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[57] ABSTRACT 

Novel rotation sensors are disclosed. sensors with a tempo 

ral resolution of one measurement per rotation. A transparent 
or absorbing substrate can be coated with a transparent thin 

?lm to produce a linear response in re?ectance versus angle 
of incidence over a certain range of angles. The best results 

were obtained when the incident light was s-polarized For 
example. a Si substrate coated with an SiO2 ?lm was used 
in constructing a re?ection rotation sensor. Experimental 
results and an error analysis of this rotation sensor are 

presented. 

21 Claims, 17 Drawing Sheets 
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SENSOR FOR ROTATIONAL VELOCITY 
AND ROTATIONAL ACCELERATION 

The bene?t of the Sep. 29. 1995 filing date or provisional 
application 60/031293 is claimed under 35 U.S.C. §ll9(e). 

This invention pertains to a sensor for measuring rota 
tional velocity and rotational acceleration. particularly to a 
sensor that measures rotational velocity and rotational accel 
eration by measuring the re?ectance of light incident on a 
coated surface mounted on a rotating object. and to coatings 
that are useful in such sensors. 

There are commercially-available tachometers that sense 
the passage of barcode patterns to measure rotational 
velocity. and some that use pulse-counting techniques. Such 
tachometers are relatively inexpensive. but do not achieve 
high accuracy. 

More accurate rotation measurements have been per 
formed by measurements of the Sagnac elfect. using laser 
resonators or ?ber optic gyroscopes. Such devices tend to be 
costly. 

R. M. A. Azzam. “Limacon of Pascal locus of the 
complex refractive indices of interfaces with maximally ?at 
re?ectance-versus-angle curves for incident unpolarized 
light.” J. Opt. Soc. Am. A. vol. 9. pp. 957-963 (1992) 
discloses conditions under which the re?ectance of an 
uncoated surface can be made unvarying as a function of 
angle of incidence over a range of angles of incidence. 

H. B. H011. “Specular Re?ection and Characteristics of 
Re?ected Light.” J. Opt. Soc. Am.. vol. 57. pp. 683-690 
(1967) presents extensive documentation on the specular 
re?ection properties of uncoated substrates as a function of 
their complex refractive indices. 

There is a continuing need for relatively less expensive 
devices that can accurately and rapidly measure rotational 
velocities and rotational acceleration. 

Novel optical coatings have been discovered that exhibit 
linear re?ectance as a function of the angle of incident light. 
Such coatings are useful in the manufacture of novel sensors 
that can be manufactured relatively inexpensively. and that 
can accurately measure rotational velocities and rotational 
accelerations at a temporal resolution of one measurement 
per rotation. . 

A transparent or absorbing substrate. such as a semicon 
ductor or metal. is coated with a transparent thin ?lm. By 
selecting a proper combination of the refractive index of the 
thin ?lm. the thickness of the thin ?lm. and the wavelength 
of the incident radiation. the re?ection of incident 
p-polarized. s-polarized. or unpolarized light can be made to 
be a linear function of the angle of incidence q> over a 
meaningful range of angles. The linearity of response allows 
the use of such a coated surface in a novel rotation sensor 
that can accurately measure rotational velocities and rota 
tional accelerations at a temporal resolution of one measure 
ment per rotation. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 depicts 9t versus ti) for p-polarized. s-polarized. 

and unpolarized light re?ection in air by the plane surface of 
a bare Si substrate at 633-nm wavelength. 

FIG. 2 depicts the linearized re?ectance at‘ of Si for 
incident s-polarized light of 633-nm wavelength around the 
angle ¢O=45° using a dense MgF2 ?lm of refractive index 
1.394 and thickness 235.2 nm. 
FIGS. 3(a). 3(b). and 3(c) depict the ?rst derivative at; 

the second derivative SIS". and the third derivative 93;“. 
respectively for the linearized re?ectance response shown in 
FIG. 2. 
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2 
FIG. 4 depicts the linearized re?ectance 5t, of Si for 

incident s-polarized light of 633-nm wavelength around the 
angle tpo=62.89° using a SiO2 ?lm of refractive index 1.46 
and thickness 311.4 nm. 

FIG. 5 depicts the linearized re?ectance 9t: of Si for 
incident s-polarized light of 633-nm wavelength around the 
angle ¢0=83.48° using a SiO2 ?lm of refractive index 1.46 
and thickness 1002.0 nm. 

FIG. 6 depicts the linearized re?ectance SI, of Al for 
incident s-polarized light of 633-nm wavelength around the 
angle ¢O=62.38° using a low»density ZnS ?lm of refractive 
index 2.20 and thickness 160.1 nm. 

FIG. 7 depicts the linearized re?ectance 9R,‘ of Si for 
incident unpolarized light of 633-nm wavelength around the 
angle ¢0=65° using a MgF2 ?lm of refractive index 1.381 
and thickness 384.2 nm. 

FIG. 8 depicts the effect of a ?% ?lm refractive index 
error on the linearized s-re?ectance response of a Si sub 
strate coated with a SiO2 ?lm of thickness 311.4 nm at 
633-nrn wavelength. 

FIG. 9 depicts the e?ect of a ?% ?lm thickness error on 
the linearized s-re?ectance response of a Si substrate coated 
with a SiO2 ?lm of thickness 311.4 nm at 633-nm wave 
length. 

FIG. 10 depicts the effect of a ?% shift 0 of the 
orientation of the incident electric ?eld vector from the 5 
direction on the linearized re?ectance response of a Si 
substrate coated with a SiO2 ?lm of thickness 311.4 nm at 
633-nm wavelength. 

FIG. 11(0) depicts a prototype rotation sensor in accor 
dance with the present invention. FIG. 11(b) depicts the 
re?ectance response for the coated surface used in this 
prototype. 

FIG. 12 depicts a typical output pulse from photodiode D 
of the prototype depicted in FIG. 11(0). 

FIG. 13 depicts the correlation of the results obtained with 
the prototype rotation sensor system of FIG. 11 with mea 
surements from a commercial tachometer. 

FIG. 14 depicts the linearized re?ectance 5t“ of Si for 
incident unpolarized light of 633-nm wavelength around the 
angle ¢o=6533° using a SiO2 ?lm of refractive index 1.46 
and thickness 324.5 nm. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Conditions for linearity of re?ectance versus incident 
angle 

Consider the re?ectance at as a function of q> for an 
uncoated. optically isotropic substrate with complex refrac 
tive index N2=n2—j k2. As an example. FIG. 1 shows 
91 versus o for p-polarized. s-polarized. and unpolarized 
light re?ection in air by the plane surface of a bare Si 
substrate with N2=3.85—j 0.02 at 633-nrn wavelength. The 
re?ectance 91s for s-polarized light increases monotoni 
cally with tl) between normal (41:0) and grazing (t|>=90°) 
incidence. whereas St‘, experiences a minimum at the 
pseudo-Brewster angle. The average re?ectance st“ for 
incident unpolarized light. shown by the dashed line. expe 
riences a shallow minimum at an oblique incidence angle. 

The substrate is to be coated with a transparent thin ?lm 

of refractive index 111 and thickness d such that St is a linear 
(or approximately linear) function of q> over a certain range. 
It is convenient to divide the full range of ti) into three ranges: 
an initial range I near normal incidence (0§¢<i0°). a 
rnidrange ll (30°<t|><70°). and a high range [11 (70°<¢<90°). 
(See FIG. 1) 
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Linearization in range I leads to a maximally ?at response 
at and near normal incidence. Because a ?at response is not 
useful in a rotation sensor. a ?at response in range Iwill not 
be discussed further here. 

Linearization in ranges II and III is based on writing a 

Taylor-series expansion of 111(4)) around a certain operating 
(or bias) angle of incidence (I10. in which 9t“) denotes the nth 
derivative of 31 with respect to q); 

aloe Bloomers 91“ >ri>s>+l (M01212! | 91%.»! (More! l 
or D 1 at w >1 ( 1 

and requiring that 
gimme 916mm (2) 

The function of the transparent-layer coating is to force 
the conditions represented by Eqs. (2) to be satis?ed. Several 
speci?c examples are given below. The analytical details of 
?nding the derivatives of equations (2) are discussed in a 
later section of this speci?cation. 

Examples of coatings with linear re?ectance 
Examples of coatings that achieve linearity in ranges ]I 

and III by satisfying Eqs. (2) are described below for various 
substrates. including Si. A1. 2118. and S102 (glass). at the 
convenient 633 nm wavelength (that of a helium-neon 
laser). For each example considered. solutions were readily 
obtained for incident s-polarized light. Speci?c solutions for 
p-polarization have not yet been found. Solutions were 
found in some cases for unpolarized light. 

Equations (2) are simultaneous nonlinear equations that 
may be solved by numerical iteration. For example. one may 
assign a value to @110. and then solve Eqs. (2) for the ?lm 
refractive index 111 and thickness d. Alternatively. one can 
assign a value to I11 and solve Eqs. (2) for $0 and d. 
One example of linearization in range H will be given for 

a Si substrate. incident s-polarized light of 633-nm 
wavelength. and the convenient operating angle of incidence 
60:45". Solving Eqs. (2) for the parameters of the transpar 
ent ?lm gives nl=1.394 (which corresponds to the index of 
refraction for dense MgF2) and d=235.2 nm. FIG. 2 shows 

the resulting linearized ?ts-versus-cb curve around o0=45°. at 
which 9t,=44.43% and the slope of the linear ICSPOHSF 
0.366% deg“. FIGS. 3(a). 3(b). and 3(0) show the ?rst. 
second. and third derivatives 91,’. 91s”. and 91,”. 
respectively. of 51, with respect to 4) for this coated-Si 
surface. Notice in particular the plateau of zero slope of at,’ 
in FIG. 3(a) and the zeroes of 9!," and 933'" at ¢0=45° in 
FIGS. 3(b) and 3(0). as required by Eqs. (2). 

Another example is that of a SiO2 ?lm (refractive index 
1.46) on a Si substrate at the same 633-nm wavelength. In 
this case. Eqs. (2) were solved by operating angle 
¢O=62.888° and ?lm thickness d=311.4 nm. The correspond 
ing linearized $111)) response. which appears in FIG. 4. has 
a higher slope of 1.47% deg‘1 at $0. 
The “linear range" (“LR”) is de?ned as the range of (I) over 

which the actual re?ectance deviates from its linear approxi 
mation (the tangent to the curve at '50) by no more than 1%. 
For the example depicted in FIG. 4. the LR was 
55.7°<¢<70.3°. An error analysis for this SiOZ-Si design is 
given below. This SiOZ-Si design was used in a prototype 
optical rotation sensor for measuring the angular speed and 
acceleration of a rotating shaft. also described below. 
As used in the Claims below. the re?ectance 91 of a 

coated surface is considered to be a “linear” function of the 
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4 
incident angle o for a particular wavelength if the LR as 
de?ned above is at least 4° from beginning to end. and if the 
magnitude of the slope of a graph of 9: as a function of o 
is at least 0.10% deg“. (A maximally ?at response with zero 
slope is not considered to be “linear" for these purposes. and 
would not be useful in a rotation sensor.) 
To obtain a signi?cantly higher slope (which facilitates 

measurements. at the expense of a reduction in the LR) one 
has to linearize in range I[[. One example uses the same 
general SiO2-Si ?lm-substrate system at the same 633-nm 
wavelength. but with a higher oxide thickness d=1002.0 nm 
and a higher operating angle <|>0=83.484°. The re?ectance 
curve 38,611) is depicted in FIG. 5. Alinear response occurred 
at high angles (LR: 81.l°<¢<85.6°). with a slope of 6.75% 
deg'l. It is interesting to note that Sis-J0 at 72°. which 
indicates that this SiO2-Si system can act as a polarizer at 
that angle. 
The above results are summarized in Table 1. which also 

summarizes other results obtained for linearization of the 
?ts-versus-q) curve using Al. polycrystalline ZnS 
(Cleartranm). and SiO2 (glass) substrates at the same 633 
nm wavelength. In Table 1. the wavelength of incident 
monochromatic light is taken to be 633 nm; N: is the 
refractive index of the substrate; 111 is the refractive index of 
the ?lm; (1)0 is the angle of incidence for which the second 
and third derivatives of at are zero; d is the ?lm thickness; 

91,0 is the intensity re?ectance at the design angle; 51w’ is 
the ?rst derivative of 31s with respect to (1) at (to; and LR is 
the linear range de?ned above. 

TABLE 1 

Sub- LR 

straw N. 11. 41. (deg) d (m) 8.4%) 91... 1%) (deg) 

Si 3.85- 1.394 45.000 235.17 44.43 0.19267 38.25 
j0.02 50.91 

Si 3.85- 1.4799 65.000 312.79 57.52 0.90922 57.89 
j0.02 72.50 

Si 3.85- 1.46 62.888 311.36 56.60 0.84255 55.70 
j0.02 70.30 

Si 3.85- 1.46 83.484 1002.00 53.74 3.86667 81.15 
j0.02 85.55 

A1 1.5- 2.20 62.385 160.14 95.43 0.09417 48.90 
j7.6 81.25 

A1 1.5- 1.503 45.000 219.07 93.39 0.05688 35.53 
j7.6 54.35 

ZnS 2.35 1.46 73.699 638.50 47.66 1.70587 69.30 
78.50 

$0; 1.5 1.127 69.970 464.05 22.70 0.63914 61.00 
(glass) 68.51 

For the glass substrate (N,=1.5). the calculated low ?lm 
refractive index. n,=1.127. does not correspond to any 
known thin solid ?lm; but such a refractive index could 
nevertheless be realized by creating a two-dimensional 
subwavelength-structured surface on glass. using techniques 
that are well known in dilfractive optics. (See. e.g.. 
Dzl?'ractive Optics: Design, Fabrication, and Applications, 
the feature issue of Appl. Opt. vol. 32 (No. 14) (1993).) 
Of the results given in Table l. the broadest LR 

(48.9°<t1><81.3°) was obtained for an Al substrate coated 
with a transparent ?lm of refractive index 2.20 (e.g. low 
density ZnS) of thickness 160.1 nm. (See. e.g.. E. Ritter. 
“Dielectric ?lm materials for optical applications.” vol. 8. 
pp. l-49 in Physics of Thin Films, G. Bass and M. H. 
Francombe. Eds. (Academic. New York. 1975).) The linear 
ized response 91:01)). illustrated in FIG. 6. has a slope of 
0.16% deg_1 at ¢0=62.385°. The slope is small because of 
the high re?ectance of A1 at normal incidence. 
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