directions, we can
determine the effective area by permutingtheg, andz coordi-
nates in Fig. 2. In Fig. 2, each mirror’s effective area is divided
by a dashed line into two subareas. If an incident ray strikes
the CCR in a given subarea of one mirror, upon reflection, the
(b) beam will strike the mirror adjacent to that subarea. All rays in-
Fig. 2. Effective areas of CCR surfaces with incident direction;, where ~ Cident upon a given subarea will reflect off the three mirrors in
fi = nd +nyy§ +n:.2 andng. > nyy > ng,. The two different cases the same order. Since a ray trace is reversible, all rays exiting
are: (Pniy 2 niz 2 niy 2 i and (O)niz 2 2ngy 2 e the CCR from a given subarea will have reflected off the three
mirrors in the same order.

Il. OPTICAL MODELING OF MEMS CCR For each giveri;, we define a light-path coordinate system
(u, v, w), where thev-axis is along the direction @f;. As shown
in Fig. 1, in the CCR coordinate system, ¢, =), we can rep-
resentn; in spherical coordinates ag, @, @), With p = 1.
Fig. 1 shows an ideal CCR and defines ©€R coordinate Hence, the transformation between the CCR coordinate system

systen(z, y, z). In an ideal CCR, the mirrors are normal to thgz, 4, ») and the light-path coordinate system ¢, w) is given
z, y, andz axes, respectively. An incident ray strikes the CCRy

along theincidence direction-#,, wheresi; = n;,% + n:, 9 +

A. Optical Characteristics of CCRs for Free-Space Optical
Communication

COS @i, - COS i, SN @y, - COS B, siN G,y

n;.2, i.e.,N; = (7’L7T, Ny, 7’L7‘,Z), with 712230 + nfy + 7‘LZ<2Z = 1. U €
The ray undergoes three reflections, each reflection changingr |= —sin @i, COS @Yin, 0 y
the ray’s direction along one of the coordinates, so that the rg-w — COS in Sin O, —sin i, cos by, | L?
flected ray exits the CCR along the directitn! Not all rays 1)

that strike the CCR will be reflected back to the light source,

however. Whether a given ray is reflected back depends on btk project the effective areas of all three mirrors ontoithe

the incident directionr-7; and on where the ray first strikes theplane, and we define the sum of the projected effective areas to
CCR. For a giver;, we define the effective area on a mirror'se the total effective area. For each incidence direction, we
surface such that an incident ray first striking the mirror withisan consider the CCR output beam to be reflected from a single

flat mirror perpendicular té,; and having an area equal to the
1There also exist two boundary cases, in which an incident ray can strike o Perp ’ 9 q

nl ;
one or two mirrors and be returned to the source. The single-reflection c.ééa-l _eﬁeCt'V.e area and a reflectance equadﬁp where each
occurs when an incident ray is normal to a mirror, while the double-reflectidndividual mirror has reflectance,,.

case occurs when an incident ray is parallel to one mirror surface and not normajp free-space optical link. the CCRis illuminated abn@
to either of the other mirrors. In typical communications applications, CCRs are '

randomly oriented, and each of the boundary cases occurs with zero probabi'f?@.d th_e reﬂ_eae_d light is mon'tored_by a _rece_lver along the ob-
Hence, in this paper, we restrict our attention to the three-reflection case. servation directiort,, = #7,, as depicted in Fig. 3. When the
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Receiver Differential Scattering Cross Section In many applications [4], the CCRs are randomly oriented
dc(n., n) . . . . .
\\\\\ # =p with respect to the direction of the light source/receiver. A
} Tt - 2 useful parameter describing the performance of free-space links
D, (p. . ® CCR using randomly oriented CCRs is the complementary cumula-
= I tive distribution function (CCDF) of the CDSCS normalized to
-—- P; the CDSCS along the body diagorfal = 1/+/3(1, 1, 1))
Iirm
L R > CCDKzx)
Fig. 4. Calculating the power received by a receiver from a CCR. The DSCS Prob da((ﬁi, o = ﬁi)/dgo)
profile is shown in a spherical coordinate system. The angular coordinates — ro 1 >z
(8, ¢) of the spherical coordinate represents the directiai,ofand the radial do <ﬁz = — (1, 1, 1), Ny = ﬁi>/on
coordinatep denotes the DSC&o (7i;, i1,)/dS, = p. V3
®)

three CCR mirrors are mutually perpendicular, the CCRis inthe

on state, and reflects light to the receiver, as in Fig. 3(a). whifierex is the normalized CDSCS. Suppose that in order to
one of the mirrors is misaligned by a sufficiently large angle r€ceive properly from a CCR, it is required that the CDSCS
the CCR is in the off state, and rays exiting the CCR will bB€ Some specified fraction, of the CDSCS along the body
directed away from the receiver, as in Fig. 3(b). Thus, by m@iagonal. Then CCDE() is the probability that one can receive
chanically actuating one of the CCR mirrors, we can transnifPm @ randomly oriented CCR. In this paper, we assume that
an on-off-keyed (OOK) signal. the CCRs are randomly oriented over an entire unit sphere. In

In this paper, we focus on the characteristics of CCRs that gMe applications, the CCRs may be oriented randomly over a

termine the power received in a free-space optical link. We maR@!f-sphere [4].
reference to Fig. 4. Assume that the CCR is illuminated along
the direction—#,; by an irradiancd; (measured at the CCR).B. Calculating the DSCS of Nonideal CCRs

Suppose that the reflected light is observed along the directior\n this section. we describe how to calculate the DSCS of non-

7, by a receiver subtending a solid angle at the CCR. The . . : .
CCR''slight-reflecting properties are characterized by the diffe'rq$aal CCRs, in which the mirrors may have curvature and/or

. ) . . . misalignment. First, we introduce a discretized analysis method
ential scattering cross section (DSGB)7;, i)/ dS2,, hich that combines ray tracing and diffraction theory. While gener-

is the reflected power per unit solid angle of observation per uni . . . i
. N X . : L y applicable, this method requires lengthy computations. We
illumination irradiance. The DSCS is a function of the incide ) . . L

en describe a phase-shift model, which greatly simplifies the

direction —n; and the observation directioin, and has units . . . .
(W/sn)/(W/m?), i.e., n¥/sr. In terms of the DSCS, the receivedcompUtatlon' _Thg phase-shift model |s.vaI|d as long as any cur-
power P, is given by vature ar_1d misalignment of the CCR is small en_ough that the
CCR optical topology can be considered to remain unchanged.
P = I / do(ii, flo) 4, (2 This assumption must usually be satisfied by CCRs in order to
™ Ja,ca, dQ, ¢ achieve satisfactory performance.
The solid angle subtended by the receiver can be computed) Discrétized AnalysisTo begin the analysis, the surface
using of each CCR mirror is described by an equation. The CCR faces
are bounded by the planes= 0,z = 1,y = 0,y = 1,
z = 0,andz = 1, as in Fig. 1, where each axis is normalized

QO —or|1- R 3) by the lengths that each mirror would have if the three were per-

T 2 fectly flat and mutually perpendicular. In practice, the surfaces
2 Dr . . .

R? + a4 are sufficiently close to flat and orthogonal that the error intro-

duced by not adjusting the boundary conditions is negligible.

where D, is the receiver diameter anfil is the distance from gach surface is divided into a specified number of discrete ele-
the CCR to the receiver. Note that for a given the integral of ments that are bounded by equally spaced planes parallel to the
do(f;, No)/dS2, over all(l, equals the total effective area. ;. 4 andz—z planes. In Fig. 5(a), we show an example of

The colinear differential scattering cross section (CDSCS)dsiding one surface into four discrete elements. If the surfaces
defined as the value afo(7;, 7,)/dS2, when the axes of illu- \vere perfectly flat, these discrete elements would be squares of
mination and observation are colingay = n;. The CDSCS is equal size. For nonflat surfaces, the different discrete elements
relevant because in practice the receiver is almost always plag@ge various surface areas and shapes. We choose the number of
along the axis of illumination, and the distanés much larger gjscrete elements to be sufficiently large so that we can approxi-
than the receiver diametdd,.. Hence, the receiver subtends gnate each surface as flat. The normal vector of each discrete el-
small solid angle, over which the DSCS is approximately equahent is determined by computing the Jacobian of the equation
to the CDSCS. Therefore, the power received can be calculaidcribing the surface, evaluated at the center of the element.
approximately as follows: Fig. 5(b) depicts the analysis of a single discrete element of
do (i, 7;) the CCR. We assume that the CCR is illuminated along the di-

o~ . ’3 . . . - . . .
P. = Iy, sy, Q. (4) rection—7, by a uniform plane wave having an irradianke
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far field. More precisely, this requires th&t > a?/), whereR

is the distance from the aperture to the receiwés, the largest
dimension of the output aperture, ands the wavelength of
the light. For most free-space optical communication systems,
the transmission distance is large enough to satisfy the far-field
condition. The complex electric field amplitude contributed by
discrete element: at the observation poin® is given by

V2T, e i (A7 Neet )

AR
: / / e~ WRE Q) du,, duy,  (6)
S

wherek = 27 /A. In (6), S, is the projected area of theth
discrete element on it8,,—v,, plane, andRp(u,, vy, ) is the

Em(ﬁia ﬁoa R) =

z U distance betweefu,,, v,,) on S, and the receiver positioR.
A The sum over all discrete elements gives the complex ampli-
tude of the total electric field at the receiver
reﬂected\ray -
. Eo(hi, figy R) = > Ep(fi, o, R). 7
P m}memmy along i, The ir_ragiance at the receiver can be calculated from this total
’ y electric field using
I, (7, 7o, R) = %|Eo(ﬁi, flo, R)|?. (8)
element The differential  scattering cross section (DSCS)
do(f;, fe)/dQ, (m?/sr) can be calculated from the irradiance
¥ ®) using
Fig. 5. (a) Discretization of the CCR surfaces. (b) Analysis of elemeii PN
the CCR. do(fi, o) _ LR ©)
s, I;

This is a good approximation for free-space optical communi- The integral of the differential scattering cross section over
cation over a few hundred meters or longer with CCRs of sulili observation angles equals the total scattering cross section
millimeter scale. For each discrete elementa ray trace is per- of the CCR,s(#;), which has units of rh
formed to determine the direction of the ray leaving the CCR. do(ini, #,)
The ray starts from a reference plane in which all rays striking / 2 0 4Q, = o(fy). (10)
the CCR are in phase. This reference plane is normal to the in- s A
cident directionn; and passes through an arbitrary point near 2) Phase-Shift Modelin order for CCRs to perform well
the CCR, i.e., parallel to the—v plane in the light-path coordi- in free-space links, mirror misalignment and nonflatness must
nate system. After the ray strikes discrete elementhe direc- be small. In the phase-shift model, we assume that these effects
tion of the reflected ray can be determined from the incideneee sufficiently weak that the geometrical optical topology of
vector and the normal vector of element The next surface the CCR can be assumed to remain ideal, as depicted in Figs. 1
that the ray strikes, if any, is then determined, and the ray tramed 2. Under this assumption, all,—v,,, planes lie parallel to
continues. Finally, the ray exits the CCR and is terminated orttee w—v plane, and so all.,,,—v,,, planes can be chosen to coin-
second reference plane, thg,—v,, plane, which is defined by cide with theu—v plane. As in Fig. 5(a), the light exiting from
two arbitrary unit vectorsy,,, andw,,, which are perpendicular the CCR can be assumed to be exiting from the total effective
to the exiting ray and to each other. Thg—v,, plane for each area on the~—v plane. We account for the effects of mirror mis-
discrete element: can be chosen to pass through an arbitrariglignment and nonflatness by introducing corresponding phase
chosen point near the CCR (possibly different for eaghUn-  shifts to the light rays exiting the CCR. The details are given as
like the u—v plane, each,,—v,, plane is unique to a discretefollows.
elementn unless the three mirrors are perfectly flat. We model nonflat mirrors as spherical surfaces, following
It is also important to keep track of the distantg that each previous work [1], [6] showing that this is a good model for
ray propagates through the ray trace and the number of reflegpresentative nonflat MEMS mirrors. For nonflat mirrors, we
tions V.t, m that each ray undergoes. These values are needbdracterize mirror alignment by considering a vector normal to
to specify the phase change and the transverse extent of the wea&h mirror at the mirror’s center. The CCR is considered to be
reflected from the discrete element. misaligned when any of these normal vectors deviates from the
In order to treat diffraction effects, we employ the Fraunhofédeal CCR coordinate system, as shown in Fig. 1. Knowing the
diffraction theory [5], which is valid when the receiver lies in théncidence direction of a ray, the normal vector to a CCR mirror
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surface (at the center of the mirror), and the mirror radius of cu j
vature, we can compute the phase delay of the ray as compa
to the ideal CCR. For example, assuming that for the mirror
the z—y plane, the normal vector is

1 v s
Mgy = (65,65, 1) N
V622 + (652 +1
and the radius of curvature 18,,, the phase delay at position e ==
(z,y) is * @
b0zy(x, y) = 2k cos[f(fizy, 1i)] - (AL, + AS,) (11) 0.045

| — Discretized

where 0.04 i Phase-shift

A7 =65 +yb, 0.035 |

o
f=3
b

1\? 1\?
AS, = ng_<x_§> —<y—§> — R,, (12)

and wheré (i, #;) is the angle between the vectars, and
T

Under the assumptions made here, we can assume that o015 | 23
nonideal CCR, each ray follows a path topologically equivalel
to the path through an ideal CCR. For each ray exiting from tt
total effective area gt:, v), we can trace backward through ar ~ o.0s | -
ideal CCR to find the positions at each mirror surface where tl ; e T T e

0.025 Fre,

CDSCS (m?/sr)

e
1=
2

0.01 [

0 ‘
ray has been reflected. The total phase delay of a ray exiting 0 05 b1 2 25 3
(u, v) (as compared to an ideal CCR) is the sum of the pha Misalignment angle 8 (mrad)

delays caused by reflections from the three nonideal mirrors ®
Fig. 6. (a) Misalignment of one of the CCR mirrors by an arfglgh) CDSCS
S@un(u, v) = 6puy(z, ¥) + 69y (y, 2) + Spay(z, ). (13)  versus the misalignment anglecomputed using both discretized analysis and
.. . . ... _the phase-shift model. Each CCR mirror is 256 square, and the incident
The complex electric field amplitude at the receiver positiof\rections, arel/v/3(1, 1, 1) and1/+/2.3(0.7, 0.9, 1), respectively.

P is given by

/ —it(kd+m N, .
E,(f;, o, R) = 200 TN that forn; = 1/v/2.3(0.7, 0.9, 1) because the total effective
AR area is larger for the former incidence direction. When one

// ek Rp )+ eun (uav)] gy gy, (14)  Mirror is misaligned, however, the CDSCS degrades more
% rapidly for the former incidence direction because misalign-

, , ) ment induces larger phase variations over the larger effective
wheresS,,,, is the total effective area at the-v plane. Using (8), area. In Fig. 6(b), we observe that whén> 1.2 mrad, the

(9), and (14), we can compute the DSCS of a CCR much MQEDSCS fors; — 1/v3(1, 1, 1) actually falls below that

easily than using discretized analysis. for 7, = 1/4/2.3(0.7, 0.9, 1). In Fig. 6(b), we see that a
misalignment angle of only 2 or 3 mrad is sufficient to switch
IIl. RESULTS AND DISCUSSION this CCR from the on state to the off state.

In this section, we apply the optical models described aboveWe have performed additional calculations (not shown here)
to investigate the influence of misalignment and surface nonflasmparing the discretized method and the phase-shift model,
ness on CCR optical characteristics that affect free-space linkhich have verified the accuracy of the latter technique. In the
In all of the following, we assume that the illuminating lighttemainder of this paper, we employ the phase-shift model to
has a wavelength = 529 nm and that all three CCR mirrorsstudy the effects of mirror nonflatness and misalignment on
are squares of equal size. When considering nonflat mirrors, @CR performance.
three mirrors are assumed to be spherical with equal radius oDepending on the fabrication process, MEMS mirrors may
curvatureR... be subject to varying degrees of nonflatness. In Fig. 7, we

We first consider a CCR having flat mirrors, with oneplot the CDSCS versus mirror size for radii of curvature
mirror misaligned by an anglé&, as shown in Fig. 6(a). Each R. = oo, 1, 0.5, and 0.2 m. We consider incidence directions
mirror is 250 um square. We consider incidence directions; = 1/v/3(1, 1, 1) and 1/4/2.3(0.7, 0.9, 1). We see that
Ay = 1/+v/3(1,1,1) and 1/4/2.3(0.7, 0.9, 1). In Fig. 6(b), when the radius of curvatut®. is large, the CDSCS increases
we show the CDSCS versus misalignment arfgleomputed rapidly with increasing mirror size (i.e., with increasing ef-
using both discretized analysis and the phase-shift modilctive area) for both incidence directions. Whip is small,
Results calculated using the two methods are seen to adgneevever, the CDSCS increases less rapidly with increasing
closely. Fig. 6(b) shows that when the CCR is perfectlyirror size. In fact, whe®. = 0.2 m or smaller, increasing the
aligned, the CDSCS fofi; = 1/4/3(1, 1, 1) is larger than mirror size fails to increase the CDSCS and may even decrease
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Fig. 7. CDSCS versus the CCR mirror size computed by the phase-sh
model. All three mirrors have radii of curvatutB., where R. takes on
the valuesco, 1, 0.5 and 0.2 m, respectively. The incident directions
are 1/v/3(1, 1, 1) (solid line) and 1/v/2.3(0.7, 0.9, 1) (dashed line),
respectively.

CDSCS (m?/st)

the CDSCS; this is because increasing the mirror size leads
increased optical phase variation over the increased effecti
area. The data in Fig. 7 clearly illustrate the importance ¢
mirror flatness in achieving good CCR performance. . .
We now consider the combined effects of mirror misalign- 0 02 04 (lh:isaliggﬁentanglleﬁ( ";:d) b4 L

ment and nonflatness. As before, we choose incidence dire ()

tions#; = 1/v/3(1, 1, 1) and1/+/2.3(0.7, 0.9, 1). In Fig. 8,

we plot the CDSCS versus the misalignment aidlar radii of Fig. 8. CDSCS versus the misalignment angjfas defined in Fig. 6(a)] for

curvatureR, = 1, 0.5, and 0.2 m. We choose the mirror sizes 'fferen_t CCR mirror radii of curvature computed by the p_hase-shift mod__el. The
“ CR mirror sizes are: (a) 250 and (b) 40t. All three mirrors have radii of

be 250 and 40Q:m, respectively, in Fig. 8(a) and (b). The datgynaturer., whereR. takes on the values 1, 0.5, and 0.2 m respectively. The
in Fig. 8 show that the CDSCS degrades with both increaSingncident directions:; are1/v/3(1, 1, 1) (solid line) andt /v/2.3(0.7, 0.9, 1)
and decreasing.. Our calculations have shown that for largédashed line), respectively.

R.,to achieve a CDSCS close to the optimal value, the tolerable

¢ is approximately inversely proportional to the mirror size. Ftijg, 9, these nonidealities can increase the CCDFs. When
smaller values of?, the effect of misalignment angteis re- e increase the mirror size to 40@m, as in Fig. 9(b), all
duced, because at least some portion of the curved mirror se effects described above become even more pronounced.
face remains relatively well aligned. In Fig. 9(b), the CCDF with combined misalignment and
In Fig. 9, we present the effects of misalignment and cUgyrvature does not go to zero for= 1 because under these
vature on the CCDF of the CDSCS normalized to its valugnditions, the CDSCS is not largest for incidence directions
when the incidence direction lies along the body diagongljong the body diagonal but is actually largest for other nearby
f; = 1/v/3(1, 1, 1). The mirror sizes are chosen to be 250 an@cidence directions. The results shown in Fig. 9 can be used
400 pm in Fig. 9(a) and (b), respectively. In each figure, Wgy compute the probability that in a free-space communication
consider a perfect CCR, a CCR having one mirror misalignegstem, a randomly oriented CCR will reflect sufficient light
até§ = 0.6 mrad, a CCR having radii of curvatui®. = 20 pack to the receiver.
cm, and a CCR having both misalignment and curvature. As
we see in Fig. 9(a), when the mirror size is 250m, the
misalignment alone causes little change in the CCDF. The
curvature alone causes a noticeable increase in the CCDHRylicromachined CCRs can be used to transmit data in free-
especially for relatively high values of the normalized CDSCSpace optical communication systems. However, their perfor-
The combined misalignment and curvature lead to a momgance can be far from theoretical limits because of misalign-
noticeable increase in the CCDF for all but the smallest valuegent and the nonflatness of the mirrors. In this paper, we have
of the normalized CDSCS. These increases of the CCDF ocdgfined certain parameters to describe the optical characteris-
because curvature or combined misalignment and curvattits of CCRs for data transmission, such as DSCS, CDSCS, and
tend to degrade the CDSCS most significantly for incidenc@CDF. We then developed optical models to compute these pa-
directions for which the total effective area is largest, such esmeters. These optical models can be used to predict the per-
along the body diagonal. Since the CDSCS along the boftyymance of CCRs, determine device fabrication tolerances, and
diagonal is the normalization factor in the CCDFs shown ioptimize device specifications.

IV. CONCLUSION
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