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1 Introduction 
A straightforward method to increase the data rate in opti 
cal data storage systems is to use more than one laser beam 
in parallel. A number of methods have been implemented to 
achieve simultaneous recording and reading on multiple 
tracks . Depending on the methods of generati ng multiple 
beams, they can be divided into three categories: a diffrac
tive optical e lement, 1 a diode laser array,2 and a combina
tion of laser diodes and a beam combiner.3 However, these 
schemes have difficulty in controlling optimum beam spot 
spacing as a function of di sk radius. Since radii of inner
diameter (ID) and outer-diameter (OD) tracks are different, 
multiple beams centered perfectly on inner tracks produce 
track errors a t outer radii , unless separations of beam spots 
are changed. Also, track eccentri city causes tracking errors 
in multiple-beam systems. 

The ID/OD errors are evaluated with a simple math
ematical development. If an array consists of N beams with 
separation s between beam s, the array length l is (N 
- 1 )s . The required beam separation is larger than the 
track pitch, so as to avoid thermal cross talk between adja
cent beams. For example, a beam separation of s = 10 µ,m 
is reported to limit thermal cross talk below -48 dB in one 
system.4 Therefore, the beam array is slanted at an angle ,j;, 
such that the beam spots are positioned on adjacent tracks 
and separated sufficiently to avoid thermal cross talk. Fig
ure l(a) shows beam spot arrays at inner and outer tracks . 
Beam spot l is centered on an inner track at radius r 1 , and 
beam spot 2 is located on an inner track of radius r2 = r 1 

+d, where d is the track pitch. The track radius r N for 
beam spot N is given by 

(I ) 

The position of beam spot N is expressed in terms of l , ,j;, 
and r 1 as 
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x =l sin,j;, 

and 

y = r 1 + l cos ,j;. 

(2) 

(3) 

The values of x and y should satisfy the equation for a 
circle of radius r N, which is given by 

(4) 

The beam array angle is calculated from substituting Eqs. 
(2) and (3) into Eq. (4). That is, 

(5) 

If the beam array is moved outwardly with the beam array 
angle and beam separation fixed in the radial direction so 
that beam spot 1 is placed at radius ,-; , the position of 
beam spot N is given by 

x' = l sin ,j;, 

and 

y ' = r; + l cos ,j;. 

(6) 

(7) 

Due to the difference in radii , beam spot N is not centered 
on a track. The error q, is the difference between the radius 
of the desired track for beam spot N and the distance of the 
actual position of beam spot N from the disk center. That is, 

(8) 

Errors of beam spot N are calculated using Eq . (8) with N 
= 10, s= 10µ,m , r 1=25 mm, and d = 0.74µ,m , where the 
track pitch of a digital versatile di sk (DVD) is used in the 
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Fig. 1 Error caused by difference in rad ii in a multiple-beam system with a fixed spot separation . (a) 
Geometry of multiple beams at inner and outer tracks. {b) Estimated error q, of beam spot Nat radius 
, ; with N= 10, s = 1 O µ m, r1 = 25 mm, and d= 0.74 µ m. 

calculation. Figure l (b) how the e ti mated error at the 
outer radius r ; . The maximum error is about 0.09 ,um, 
which i greater than one-tenth of the track pitch and is 
considered an unacceptable tracking error. 

rotational center at the observation point. The beam array 
angle ,jJ is determined from Eq. (5). Track tilt angle 8 ex
pres ed in term of ~E and radius r 1 is 

In addition , track runout caused by di crepancy between 
the actual track center and the mechanical center of rotation 
give ri se to track errors in mul tiple-beam systems with a 
fixed beam spot separation. Error due to track runout i 
estimated as foll ows. Beam angle ,jJ i set to locate multiple 
beam pots on separate hori zontal tracks, and the observa
tion point lies on a diameter line, as shown in Fig. 2(a). 
When beam spot l is centered on track 1, beam spot 2 is 
slightly off-centered from track 2 in the presence of track 
decenter ~E, because tracks are not perpendicular to the 

(9) 

Track error q E of two beams is the subtraction of the di s
tance of beam spot 2 fro m track l and the track pitch. That 
L , 

q ,= s cos( ,jJ - 8)- d. (1 0) 
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Fig. 2 Error caused by discrepancy between the actual track center and the mechanical center of 
rotation in a multiple-beam system with a fixed spot separation . (a) Geometry of multiple beams 
without and with track decenter t:.E. (b) Estimated error q, of beam spot N at t:.E with N= 10, s 
= 10/.Lm, r1 = 50mm, and d = 0.74!-£m. 

When N beam are used, track error q E is given by 

q €= (N- 1 ) [ s cos( f- 8)-d]. (11) 

Figure 2(b) shows q., for beam spot N due to track decenter. 
For N = 10, s= 10 µm, r 1 = 50 mm, and d=0.74 µm , a 
track decenter of ~1:= 100 µ,m creates q .,= 0.18 µm , which, 
again, is greater than one-tenth of the track pitch. 

The total error qT to misalignment of the multiple beams 
is 

( 12) 

For the example given, qT ha a maximum value of 0.27 
µ,m , which is well beyond a reasonable tolerance of d/10 
= 0.07 µm for DVD systems. Therefore, signifi cantly de
graded signal quality is expected on the o uter-most beams 

in the array. This qT value cannot be corrected without a 
complicated beam rotation or magnification adjustment 
scheme using conventional optical layouts. However, the 
required electrical bandwidth for the correction corresponds 
to only a one-half or one-quarter rotation of the disk, which 
is much lower than the bandwidth required for basic track
ing in a single-beam system. A low-bandwidth correction of 
qr combined with a high-bandwidth servo on one of the 
beams in the array could completely correct tracking errors 
in a multiple-beam sy tern . 

The estimations of qr in Figs. l (b) and 2(b) give moti
vation for wavelength-domain tracking (WDT). WDT sys
tems provide variation in beam separation a a function of 
dfak radiu , as well as individual control of beam positio ns. 
The e advantages make simultaneous multitrack recording 
possible when combined with a high-bandwidth single
beam servo. 
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Fig. 3 Schematic of WOT system implementation. 

The multitrack read/write enables WDT systems to 
transfer data faster than a single-beam optica l storage sys
tem. The increase in the data transfer rate of WDT systems 
is nearly proportional to the number of laser sources used. 
However, the effecti ve increase in the data rate is slightly 
reduced due to the dead time during track jumps, because 
the beam spot array should jump either multiple tracks or a 
s ingle track repeatedl y during one disk rotation to reali ze 
continuous paralle l read/write operation using multiple 
beams. 

This work is di vided into several sections. Section 2 
describes the basic concepts and system imple mentation of 
WDT. Also, mechanisms for tracking error detection and 
beam control in WDT systems are explained. Section 3 
exhibits the experimental setup for a WDT feasibility test 
and its design specifications. Section 4 describes three ex
periments executed to prove the concept of WDT and pro
vides experimental results. The conclusion and future work 
are presented in Sec . 5. 

2 Principles of Wavelength-Domain Tracking 

The main idea of WDT is to control the foc used spot pos i
ti on of an indi vidual beam by changing its wavelength . It 
exploits the dependence of diffraction angles on the wave
le ngth of the light impinging on a grating. The wavelength 
c hange of the incident light gives ri se to an angular change 
of the diffracted light. The resulting angular deviati on re
pos itions the foc used beam spot on the recording surface. 
Likewise, whe n a multibeam light source with indi vidual 
laser tunability is used, each indi vidual beam illuminating 
adjacent tracks is controlled by tuning the wave length of 
each laser. Therefore, beam spot separations are optimi zed 
to minimize qT errors. 

In the WDT syste m of Fig. 3, multiple beams with dif
ferent wavele ngths from separate e mitters are merged into a 
single beam by means of an optica l beam combiner, such as 
an optical fi ber or optical waveguide. These wavelength
multiplexed beams fo llow the same optical path to 
wavelength-dispersive blazed grating I . The beams are dif
fracted into different angles after re fl ection from blazed 
grating I , where the multiplex ing conversion from the 

wavelength domain to the angul ar domain takes place. 
Grating I and the objecti ve lens distribute each indi vidual 
component of the multiplexed beam onto separate tracks. 
The refl ected beams from the medium are recombined into 
a single beam after the second re fl ection from grating I. 
That is, the beams are remultiplexed in the wavelength do
main. The wavelength multiplexed beam is then directed to 
servo and data detectors. Error signals for each channel are 
extracted by low-frequency modulation of indi vidual lasers 
using a single servo detector and bandpass filters. For data 
readout, blazed grating 2 is used to di stribute each refl ected 
beam to indi vidual data detectors. In case of q r errors, laser 
wave lengths are tuned so that the beams fo llow the track 
centers. It is notable that blazed gratings, instead of simple 
diffraction gratings, are used due to their high diffraction 
effi ciency into a spec ific order. 

Tracking errors in WDT systems are sensed by a split
cell detector and ex tracted by multiple electronic bandpass 
filters. When a beam is refl ected from the storage layer, 
phase di fferences between di ffraction orders generate a pat
tern at the exit pupil that is called a " baseball pattern . ·•5 

The baseball pattern has two overlapped areas, and the 
brightness of each overl apped area is determined by the 
re lati ve position of the foc used beam spot and the center of 
the nearest track. When the foc used spot is centered on a 
track, the overl ap areas are of equal brightness. As the spot 
moves away from the track center, the brightness of the 
overl ap areas becomes unbalanced. The detection of unbal
ance in the baseball pattern gives ri se to a tracking error 
signal (TES), which is explained more full y in Sec. 3. This 
baseball-pattern effect is observed fo r each wavelength in
dependently. 

Individual lasers are modulated at low frequencies 
( ~ 100 kHz) with a separation of several kilohertz. The re
fl ected beams after remultiplexing into the wavelength do
main contain tracking error information (baseball patterns) 
for all the laser channels. A split-cell detector receives the 
combined beam, and separate bandpass filters sort out 
tracking error signals within a des ignated frequency range. 
Then, the extracted indi vidual TES signals are fed back to 
servo electronics , and the amount o f wave length tuning is 
determined by feed back circuit s. Thereafter, off-center 
beam spots are moved to track centers, and T ES s ignals are 
kept to zero th rough the closed-loop feedback of the track
ing servo. It should be pointed out that the low- frequency 
modulation of lasers does not affect data readout or foc us
ing control, since a frequency separation of I 00 kH z is 
allocated between data frequencies ( ~ a few megahertz) 
and servo frequencies ( ~ a few kilohertz). 

Figure 4 illustrates the mechanism of contro lling a 
single laser beam in the wave length domain . A beam is 
di ffrac ted at an angle ~ 0" from the blazed grating, and it is 
focused on the storage layer through an objecti ve lens. Tun
ing of the laser wave length by ~A gives rise to dev iation of 
the di ffracted angle by ~ 0". The angular deviation ~ 0" 
produces a latera l shi ft of the foc used beam spot by ~ x 
when multiplied by the objecti ve lens foca l length f That 
IS, 

( 13) 

Thi s lateral shift is poss ible because of telecentri c ity int ro-
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Fig. 4 Mechanism of controlling a single laser beam in the wave
length domain. 

duced by placing the aperture stop at the front focal plane 
of the objective lens. The telecentric condition implies that 
the chief rays at the image plane are always perpendicular 
to the storage layer, regardless of angular deviation at the 
grating. Therefore, the reflected beam returns to the grating 
following the same path as the incident beam. 

To find the relation between the amount of tuning ~A 
and lateral beam shift ~x , diffraction from a reflective 
blazed grating is examined. Diffraction is determined by 
the grating equation 

( 14) 

where 0; is the angle of the incident light, 0d is the m'th
order diffraction angle, p is the period of the grating, and A 
is the wavelength of the incident light. The differentiation 
of Eq. (14) with respect to diffraction angle and wavelength 
gives rise to the relation between tuning and angle devia
tion. That is, 

( 15) 

Using Eq. (15) , the beam shift ~x is determined in terms of 
the objective lens focaJ length, the tuning amount, the grat
ing pitch, and the diffraction angle. That is, 

<External cavity diode laser> 

(16) 

The amount of tuning is also calculated for a given beam 
shift. That is, 

/J COS 0d 
~A= f ~x . 

m 
(17) 

The tuning amount ~A is proportionaJ to the beam shift ~x. 

3 Experimental Setup and Design 

An experimental setup for testing the feasibility of WDT is 
shown in Fig. 5. An external cavity diode laser (ECDL) 
with a tuning range of 6 nm is used as a tunable laser 
source. The ECDL is fabricated by antireflection coating 
the front facet of a commercially available laser diode and 
placing a simple diffraction grating outside the diode to 
return the first diffraction order into the laser cavity. A 
simple grating with a period of I µm is holographically 
fabricated and coated with gold to provide reflection . The 
s-polarized zero-order output laser beam leaving the ECDL 
is directed to blazed grating l with a period of 10 µm and 
a blaze angle of 2.3 deg through various optics, and is 
turned by 90 deg on diffraction from the grating. Depolar
ization of the incident and reflected beams on the grating is 
expected to be negligible, since the grating period is con
siderably greater than the laser wavelength. The beam then 
passes through a quarter-wave plate and a stop. An objec
tive lens with a focal length of 3.6 mm and a numerical 
aperture of 0.4 is used to focus the laser beam to a small 
spot on a fragment of an unwritten CD-R disk. A piezoelec
tric transducer (PZT) is used to produce tracking errors by 
movino the disk in the cross-track direction. When re
flectel a baseball pattern is generated at the exit pupil of 
the system due to interference between diffracted orders. A 
split-cell detector is aligned such that each cell senses the 
light intensity of each half of the baseball pattern. A track
ing error signal (TES) is determined by the difference of 
the two detector signals divided by their sum.5 That is, the 
normalized TES is 

split-cell 
detector 

Fig. 5 Schematic of an experimental system for testing the feasibility of WOT. 
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A- 8 
TES=-

A + B ' 
(18) 

where A and B are the signals out of each detector cell. 
Notice that the experiment involves only one laser beam, 
and blazed grating 2, as shown in Fig. 3, is not imple
mented . Also, since onl y one laser beam is used, low
frequency laser modulation is not necessary to separate 
TES signals. 

The amount of tuning needed for lateral beam shift is 
calculated as follows. The light impinging blazed grating 1 
is set to be defl ected by 90 deg into the firs t order, such that 
0d- 0;= 90deg. After replacing the incident angle in Eq. 
(14) by 0;= 0d- 90deg and manipulating the equation us
ing a trigonometric re lation , the equation for the angle of 
the first-order diffracted beam is given by 

(19) 

From Eq. (19) and 0d- 0;=90deg, the fi rst-order diffrac
tion angle and the inc ident angle are 0d= 47 .6 deg and 0; 
= 42.4 deg, respectively. The amount of tuning for the lat
eral shift of the foc used beam spot is calculated fro m Eq. 
( 17) and 0d= 47.6 deg. The tuning amounts for a half track 
( ~ x = 0.8 µm ) and o ne track (~ x= l. 6 µm ) are 1.5 and 3 
nm, respecti vely. For a beam cross ing j tracks, the wave
length needs to be tuned by j times 3 nm . 

In the des ig n of a WOT syste m, spurious optical feed
back should be taken into consideration, since performance 
of a WOT system depends on spectra] behaviors of tunable 
lasers. Sen itiv ity to optical feedback is tested with two 
types of tunable laser sources, which are a thermally con
trolled tunable laser and an ECOL. When a WOT system is 
implemented with a the1mally controlled laser diode, it is 
observed that the lasing wavelength j umps among a few 
longitudinal modes, and that the domjnant mode wave
length is a functio n of the beam position on the disk. This 
prob lem of modehopping is solved by use of an ECDL as a 
tunable laser source. The diffraction grating used in an 
ECOL plays a major role in reducing the spurious feedback 
noise, due to its wavelength-fi ltering ability. Therefore, the 
ECOL is a good candidate for a tunable laser source of a 
WOT system in the aspect of feedback suppress ion. 

4 Experiment and Result 

The concept of WOT is proven by demonstrating that 
wavelength tuning causes a focused beam spot to move a 
designed distance on a storage layer. ln the first experiment, 
a simulated TES signal and an experimentally obtained 
TES signal are compared. In the second experiment, the 
phase shift of a TES signal due to wavelength tuning is 
observed when the disk position is modulated by a PZT in 
the cross-track direction. In a third experiment, a digital 
tracking servo for WOT systems is deve loped and demon
strated. 

For the first experiment, basebaJI patterns and the result
ing TES signals are simulated as a function of spot pos ition 
on the disk . The simulation is based on an optical system 
with a Geltech lens (350022) as an objective lens and a 

spot diameter 
for position 1 

t - - - - - - -~ 
1.6 µm 

Fig. 6 A small fragment of a CD-A storage layer. The numbers cor
respond to the possible positions where the focused beam illumi
nates the tracks. Adjacent positions are separated by 0.2 µm . 

fraction of CD-R disk as a target. The information on the 
light between the objective lens and the disk is obtained 
using ZEMAX (ZEMAX Development Corporation) and 
transfen-ed to OPTISCAN,6 a physical optics simulation 
tool, for the calculation of light propagation, interference 
patterns at the exit pupil, and light intensities at the detector 
cell s. As the foc used spot on the storage layer in Fig. 6 is 
moved in the cross-track direction by steps of 0.2 µm for a 
total di stance of one track , nine baseball patterns are ob
tained and shown in Fig. 7. T he numbers in Figs. 6 and 7 
represent locations of the focused beam spot on the storage 
layer. It is observed that the two overlapped areas are of 
equal brightness when the focused beam is centered on a 
groove (position 3) or land (position 7) and become unbal 
anced when the beam spot moves away from the center, 
which is as expected.7 The res ultant normalized TES signal, 
as shown in Fig. 8, has a si nusoidal waveform with a period 
con-espondi ng to the track pitch. 

Baseball patterns are also obtained from two separate 
configurations: one by disk translation and the other by 
foc used spot translation due to wavelength tuning. For the 
former configuration, the di sk is moved by steps of 0.4 µm 
for a total length of one track by use of a PZT. In the latter 
configuration , the laser wavelength is tuned by 2.93 nm so 
that the focused beam moves across a total distance of one 
track , which is the same total distance as with PZT
controlled disk movement. Photographs of the baseball pat
terns captured on a CCO camera in the two configurations 

Fig. 7 Simulated baseball patterns with a beam spot illuminating 
different positions of a track. The first baseball pattern is generated 
from a beam illuminating spot position 1 in Fig . 6. Then , the disk is 
translated by 0.2 µ m to the left, so that the next baseball pattern 
comes from beam position 2. The ninth baseball pattern is the same 
as the first one, since both beams illuminate a land/groove border. 
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Fig. 8 TES signal calculated when the baseball patterns in Fig . 6 
illuminate a split-cell detector. 

are shown in Figs. 9(a) and 9(b). The numbers correspond 
to the spot positions in Fig. 6. The baseball patterns for 
each position from the two configurations look alike, as 
expected. For a more exact comparison, TES signals are 
calculated by image process ing the pictures of the baseball 
patterns in Fig. 9. To calculate the TES signal from the 
images, the pixel intensities on the left and the right halves 
of the images are summed separately. Their subtraction and 
divi sion by their sum result in a normalized TES given by 
Eq. (18). Following thi s procedure, the TES signal levels 
for the baseball pattern images in Figs. 6(a) and 6(b) are 
calculated, and the resulting TES curves are shown in Fig. 
8. Due to the equivalent effects of moving the di sk and 
tuning the wavelength in WDT systems, the TES signals 
from the two configurations are expected to match up. As 
seen in Fig. J 0, the two experimentally obtained TES sig-

0µm 
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0. 8 µm 

l .2µm 

1.6 µm 

disk 
moving 

wavelength 
tuning 

646.00 nm 

646.73 nm 

647.45 nm 

648.28 nm 

648.93 nm 

Fig. 9 Photographs of baseball patterns captured on a CCD cam
era. (a) Baseball patterns obtained by moving the disk by steps of 
0.4 µm. (b) Baseball patterns obtained by wavelength tuning. The 
laser wavelength is tuned to move the focused beam spot for a total 
distance of one track. The increment of the wavelength tuning is 
about 0.75 nm, and the total tuning range is about 2.93 nm. 
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Fig. 10 Comparison of experimentally obtained TES signals ob
tained by wavelength tuning and by disk translation. 

nals are in good agreement. Also, they are in accordance 
with the simulated TES signal in Fig. 8. 

The second experiment shows that a beam moves a de
signed di stance by measuring phase shifts caused by wave
length tuning. Tuning-caused phase shift of a TES signal in 
the experimental WDT system is observed when the disk is 
modulated at a frequency of l Hz in the cross-track direc
tion using a PZT. The disk modulation makes the focused 
beam scan over several tracks and generates a sinusoidal 
TES signal. If the focused beam spot is di splaced from the 
original location by wavelength tuning, the phase of the 
TES signal changes. For example, if the focused beam spot 
moves from a land center to a groove center by changing 
the wavelength of the laser, the TES signal changes phase 
by 'TT radians . If it moves across one track, then a phase 
shift of 2n is observed. Figure 11 shows the initial TES 
signal before wavelength tuning and two phase-shifted TES 
signals with tuning increments of LlA= l.5 nm and LlA=3 
nm. These increments are calculated in Sec. 4 for the pur
pose of moving the focused spot by half a track and one 
track, respectively. Figure 11 shows that, as expected, a 
tuning of llA = 1.5 nm causes the phase of the initial TES 
signal to shift by n. The TES signal obtained by tuning of 
LlA =3 nm overlaps with the initial TES signal. Therefore, 
observation of the expected phase shift in a TES signal 
suggests that the focused beam moves the designed di s
tance across the track. 

Cl) 
w 
I-
"O 
Q) 

.!::! 
cij 

E 
0 z 

6A.= 0 6A.= 1.5 nm 6,.= 3 nm 

Fig. 11 TES signal traces at different wavelengths. Phase shifts of 
,,,- and 2,,,- are observed for beam crossing of half a track and one 
track, when the disk is modulated at a frequency of 1 Hz in the 
cross-track direction using a PZT. 
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Fig. 12 Closed-loop control system for a WOT servo. 

Finally, a djgital tracking servo for WOT systems is de
veloped in the third experiment using a computer and a 
commercial ECOL (Newfocus, Incorporated) with center 
wavelength 672 nm and a mjnjmum tunjng range of 12 nm. 
The lasing wavelength of the ECOL is determined by the 
closed-loop control system shown in Fig. 12. The informa
tion on the desired spot position via the desired TES setting 
is sent to the computer. The actual TES is calculated in the 
computer, based on Eq. (18). Then, the amount of wave
length tunjng LiA is determjned by multiplication of the 
tracking error value and a feedback gajn G. The computer 
sends to the ECOL controller a command for a modified 
wavelength A,, , which is calculated by a sum of the wave
length A,, _ 1 in the previous loop and the amount of re
quired wavelength tuning. The tuned wavelength moves the 
focused spot toward the track center. 

Figure 13 shows the layout of a WDT tracking servo 
with the closed-loop control system. The ECOL output 
beam is focused on a disk and reflected from it. The re
flected beam that contains a baseball pattern is directed to a 
spLit-ceU detector. Then, the two detector signals are sent to 
the computer. The required wavelength is calculated in the 
computer from the detector signals after digiti zation and 
sent to the ECOL controller to tune the laser wavelength. 
By repeating this procedure in a closed-feedback loop, the 

PBS 

NEWFOCUS 
ECOL 

Computer 

Spatial filter 

Split-cell 
detector 

tracking errors caused by beam displacement from the de
sired position are minjmized. 

In the WOT servo shown in Fig. 13, tracking errors are 
generated by modulating the disk position with a PZT at a 
frequency of 0.05 Hz in the cross-track direction. The TES 
signal is simultaneously calculated from the digitized de
tector signal . Figure 14 shows the TES ignal with the 
servo on and off. While the servo is off, the TES signal has 
a sinusoidal waveform, which is in good agreement with 
the simulated and experimental results. When the servo is 
activated, the sinusoidal TES ignal drops nearly to zero. 
The ECOL tunes the lasi ng wavelength by the appropriate 
amount in the closed-loop feedback system. Figure 14 dem
on trates the feasibility of WOT systems. However, track
ing speed in thi experiment is limited by the tuning speed 
of the ECOL. The ECOL uses a PZT for fine tuning ( < 0.0 I 
nm) and a motor for coar e tuning (>0.01 nm). To keep the 
focused beam spot on track center, the ECOL needs to 
move the simple grating forward and backward frequently 
using the motor, since the required wavelength tuning is 
greater than 0.01 nm in this experiment. When the wave
length needs to be tuned more frequently than the motor 
settling time allows, the ECOL output beam generates a 
false TES signal. Therefore, a slow speed was u ed. Other 

BS 

N4 plate 

Stop 

CO-R 
::::..:::~::_,;;_,;;,;;,_::..:::..:; disk 

Fig. 13 Layout of a digital tracking servo for a WOT system. 
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Fig. 14 TES signal with the WOT tracking servo off and on. The 
sinusoidal TES signal decreases significantly when the tracking 
servo is activated. 

wavelength-tuning systems how faster response,8 but they 
could not be incorporated into thi experiment. 

5 Conclusion 

A wavelength-domain tracking system is developed and 
demonstrated for mu ltibeam optical storage. With its capa
bility to individually control beam positions, a WDT ys
tem can overcome problems in contro ll ing beam spot spac
ing as a function of disk radius and di sk decenter, which i 
a proble m that all multibeam optical storage systems have. 
Also, a novel method of error signal extracti on by low
frequency modulation is propo ed. 

The feas ibili ty of a WDT scheme is tested in the fo llow
ing three ways. Fi rst, baseball patterns and TES signa l 
from simulati on and two configurations are compared, and 
the match-up of the resu lts demonstrates that track fo llow
ing of a beam is possib le in the wave length domain. Sec
ond, the phase shift of a TES due to wave length tuning is 
ob erved when the disk is modulated in the cross-track d i
recti on by a PZT. The observation of the expected tuning
caused phase shift in the TES indicates that wavelength 
tuning causes the focused beam to move by the designed 
di tance. Finally, a digital tracking servo for WDT systems 
is developed and demonstrated . Activating the closed-loop 
servo fl attens a sinusoidal TES, and locking a beam on a 
track center is achieved. 

For future work, a WDT sy tern needs to be imple
mented using multiple tunable laser ources and an optical 
beam combiner. Also, improvement in wavelength-tuning 
characteristics of tunable laser source , such as tuning 
speed, is necessary. Feedback tolerance needs to be consid
ered in the selection of tunable laser sources for a WDT 
ystem, and ECOL sources appear to be attractive devices 

fo r thi s purpose. 
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