Optical data storage readout
with quadrant pupil detection

T. D. Milster, Z. Chen, E. P. Walker, M. T. Tuell, and E. C. Gage

A novel detection scheme that uses combinations of quadrant signals derived in a pupil of the optical
system is described for optical storage devices. The signals arise because of an asymmetry in the
reflected light distribution when the focused spot scans data with a nonzero tracking offset.
Theoretical and scalar diffraction characterization indicates that the signals may be useful for improved

data density by reducing intertrack interference (cross talk).

providing a tracking error signal.
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1. Introduction

The most popular form of optical data storage is
based on a focused laser beam that scans data on a
spinning disk, as shown in Fig. 1. The light source
is a laser diode that produces a diverging laser beam.
The diverging beam is collimated and circularized.
It passes through a beam splitter and is focused by
an objective lens onto the recording layer of a
spinning disk. Data are stored on the disk in a
pattern of spiral tracks. The focused spot follows a
track as the disk spins. Compact-disk devices use
micrometer-sized pits along the tracks to modulate
the reflected light energy and produce a data signal
at the detectors. Phase-change devices use crystal-
line marks on an amorphous background. In eras-
able magneto-optical data-storage devices, the physi-
cal marks and spaces that represent data produce
variations in the polarization of the reflected beam.
Modulation in the reflected beam that is due to the
data pattern is detected with a differential arrange-
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ment of silicon detectors that maximizes signal
contrast and reduces common-mode noise.!

In this paper we describe a technique that can be
used to increase mark density by reducing track
spacing. The technique can be understood by ob-
serving that, as track spacing is reduced, the data
signal i; contains an intertrack interference term A:
in addition to the ideal signal iy, where i, is given by

i, =iy + Ad. (1)

The term Ai is commonly referred to as cross talk.
We generate a signal that is proportional to the
derivative of Ai by a technique we call quadrant
pupil detection (QPD). The QPD signal i, can be
subtracted from the derivative of the data signal to
yield

o, ai, 9i,

=— . ~—> (2)
ot ot ot

which can be used for data detection. Alternatively,
I can be integrated and subtracted from i, directly,
that is,

A
u:g—fngm (3)

0

In the paragraphs below, we describe in detail how
QPD can be applied to optical data-storage systems.
In Section 2 we describe the origin of the QPD signal.
In Section 3 we discuss results from scalar diffrac-
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Fig. 1. Layout of a magneto-optical data storage device. Alaser
diode source is collimated and circularized before passing through
a beam splitter. The beam is then focused through a disk

substrate. The reflected light is directed to a differential detec-
tor arrangement. The hub is used to attach the disk to a spindle
motor.

tion modeling and describe two applications of the
QPD signal. In Section 4 we analyze noise in the
QPD signal. In Section 5 we present results from
some preliminary experiments, and in Section 6 we
draw conclusions from this work.

2. Theory

The origin of the QPD signal is a diffraction phenom-
enon present when an off-track spot crosses edges of
data marks, as shown in Fig. 2. As the laser spot
crosses an edge, an asymmetry is produced in the
pupil of the optical system after reflection from the
recording layer. (A convenient pupil plane is pro-
duced when the stop of the optical system is imaged
onto quadrant-cell detectors.) The signal pattern
has diagonal symmetry, and it reverses quadrants
between leading and trailing edges of the marks.
If we divide the pupil of a phase-change or compact-
disk system into quadrants labeled a, b, ¢, and d, the

Region A Reglon B signal
N pattern
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Fig. 2. Asthe off-track laser spot crosses the edge of a data mark,
an asymmetric signal distribution is produced in the pupil of the
objective lens. Regions A and B represent overlap of the negative
first and positive first diffracted orders, respectively, with the zero
order.
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data signal is given by
Iy = g + 1, + 1 + ig, (4)
and the QPD signal is defined by
ie = Cllig + ic) = (i + ia)l, (5)

where C is a scaling constant and i, is a measure of
the asymmetry of the signal energy in the pupil.

In a magneto-optic data-storage system, i, can be
realized by reimaging the stop onto quadrant detec-
tors 1 and 2 in Fig. 1. If i, laz, etc., are electrical
currents from each quadrant, i, is glven by
ipo) * (ier — Qo) + (iq1 — ig2)s (6)

is = (ial - iaZ) + (ibl -

and i is given by

le = Clligy — fg2) + (1= Le)]

— Cllipr — ipa) + (far — iao)l (7)

Note that Egs. (4) and (5) still apply if we consider i, =
Lol — Lo, Ip = Ip1 — Lpo, €tC.

A similar technique has been proposed for tracking
error-signal generation with phase-change media for
which only one quadrant detector is necessary.? In
this geometry, tracks are widely spaced at 1.6 pm.
The QPD signal i. is proportional to y,, which is the
distance between the centroid of the scanning spot
and the center of the marks along a track. i, also
reverses sign with y,, that is, i, can indicate both the
magnitude and direction of the tracking error. By
using i, for tracking error generation, we measure
the offset of the scanning spot from the data rather
than from the grooves.

We now discuss differences between using QPD
with phase-change media and with magneto-optic
media. With phase-change media, the QPD signal
manifests itself as redistribution of the irradiance in
the pupil. The resulting QPD signal can be quite
large. For magneto-optic media, data marks can be
considered as quarter-wave-deep pits that reflect a
small-signal component from the recording layer.?
The signal component is polarized in a direction that
is orthogonal to the incident polarization. Because
the signal component is small (typically ~1% of the
reflected energy), the QPD signal is also small.
Therefore it is important to study the signal and
noise properties of i..

The origin of the QPD signal can be explained with
a simplified description of the readout geometry.
Figure 3 illustrates the plane of the recording layer,
with the focused spot scanning in the x direction
alongy = 0. Adata trackis offset from the scanning
spot by an amount y,. The pattern of marks and
spaces is represented by mi(x, y), where

1 277
2 cos T

1

mix — x5, y) = @ —x)Bly —yot 50 (8

and x, is the scan coordinate that represents the
in-track displacement of the pattern. Note that Eq.
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Fig. 3. Hypothetical geometry for deriving QPD characteristics.
Thin marks are offset by an amount y, from the scanning spot.

(8) is a narrow cosinusoidal amplitude pattern on a
constant background. A magneto-optic data pat-
tern requires a more complicated description, but
the amplitude pattern in Eq. (8) is sufficient to
illustrate the QPD concept. For simplicity, we as-
sume that the stop is a rectangle defined by

P(g, m) = rect(¢/alrectin/a), 9)

where & and m are scaled aperture coordinates given
by & = x’/)\fand m= y’/)\f, fis the focal length of the
objective lens, and (x’, y') represent the real aperture
coordinates.

The reflected beam from the recording layer con-
sists of a zero order and positive and negative first
diffracted orders from the cosine term in Eq. (8).
The angular separation of the positive and negative
first diffracted orders increases with data frequency
1/T. The phase of the zero order is uniform and
does not depend on scan position or offset. The
positive and negative first diffracted orders contain
linear phase terms that are due to offset y,. They
also contain a constant phase term that depends on
the scan coordinate x,, Mathematically, the ampli-
tude and phase distribution in the & direction is
given by

S(g) = v4[28(8) + exp(—2mix,/TR(E — 1/T)
+ exp(2mix,/T)SE + 1/T)| * rectt/a), (10)

where the asterisk denotes convolution. The ampli-
tude and phase distribution of the positive and
negative first orders in the m direction is given by

S(m) = exp(—2miy) * rect(n/a). (11)

The convolution in Eq. (11) can be determined in
closed form because of the symmetry of P&, ). The
result is

sin mwy.a

exp(—2miy ). (12)
Yo

Sl

Note that S(v) is a constant multiplied by a linear
phase factor. Region A is defined as the area where
the negative first order and the zero order overlap, as

shown in Fig. 2 for a circular stop. The linear phase
factors of Egs. (10) and (12) combine to yield an
irradiance pattern in region A given by

Ly(x, m30) = 1+ |ca|? + 2ca|cos 2m{ygn —x,/T), (13)

where ¢, is a constant. Likewise, region B is de-
fined as the area where the positive first order and
the zero order overlap, as shown in Fig. 2. Inregion
B the irradiance pattern is given by

Iglxcg, m;0) ¢ 1 + |ep|? + 2 cp|cos 2m(yom +x,/T).  (14)

Expressions (13) and (14) describe simple cosinusoi-
dal fringes in the plane of the aperture. The spatial
frequency of the fringes in the m direction is inversely
proportional to the offset y,. Constructive interfer-
ence (e.g., a bright fringe) occurs under the condition

Yon i'/’53/71: jv (15)

where jis an integer, the minus sign refers to region
A, and the plus sign refers to region B. As the spot
scans the disk, x, increases, and Eq. (15) indicates
that the bright fringe moves in the direction of
increasing m for region A and in the direction of
decreasing m for region B. When the spot is cen-
tered on a mark or a space, x, = mT/ 2, where m is an
integer, and the resulting fringe pattern is symmet-
ric in regions A and B. When x, # mT/2, the
pattern is asymmetric. Maximum asymmetry oc-
curs when x, = (m/2 + 1/4)T, that is, when the spot
is crossing an edge.

The frequency response of the QPD signal is an
interesting phenomenon. Because the QPD signal
is derived from edges of marks, it is similar to a
push—pull tracking signal. Push—pull signals have
a frequency response maximized near NA/ \, where
NA is the numerical aperture of the objective lens
and \ is the wavelength.* However, a true fre-
quency-response characteristic is not easily de-
scribed for the QPD signal. The QPD signal is
based on diffraction from a two-dimensional edge, so
a simple cosine decomposition does not adequately
describe the problem. In any case, the QPD signal
response is different from the i, frequency response.

Real data patterns are more complicated than the
simple description in Eq. (8). However, the concepts
presented in this section can be used to provide a
heuristic explanation of the phenomenon. For ex-
ample, the mark patterns are typically 0.8 pm wide
in the y direction, and the corresponding form of Eq.
(12) is not a simple constant multiplied by a linear
phase factor. In reality, the differences do not dra-
matically affect the fringe pattern. The fringe shift
is observed as predicted from Eq. (15). The maxi-
mum asymmetry is present when the focused spot
covers the mark edge, and the polarity of the QPD
signal changes as y, goes through 0. In Section 3 we
show that, with realistic mark and space patterns, i,
is proportional to the derivative of the off-track
signal Ai.
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3. Scalar Diffraction Modeling

The QPD signal is simulated with a scalar diffraction-
modeling program that is designed to analyze mag-
neto-optical disk systems.? Two-dimensional matri-
ces are used to describe laser beam profiles and mark
patterns. The recording-layer matrix contains pat-
terns of 0.72-pm-wide marks arranged in tracks.
Track spacings as well as the mark and space widths
are adjustable. Mark edges are rounded to simu-
late realistic mark shapes. At the objective lens,
the Gaussian-beam 1/e? diameter fills 90% of the
aperture. Other model parameters include A = 780
nm and NA = 0.5. The power illuminating the
recording layer is 2.0 mW. The Kerr angle is 0.25°,
and the medium exhibits no ellipticity.

Propagation of the laser beam through the system
starts at the plane of the stop. The complex field
matrix that represents the aperture is Fourier trans-
formed to calculate the beam matrix incident upon
the recording layer. Multiplication of the incident-
beam matrix and the recording-layer matrix yields
the beam matrix just after reflection, which is in-
verse Fourier transformed to calculate the reflected
field matrix in the plane of the stop. After a correc-
tion for the beam splitter, the signal current i, and
the QPD current i, are calculated by operation on
irradiance values in pixels that correspond to i, i, i,
and i;. It is necessary to keep track of the polariza-
tion at each pixel because the information on the
magneto-optic recording layer is detected as polariza-
tion modulation in the reflected beam.

Signal current i, is shown in Fig. 4(a) for a mark
pattern that consists of three different-sized marks,
as shown above the signal trace. The optical spot is
scanning aty, = 0.8 um above the center of the track.
The longest mark and space correspond to a tempo-
ral frequency of 1 MHz when the medium velocity is
6.6 ms~!. Likewise, the three following marks and
spaces correspond to 3 MHz, and the last six marks
and spaces correspond to 6 MHz. The amplitude of
i, decreases with increasing frequency because of the
rolloff of the optical transfer function.® The deriva-
tive 9i,/0x, is shown in Fig. 4(b) for the same mark
pattern. Figure 4(c) displays the QPD signal i, with
C = 1. The shape of i, is similar to the shape of Fig.
4(b), except that the amplitude of i, does not have the
same frequency dependence. To make the shapes
more nearly equal, an electronic filter with response
A(f), where f is the electrical frequency, can be
applied to i, to attenuate the high frequencies.
When amplifier gains are adjusted properly, the
filtered version of i, and the signal proportional to
IR / dx, are nearly identical, as shown in Fig. 5.

Results of the previous paragraph can be applied
to increasing the storage density of an optical data-
storage device. Consider the track geometry shown
in Fig. 6, where there are no grooves on the recording
surface. Track n is being scanned with the focused
spot. Tracksn — 1andn + 1 are spaced 0.8 and 1.6
nm, respectively, from track n. If this pattern of
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tracks is repeated over the entire disk, the mark and
space density increases by a factor of 1.33 because of
the increased track density. As the spot scans with
increasing x,, the intertrack interference Ai from
track n — 1 is significant, and i, is distorted, as
indicated in Eq. (2). Intertrack interference from
track n + 1is insignificant because it is relatively far
away from track n, but the effect is included in our
analysis. Because the spot is scanning along the
center of track n, the only significant QPD signal is
due to track n — 1. Therefore i, « 0A; / dx,, and

+
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Fig.5. Comparison of the filtered i, and that of Fig. 4(c).



intertrack interference can be canceled by the sub-

traction of f idx, from i,. Relative signal currents
displayed in Fig. 6 show effects of the subtraction.
The curve made up of open circles displays the
uncorrected signal i,. Worst distortion is present
when the high-frequency pattern of track n is next to
a low-frequency mark or space on track n — 1. The
distortion takes the form of a signal offset. The
solid curve is the ideal signal i,. The curve compris-

ing crosses is the corrected signal i, — fiedxs.
Modeling results indicate that the difference be-
tween the ideal and the corrected signals is less than
3% of the ideal signal under the worst-case condi-
tions, which include =0.05 pm of track error for the
spot following track n and =1.0 pm of defocus. This
compares favorably with the 1%—2% residual cross
talk from track n + 1.

QPD can also be used as a tracking error signal
that is proportional to offset y, of the spot from track
center. Consider a flat disk with no groove pattern.
Data tracks are separated by 1.6 ym. Instead of
using the QPD signal i, to cancel intertrack interfer-
ence, it is used to measure y,. In Section 2 it was
shown that the QPD signal is equal to 0 when the
spot is centered on the track, ie., y, = 0. i, in-
creases toward higher positive values for leading
edges of marks as y, increases. Conversely, i, de-
creases toward more negative values for leading
edges of marks as the spot moves farther below the
track, i.e., as y, becomes more negative. Figure 7
illustrates the peak of the QPD signal as a function
of the off-track position y,, which exhibits the bipolar
characteristic necessary for a tracking error signal.

4. Noise Analysis

There are several important components of noise.
These include shot noise, electronic noise, disk noise,
and laser noise. Shot noise arises because of the
random arrival and detection of photons at the
detectors and is the same magnitude for QPD as for
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The peak of

normal differential detection. Electronic noise is a
function of the particular components chosen to
implement the circuitry. Laser noise and disk noise
are usually the most significant noise sources.

The behavior of laser and disk noises in the stop is
different from that of shot or electronic noises.
Electronic noise varies with frequency, but it is not
affected by light level and adds a constant back-
ground noise to the signal. Root-mean-square (rms)
noise current that is due to shot noise is given by

<ish0t> & (Ia + Ic + Ib + Id)hza (16>

where I, I;, I, and I; are the dc electrical currents
from each set of quadrants and (- - -) denotes the rms
value. Contributions to shot noise from different
parts of the detectors add in quadrature because
they are not correlated in time. Laser noise and
disk noise are distributed in a circularly symmetric
pattern in the plane of the stop. Because the detec-
tors are located at an image plane of the stop, the
disturbance at any instant in time in one quadrant is
correlated with the disturbance in the other quad-
rants. For example, a laser power fluctuation that
is due to mode hopping could momentarily change
the light level emitted from the laser. The change
in light level affects each quadrant at the same
instant in time. Similar arguments can be made
with respect to disk noise.

Effects of laser noise and disk noise in the QPD
signal can be described by consideration of the
differential noise components 8i,, diy, di., and di; on
each quadrant of the detectors. For phase-change
and pit-type media, QPD noise current di. is given by

di, = (di, + di,) — (dip + diy), (17)

which is similar to the QPD signal current given by
Eq. (6). With Eq. (17), we assume that the noise
components are correlated in time. If laser and
disk noise exhibit circularly symmetric distribu-
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tions, 8, = 0. Our experiments suggest that the
noise distributions are not entirely symmetric, so i,
is small but not 0.
The signal-to-noise ratio (SNR) v, in decibels for
the QPD signal is given by
=201 (E) ) (18)
Ye 0810 <8ZE>

where (i) is the rms QPD current and (3i,) is the rms
QPD noise current in a 6-MHz bandwidth. Like-
wise, the SNR for the single-track signal current i, is
given by

i

Yo = 20 Ingéi_i ’ (19)
where (i,,) is the total rms noise current after differen-
tial detection in a 6-MHz bandwidth. For commer-
cial optical data storage devices, vy = 20 dB, which
indicates that (io) = 12.6(i,). Experimentally we find
that (i) = (io)/10. It is reasonable to assume that, in
the presence of an asymmetry in the noise distribu-

tion, (8i.) = afi,), where « is a constant. A combina-
tion of these relations gives
1.26
Ye = 20 logy o | (20)

If « = 0.1, then y. = 22 dB. For magneto-optical
devices, the differential-detection technique de-
scribed in Eq. (7) cancels most common-mode laser
and disk noise. (i,) and (3i.) are dominated by noise
components that pass through the differential chan-
nel. Therefore we do not expect that the noise
cancellation described by Eq. (17) improves the SNR
dramatically for magneto-optic systems.

5. Experiment

The system shown in Fig. 1 is implemented with an
air-bearing spindle to rotate a grooveless disk. An
NA = 0.5 objective lens focuses light from a A = 785
nm laser diode through a 1.2-mm glass coverplate
onto the magneto-optic recording layer. Focus con-
trol is maintained through a closed-loop focus servo
and a voice-coil actuator that moves the objective
lens in the focus direction. Radial runout of the
rotary air-bearing spindle is less than 0.02 ym, so a
tracking servo is not necessary.

A 4.0-MHz pattern of equal-width marks and
spaces was recorded. The medium velocity was 6.6
ms~1. The data signal i, and the QPD signal i, were
measured as the focused spot was shifted off track.
Time-domain signals i, and i, are shown in Fig. 8.
The off-track distance is yo = 0.5 pum. Also shown in
Fig. 8 is a calculated derivative dis/ dx, from the
digitized data. Figure 8 indicates that i, is a good
approximation to di,/dx, .

2476  APPLIED OPTICS / Vol. 35, No. 14 / 10 May 1996

1.5
1 SO
© N\ r\
=2 i\ A ,
<‘:I‘ 0 5 ," l i I le
= 1A .
\ 1. ——i

N AN & .
[} 1 .
2 0.5 [ ok ooco di/dsx,
=
3 v/ 1
o -1 \, \)

-1.5

x, (pm)
Fig. 8. Data signal i;, QPD signal i., and derivative dis/"’d.acS for a

pattern of closely spaced data marks. The off-track distance yo =
0.5 pm.

6. Conclusions

We show theoretically and with scalar diffraction
modeling that the distribution of the signal pattern
in the pupil of a magneto-optic data-storage device is
asymmetric when the focused spot scans a data track
with nonzero offset. The maximum asymmetry is
present when the spot aligns with a mark edge.
The asymmetry is detected with a simple arrange-
ment of data detectors, and the QPD signal is
proportional to the derivative of the data signal.
The QPD signal does not have the same frequency
dependence as the data signal. An electrical filter
can be used to attenuate the QPD signal so that it
more nearly matches the derivative of the off-track
data signal. The filtered QPD signal can then be
used to subtract intertrack interference created by
closely spaced tracks. An improvement of density
by a factor of 1.33 can be realized in a straightfor-
ward case. The unfiltered QPD signal can also be
used to provide a bipolar tracking error signal. Our
experimental results verify the form of the QPD

signal.
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