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Abstract-A grating interferometer (GI) system for the meas-' 
urement o f  a hard disk drive (HDD) actuator arm during the 
servo-track writing (STW) process has been designed and ana- 
lyzed. Attractive features of this GI based system over current 
measurement systems such as the mechanical and optical push- 
pin techniques are that it does not require contact with the ac- 
tuator arm and only needs a single servo loop to control the 
actuator arm position. I n  this paper, the theory necessary for 
the design o f  a GI based system to perform a non-contact 'direct 
measurement of a HDD actuator arm for use in STW will be 
presented. First, the theoretical background related to the lin- 
ear type GI is presented, and this theory i s  extended to the 
measurement of the angular displacement o f  a HDD actuator 
arm using a linear grating. Finally, experimental results with a 
prototype GI measurement system are presented and discussed. 

Index terms- grating interferometer, high-resolution meas- 
urement, servo-track writing, metrology, CCD camera 

I. INT~ODUCTION 

In recent years, measurement systems based on the 
grating interferometer (GI) principle have been used in a 
number of measurement applications. The measurement 
capability of such systems gives them much promise as 
replacements for conventional slit type encoders. Their 
high resolution, stability under changing environmental 
conditions, and compact design also gives them certain 
advantages over conventional interferometers [i][2]. GI 
systems are typically used to measure linear or angular 
displacements using an appropriate type of grating struc- 
ture. With a thorough understanding of the theory related 
to the operating principle of the GI, it is possible to meas- 
ure other types of displacements using a linear grating. 

An application in which high-resolution measurement 
, plays a significant role is hard disk drive (HDD) servo- 

track writing (STW). To measure the displacement of the 
readwrite head of a HDD, servo information is written 
onto the surface of the magnetic disk in special servo 
tracks that act as an embedded encoder system, which 
makes the high data densities and fast access times of 
current HDDs possible [4]. 

+.George W. Woodruff School of Mechanical Engineering, 
Georgia Institute of Technology, Atlanta, GA 30332-0405 
Tel: (404)894-7402; email: kokmeng.lee@me.gatech.edu 
Maxtor Corpomtion, 510 Cottonwood Dr, Milpitas, CA 95035 

0-7803-5038-3/99/$10.00 0 1999 IEEE 126 

During the STW process the HDD actuator arm must 
be positioned very accurately to write the servo tracks at 
the correct locations to achieve the highest track densities 
possible. To control the arm position a high-resolution 
measurement system is necessary. Current STW systems 
rely on conventional interferometers or other optical 
techniques to measure the actuator arm position. Two 
commonly used techniques are the mechanical and opti- 
cal push-pin techniques. The mechanical push-pin ap- 
proach utilizes an interferometer measurement system 
and a push-pin in contact with the actuator arm to control 
the position of the arm. Such an approach has certain dis- 
advantages due to contact between the arm and push-pin. 
The optical push-pin approach uses an optical measure- 
ment technique to eliminate contact with the arm, and 
uses the HDD voice coil motor to position the arm by 
tracking the motion of an external optical sensor system. 
Such a non-contact approach is thought to be optimal for 
speed and accuracy in the STW process, but it requires 
two feedback control loops to operate both the HDD 
voice coil motor and an external actuator to position the 
optical sensor system [3][6]. 

To reduce the complexity of the STW measurement 
system, a GI based system has been proposed to perform 
a direct non-contact measurement of the HDD actuator 
arm. In this paper it will be shown that a linear grating 
can be used to measure the angular displacement of the 
object to which it is attached using the GI principle. First, 
a linear GI system will be analyzed, and results of this 
analysis will be applied to the measurement of the angu- 
lar displacement of a HDD actuator arm. Finally, experi- 
mental results that show the measurement capability of 
the GI design will be presented and discussed. 

11. GRATING INTERFEROMETER BACKGROUND 
A GI is a type of interferometer that consists of a col- 

limated coherent light source, diffraction grating configu- 
ration, and a suitable detector for measuring the phase 
shift of the interference fringe pattern. It can be used to 
make high-re'solution relative displacement measurements 
by relating the phase shift of a fringe pattern to the rela- 
tive displacement between the light source and the dif- 
fraction grating configuration. 
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A.  Fringe Pattern Determination for Single Grating 
To determine the relative displacement between the dif- 

fraction grating and light source, the phase shift of the 
interference fringe pattern must be related to this relative 
displacement. Figure 1 shows a single grating configura- 
tion with a collimated light beam incident from above. 

Incident Laser Beam 

I I /  / 
I /  / 

Region of Interference 

Figure 1. Grating Interferometer With Single Grating 

As shown in Figure 1, where any two diffracted beams 
from the grating overlap an interference fringe pattern is 
formed within some region of interference (ROI) with 
properties determined by the incident beam and the grat- 
ing. The intensity of this fringe pattern can be determined 
using fundamental principles of optics by modeling each 
diffracted beam from the grating as a plane wave travel- 
ling in the direction of the diffracted beam including ef- 
fects from the periodic grating structure [7]. The dis- 
placement of the grating causes a phase shift of the dif- 
fracted beams, which is given by 

Equation (1) relates the phase shift of the m diffracted 
order, the location of Grating 1, xI  , and the grating pe- 
riod p1 [8]. This means that as Grating l moves through 
one of its periods the phase of the m diffracted beam will 
be shifted by 2nm due to the Doppler shift produced by 
the moving grating [9]. This relationship is very important 
because it allows the phase shift of the diffracted beams 
to be related to the relative motion between the coherent 
light source and the diffraction gratings making dis- 
placement measurement with a GI system possible. 

As indicated in Figure 1, there is a ROI where the m, 
and n, diffracted beams overlap. In general, the intensity 
of the fringe pattern formed in this ROI can be found by 
taking the modulus squared of the sum of the complex 
amplitudes of the plane waves present in this ROI. It is 
straightforward to show that the intensity of this interfer- 
ence fringe pattern is given by 

r -.. 

with beam amplitudes A ~ ,  assumed real and equivalent 

and the following periods corresponding to periods of 
interference fringes in x ( pD1 ) and y ( pDlY ) directions and 
period of the fringe phase shift due to grating motion 
( ps, ) have been defined as 

p,, = L (3) PDIY = (4) PSI = p ' ( 5 )  
"I -m1 cOsenl -case,,, "1 -m1 

Equation (2) gives the relationship between the inten- 
sity of the fringes and the location of the grating in the x 
direction. If the grating moves, x1 will change causing a 
phase shift of the fringe pattern proportional to the grat- 
ing displacement. The relation between the fringe pattern 
phase shift and the grating displacement can be deter- 
mined by defining the phase of the fringe pattern as the 
term that depends on the grating displacement, which is 

2n. q =- XI 
PSI 

Equation (6) shows that as Grating 1 moves through a 
distance P,, the fringe pattern will shift through one of its 
periods. The Grating 1 displacement corresponding to a 
particular phase can be found by inverting Eq. (6). In 
practice, it is useful to consider an incremental displace- 
ment due to an incremental phase difference given by 

Using Eq. (7) the incremental displacement of Grating 1 
can be recovered from an incremental phase shift of the 
fringe pattern. Equation (2) also shows that as the dis- 
tance from the gratings increases there will be a phase 
shift due to the variation of y with an appropriate period. 
It is interesting to note that PDly will be infinite when the 
angle of incidence to Grating 1 is zero. This means that 
there will be no phase shift as y is varied, which makes 
such a GI insensitive to out-of-plane displacements. 

The resolution of a single grating GI is determined 
primarily by Eq. (5) .  For positive and negative first order 
diffracted beams Eq. ( 5 )  will be half the grating period. 
Therefore, the resolution can only be increased by re- 
ducing the grating period. In practice, it is not possible to 
make the grating period arbitrarily small because the size 
of the detector element used to sample the fringe pattern 
must be one fourth the period of the fringe pattern. It will 
be shown in the following sections that a GI system with 
two gratings can be used to form an interference pattern 
with a period suitable for some detector element size. 

B. Dual Grating ConJiguration 
Figure 2 gives a diagram depicting a typical GI with 

two gratings. This configuration is analogous to that in 
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Figure'l, but the ROI is now beyond the second grating. 
It will be shown that the periods of the two gratings can 
be chosen such that the period of the interference fringes 
in the ROI will match a specification based on the detector 
element size. These grating periods will also be shown to 
be less than that for a single grating case with the same 
fringe period, which gives an increase in the resolution. 

Incident Laser Beam 

Figure 2. Grating Interferometer with Dual Gratings 

The determination of the intensity of the fringe pattern 
formed by the dual grating configuration is analogous to 
the single grating case, but with four diffracted beams 
determining the- characteristics of the interference fringe 
pattern. Using expressions for the complex amplitudes of 
the m2 and n 2  diffracted beams from Grating 2 includ- 
ing phase shift terms due to Grating 2, the fringe pattern 
intensity is given by an expression similar to Eq. (2), 
which can be shown to be- 

ll (8) 

where periods corresponding to periods of the interfer- 
ence fringes in the x ( P,, ) and y ( p,,, ) directions and the 
period of the phase shift of the fringes due to the motion 
of the gratings (p,, and ps2 ) have been defined as 

(9) 
PP2 

P,(n2-m2)+P2(n, -m,)  
PD2 = 

Equation (8) is analogous to Eq. (2), but is in terms of 
X ,  and x, the locations of both gratings. If either grating 
moves, X ,  or x 2  will change and cause a phase shift of 
the fringe pattern proportional to the grating displace- 
ments. For a typical GI configuration, one grating is fixed 
with the other allowed to move. With Grating 1 fixed, the 
phase shift due to motion of Grating 2 is given by 

Equation (12) can be inverted to find the incremental dis- 
placement of Grating 2 that corresponds to a particular 
incremental phase shift analogous to Eq. (7) given by 

Ax2 = L A @ ,  
271 

C. Detector Width Compensation 
In practice, the detector used to measure the interfer- 

ence fringe pattern has individual elements of a fixed 
size, and the periods of the diffraction gratings must be 
chosen to match the detector element size. To recover the 
phase from the fringe pattern conveniently, it can be 
shown that the detector element width 6 must be one 
fourth the period, of the interference fringes. For a single 
grating case Eq. (3) will depend on 6 to give 

For the case with positive and negative first order beams 
interfering, m,  = +I  and n ,  = -1 which gives p, as 

P, =86 (15) 

Substituting Eq. (15) in Eq. (5) gives 

PSI =46 (16) 

This shows the relationship between the detector element 
size and the period of the phase shift of the fringe pattern. 
The size of this period is an indication of the resolution 
that can be obtained with the single grating configuration, 
and its dependence on 6 shows that the resolution can 
only be increased if 6 is reduced. In practice, the detec- 
tor element size 6 is a fundamental limitation that con- 
strains the resolution of a single grating system. 

A similar analysis can be dpne for a dual grating con- 
figuration. The use of the two gratings acts as a way of 
compensating for the fact that the detector element width 
is a fundamental design limitation. With the dual grating 
configuration, the two gratings must be chosen so that the 
period of the interference fringes meets a certain criteria. 
Similar to Eq. (14) the period of interference of the fringe 
pattern is found from Eq. (9) as 

As with the single grating case, m, = +1 and n, = -1, 
and m, = -1 and n 2  = + I .  This gives Eq: (17) as 
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For the m2 and n 2  diffracted beams to overlap, the em2 
diffracted angle must be positive and the en2diffracted 
angle must be negative, which requires that the period of 
Grating 2 be less than that of Grating 1 as given by 

Equations (18) and (19) are the criteria that must be 
met by the two grating periods to achieve the detector 
width compensation (DWC). Unlike Eq. (15) for the sin- 
gle grating case, Eq. (1 8) is in terms of two grating period 
values. In practice, the width of the detector elements 6 
will be a known quantity, and the grating periods satisfy- 
ing Eq. (18) must be determined. This can be accom- 
plished by iterating over a range of period values and 
recording period combinations that meet the criteria in 
Eq. (18). The 6 value for the present detector is 10 mi- 
crons. Table l shows grating period combinations that 
meet the DWC criteria in Eq. (18). Analogous to Eq. (la), 
the period of the phase shift of the fringe pattern in terms 
of multiples of the detector element width is also given in 
Table 1. Compared to the multiple of 4 in Eq. (16) the 
values for the DWC configuration are significantly less 
with the first being less by a factor of 5 .  Therefore, the 
DWC configuration allows for an increase in the resolu- 
tion of the GI system because a grating with a smaller 
period is undergoing displacement. 

Table 1. DWC Period combinations with 6 multiple 

1 Grating 1 Period I Grating 2 Period I Multiple of 6 for Psll 
(microns) (microns) 

20.00 16.00 
45.00 28.80 
48.00 30.00 

40.00 

D. Fringe Pattern Analysis 
With the intensity distribution of the fringe pattern de- 

termined as in Eqs. (2) and (8), it is then possible to relate 
the phase of the fringe pattern with the displacement of 
the diffraction gratings as in Eqs. (6) and (12). To recover 
the phase of the fringe pattern from the intensity distribu- 
tion it is first necessary to sample the intensity distribu- 
tion using some type of photosensitive detector. The size 
of the detector elements plays a role in determining the 
modulation that occurs on each element as the fringe 
pattern undergoes phase shifts. A commonly used method 
for extracting the phase from such a fringe pattern utilizes 
detector elements with a width one fourth the period of 
the fringe pattern. This gives four unique signal values 
phase shifted by ninety degrees with respect to each 
other, which are known as quadrants. The phase of the 

fringe pattern can be conveniently recovered using the 
quadrant values and the inverse tangent function [lo]. 
With the recovered phase, Eqs. (6) and (12) can be used 
to relate the phase to the grating displacement, and Eqs. 
(7) and (13) to obtain the incremental displacement. 

111. GRATING INTERFEROMETER APPLIED TO HDD 

To use a GI system to measure the angular displace- 
ment of a HDD actuator arm, a reflection type diffraction 
grating must be added to the arm assembly to induce a 
phase shift in the diffracted beams formed from the co- 
herent light source that strikes it. The phase shift will then 
be related to the displacement of the actuator arm so that 
a measurement can be performed. This relationship can 
be derived much like the linear case, but certain geomet- 
rical relationships must be considered. 

w,: 1_1 
Grating % 

(a) Top View 

\ 1 -  

- \ \ I  \I 

L x  
W 

(a) Top View 

RI. 
(b) Side View 

Figure 3. Actuator Arm Geometry 

Figure 3 shows the geometry of the arm-mounted 
grating configuration. In Figure 3(a) a top view of the 
actuator arm shows the location of the reflection grating 
with width W, . As the arm rotates the effective width of 
the grating illuminated by the light source will vary as a 
function of the angle of rotation of the actuator arm 0 as 

w, W, =- 
COS e 

The light source for the GI design is a collimated linear 
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laser beam that iies along a line given by Y=R, . It ex- 
tends over the entire range of motion of the actuator arm 
to maintain illumination of the grating. As shown in 
Figure 3(b), this laser beam is incident to the HDD from 
above at some angle and passes through a transparent 
window in the HDD cover,and diffracted beams are re- 
flected from the grating to form the fringe pattern. It is 
necessary to relate the displacement of the grating along 
the line illuminated by the light source. The left and right 
extents of the grating are given by 

With the necessary geometrical relationships for the 
arm-mounted grating configuration, it is possible to relate 
the fringe pattern phase shift and actuator arm 
displacement. A significant issue related to the grating 
target is the fact that as the arm rotates the effective 
period of the grating will vary as a function of the arm 
orientation given by the following expression 

The phase shift for an arbitrary diffracted beam can be 
found by recalling the phase shift term for the linear case 
from Eq. (1) but with an effective period PE 

Substituting for the effective period from Eq. (22) and the 
expression relating the displacement of the grating along 
the linear light source G, from Eq. (21) for x, gives 

This is the orientation dependent phase shift of the m, 
diffracted beam. For positive and negative first orders 
with m, = +I  and n ,  = -1, the net orientation dependent 
phase shift can be found from the difference between the 
phase shift of the m, and n ,  diMacted beams as 

(25) 
2n 

'r(W = cb,, (0) - $,,, (0) = 2-R, sln 0 . 
PI 

Where the constant phase shift given by the W, terms 
has been dropped. Using Eq. (25) the angular displacment 
can be recovered from the phase of the fringe pattern 
much like the linear displacement case. 

Iv. EXPERIMENTAL RESULTS 

Several experiments have been done to verify the fea- 
sibility of the proposed GI design for measuring the an- 

gular displacement of a HDD actuator arm. A high- 
resolution rotary stage with a resolution of 192.3 nanora- 
dians has been used to simulate motion of the actuator 
arm, and the GI design has also been tested with an actual 
HDD. With these setups stationary and motion tests have 
been done to demonstrate system stability and motion 
tracking capability. The results of the experiments with 
the rotary stage will now be presented and discussed. 

J. . . . . . 1 . 
Figure 4. Top View of Breadboard Configuration 

Figure 4 shows a top view of the rotary stage experi- 
mental setup, and the components described in $111 can be 
seen. First, the linear light source is produced using a He- 
Ne laser, line generator optics, and cylindrical collimation 
lens. An attenuation filter may be necessary to prevent 
fringe pattern detector saturation. The linear laser source 
strikes the reflection grating with 20 pm period fixed to a 
HDD actuator arm mounted to the face of a rotary stage. 
The reflected diffracted beams pass through the second 
grating, which is a transmission grating with 16 pm pe- 
riod. The diffracted beams strike a turning mirror and are 
reflected to form the fringe pattern on the CCD camera. 

Table 2. Statistics from Rotary Stage Stationary Test 
Unfiltered Data Filtend Data 

(nrad) (encoder (nrad) (encoder 
An ular db  lacement counts) counts) 

Actual 
Calculated 316.9 1 .6474  316.9 1 . 6 4 7 4  

Incr. Disp. Statistics 
Mean I 0.0 IO.00014 I 0.0 IO.00014 
StandardDeviation 1 3 4 7 . 4  I 1 . 8 0 6 1 4  151.7 10.26885 

To test the stability of the GI system, an experiment 
was done with the rotary stage stationary. Statistics found 
from data taken from this experiment appear in Table 2. 
For the unfiltered data, the calculated angular displace- 
ment was approximately 300 nrad, and the mean incre- 
mental displacement was negligible. To reduce the effects 
of noise, a low pass filter was applied to the quadrant 
values, which reduced the standard deviation of the in- 
cremental displacements. 

A motion test was done with the rotary stage moving 
continuously through 42 14 encoder counts to demonstrate 
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the motion tracking capability of the GI system. Figure 
5(a) shows the quadrant values, which are periodic as 
expected for continuous motion. The recovered phase 
values in Figure 5(b) also follow a linear trend. A histo- 
gram of the incremental displacements appears in Figure 
5(c) and most fall within ten encoder counts of zero. 

(a) Quadrant Values (b) Calculated Phase Values 

(c) Incr. Disp. Histogram (d) Filtered Incr. Disp. Histogram 

Figure 5. Results for Rotary Stage Motion Test 

Table 3. Statistics from Rotary Stage Motion Test 
I UnfliteredData I PiitedData 

Angular Displacement 1 (eucoder munta) I (encoder munts) 

Calculated 
-0 (-0%) 

-0.3596 -0.3487 
0.3566 

Statistics calculated for unfiltered data from the motion 
test are in Table 3. Actual and calculated displacements 
vary by about three percent primarily due to the accuracy 
of the radius value of the light source, noise effects in the 
detector system, and stability of the light source intensity. 
The mean incremental displacement is quite small, but it 
has a significant standard deviation. 

To reduce the effects of detector noise, the quadrant 
values for the motion test were filtered with a low pass 
filter. Figure 5(d) shows a histogram of filtered incre- 
mental displacements. Compared to the unfiltered histo- 
gram in Figure 5(c), the filtered values are skewed to the 
left of zero as expected for continuous motion. This indi- 
cates that the effects of detector noise have been signifi- 
cantly reduced to leave an accurate representation of the 
motion of the rotary stage as sensed by the detector. Sta- 
tistics found for the filtered data are also in Table 3. For 

the filtered data an optimized radius value was used to 
reduce the error between the actual and calculated angular 
displacement values. Comparison of the incremental dis- 
placement statistics for the unfiltered and filtered data 
shows that the standard deviation for the filtered case is 
much less as expected. It is also significant that the mean 
incremental displacement value compares quite well with 
the counts per sample value indicating that the GI system 
was able to closely track motion of the rotary stage. 

v. CONCLUSIONS AND FUTURE WORK 

An extension of the GI principle to the measurement of 
the angular displacement of a HDD actuator arm for use 
in the servo-track writing process has been presented. A 
number of experiments have been done with a prototype 
of the GI design to demonstrate the feasibility of the 
measurement system. Experimental results have shown 
that the system using a CCD camera as a fringe pattern 
detector is capable of generating stable signals and able to 
closely track the grating motion. Future enhancements 
that would be necessary for a production measurement 
system involve increasing both the measurement resolu- 
tion and sampling rate. These objectives could be accom- 
plished with either the use of smaller period grating com- 
binations or a photodiode based fringe pattern detector. 
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