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enpl oyed in the detection of the topography of a surface in applications
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substrate. Each cantilever is attached at one end to the substrate. The other end of
each cantilever carries a resistive heater element and an outward facing tip. Each
cantilever is addressable via row and column conductors. The row and column
conductors permit selective passage of electrical current through each cantilever to
heat the heating element thereon. In both reading and writing operations, the tips of
the array are brought into contact with and moved relative to a storage medium
comprising a polymer film storage surface carried on a plane substrate.

Data is written to the storage medium by a combination of applying a local force to
the film via each tip and selectively heating each tip via application of data signals
through the corresponding row and column conductors to a level sulfficient to locally
deform the film, leaving an indentation or pit therein.

Each heating element also provides a thermal read back sensor because it has a
resistance which is dependent on temperature. For data reading operations, a
heating signal is applied sequentially to each row in the array. The heating signal
heats all heating elements in the selected row, but now to a temperature which is
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heats all heating elenents in the selected row, but nowto a tenperature
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Accordingly it would be desirable to provide detection methods and apparatus in

which such problems are alleviated.

In accordance with the present invention, there is now provided apparatus for
detecting data in a sensor signal generated by a read sensorin a local probe data
storage device, the apparatus comprising: a differentiator for subtracting a value of
the sensor signal from the succeeding value of the sensor signal to generate a
ternary difference signal; and a convertor connected to the differentiator for
converting the difference signal into a binary output signal indicative of the detected
data. This advantageously prevents offsets in the sensor signal from interfering with
recovery of the data. The differentiator effectively acts as a high pass filter.

A low pass filter may be connected to the differentiator for filtering the sensor signal
prior to the sensor signal reaching the differentiator. This advantageously eliminates

unwanted high frequency noise components from the input to the differentiator.

In particularly preferred embodiments of the present invention, a subtracter is
connected to the low pass filter for subtracting a reference signal generated by a




recovery of the data. The differentiator effectively acts as a hi gh pass
filter. Alow pass filter nay be connected to the differentiator for
filtering the sensor signal prior to the sensor signal reachlng t he
di fferenti »tme3/0212 s advant ageously el i m nates unwant ed P§ a%ency
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The convertor preferably converts the extremities of the ternary difference signal into
a first value of the binary output signal and converts the intermediate value of the
terary difference signal into a second value of the binary output signal. Again, In
the interests of simplicity, the convertor preferably comprises an integrator for
generating a ramp having a slope dependent on the value of a sample of the ternary
difference signal and a counter connected to the integrator for determining the
binary output in dependence on the time taken for the ramp to reach a preset

threshold level.

It will be appreciated that the present invention extends to a local probe data storage
device comprising: a storage surface; a read sensor moveable relative to the storage
surface in a plane paraliel to the storage surface for generating a sensor signal in
dependence on data stored in the surface in the form of topographical features
thereof; and apparatus as hereinbefore described connected to the sensor for
detecting the data in the sensor signal generated by the read sensor as the read

sensor is moved relative to the storage surface.



It will be appreciated that the present invention extends to a |ocal probe
data storage device conprising: a storage surface; a read sensor noveabl e
relative to the storage surface in a plane parallel to the stor% e surface
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that such a storage device may comprise a plurality of read sensors.

Viewing the present invention from another aspect, there is now provided a method
for detecting data in a sensor signal generated by a read sensor in a local probe
data storage device, the method comprising: subtracting a value of the sensor signal
from the succeeding value of the sensor signal to generate a ternary difference
signal using a differentiator; and converting the difference signal into a binary output
signal indicative of the detected data using a convertor connected to the

differentiator.

Preferred embodiments of he present invention will now be described by way of

example only with reference to the accompanying drawings, in which:
Figure 1 is a simplified plan view of an example of a local probe data storage device;

Figure 2 is a simplified circuit diagram of a sensor of the device;



signal using a diff erentiator; and converting the difference signal into a
bi nary output signal indicative of the detected data using a convertor

connected to the differentiator. Preferred enbodi nents of ﬂﬁﬁl’ r nt
i nventi on WQ 303882 be described by way of exanple only w¢ @f’%? nce to
t he acconpanyi ng drawi ngs, in which: Fbgure 1 is a sinplified plan view of
an exanple of a local probe data storage device; Figure 2 is a sinplified

circuit di@%%(manéﬁ@amaleﬁt sikmitdewhesensdl 03/ 021592 PCT/ 1 B02/ 02828 -5
Figure 3 iS5 a Norton equivalent circuit of the sensor; Figure 4 is a block

di agram of an exanple of a detection channel for the sensor; Figure 5is
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Figure 6 1S a si di agram of a high pass filter for the
detection channel; Figure 7 is a block diagramof an analog to digital
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nodi fication of the detection channel; Figure 10 is a block diagramof a
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a sinplified circuit diagramof a sensor circuit for the device; Figure 13

is asinplified circujt diagramof another. sensor, citcuit . the devi ce;
Fi gure 14Figares? israpleckdiagram;of giana @c‘ﬁ%‘?a} cenyentgr fé’ ‘b?&'&%‘? ier of the
Fi gure 13, a:?]?]gisor circuit; Figure 15 is a circuit diagramof an exanple of
t he prearrpnl rér inmplenmented in CMOS; Figure 16 is a circuit diagram of an
exanple of the low pass filter inplenented in CMOS, WD 03/021592

PCT/ 1 BO2/ i%gr2988 is’g detailed block diagram of the detection channel;

Figure 9 is a detailed block diagram of a modification of the detection channel;
Figure 10 is a block diagram of a detection channel in which precoding is employed;
Figure 11 is a block diagram of a precoder for the detection channel of Figure 10;
Figure 12 is a simplified circuit diagram of a sensor circuit for the device;

Figure 13 is a simplified circuit diagram of another sensor circuit for the device;

Figure 14 is a graph of the input characteristic of a preamplifier of the Figure 13

sensor circuit;

Figure 15 is a circuit diagram of an example of the 'preamplifier implemented in

CMOS;

Figure 16 is a circuit diagram of an example of the low pass filter implemented in

CMOS;



Figure 17 is a circuit diagram of another exanple of the | ow pass filter
inplemented in CMOS; Figure 18 is a bloc diagram of another exanple of the
| ow pass filter; Figure 19 is a bl ock diagram of another gex | t he

hi gh pass MW@ gure 20 is a circuit diagramof a nen’(’)?ﬁ{@?’gﬁ’g and
inverter of the high filter inplenentéd in CMOS, Figure 21 is a block

di agram of an exanple of the analog to digital convertor; Figure 22 is a
bl ock di agpa® of isH citdtR dagaAéT arbtidr examplenef e low plisgffiltet impemaentear
shown in Figure 21; Figure 23 is a block diagram of another inplenmentation
of the arialcg‘ﬂoﬁb digital convertor; Figure 24 is a block diagram of an
exanpl e of the detection channel; Figure 25 is a block diagram of anot her
exanpl e of the detection channel Figure 26 is a circuit diagramof an
exanpl e dFigtieet 8iistabloc dingrammfeinotirsexampligyofthpdew passfitelie 1, an exanpl e
of a |l ocal probe data storage device conprises a two dinensional array of
cantil ever sensors 10 disposed on a silicon substrate. Row conductors 30
and col unFiga@Iist D bck disyremall aoothies poeetblenf thechigk pass fikere. Each sensor
10 is addressed by a different conbination of the row conductors 30 and
colum conductors 40. There are a pair of row conductors and associ ated
with eachriglddmisod ciR@umdiagraiPofd thenory istagecaritinuener aitbe bightfdérwi th  each
row of senSors 10. Each sensor 10 conprises a silicon cantilever structure
of a |envgtmemﬁnt9ﬁém(‘é‘@©§h of 70 micronetres and micronetre thickness.
Linbs of the <cantilever are fixed, at their distal ends, to the substrate.
The apex of the cantilever WO 03/021592 PCT/|B02/02828. -7 has freedom for
moverent Figuee 21 issa blosk dingrami of @ exaaple gt theanalogriadighal Someriah  carri es,
at its apex, a resistive heater element and a silicon tip facing away from
the substrate. The linbs of the cantilever are highly doped to provide a
conduct i vBiguea!22 énh bjoekdiagfam dfeat igpleshentstion pithecinaleg te/digilicREVATIR apex

of the cantil ever. to
shown }/n I['igure 5‘1;

Figure 23 is a block diagram of another implementation of the analog to digital

convertor,;

Figure 24 is a block diagram of an example of the detection channel;
Figure 25 is a block diagram of another example of the detection channel
Figure 26 is a circuit diagram of an example of the detection channel.

Referring first to Figure 1, an example of a local probe data storage device
comprises a two dimensional array of cantilever sensors 10 disposed on a silicon
substrate. Row conductors 30 and column conductors 40 are also disposed on the
substrate. Each sensor 10 is addressed by a different combination of the row
conductors 30 and column conductors 40. There are a pair of row conductors and
associated with each column of sensors 10 and one row conductor associated with
each row of sensors 10. Each sensor 10 comprises a silicon cantilever structure of a
length in the region of 70 micrometres and micrometre thickness. Limbs of the
cantilever are fixed, at their distal ends, to the substrate. The apex of the cantilever



| esser extent, thereby introducing a region of increased electrical
resistance to current flow through the cantilever. The current path

t hrough the cantil ever extends between the associated row _conductor and
the associ W@®/Q@H%UmM conductors. One of the col um condbBEHi0&/03838
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In operation, the tip is urged against to a planar storage medium 70 in the form of a

polymer layer such as a film of polymethylmethacrylate (PMMA) of a thickness in the

region of 40 nm. The polymer layer is carried by a silicon substrate.

Data is written to the storage medium by a combination of applying a local force to
the polymer layer 70 via the tip and heating the tip by passing a write current through
the cantilever from the corresponding row conductor 30 to the corresponding column
conductor 40. Passage of current through the cantilever causes the heater element
to heat up. Heat energy is passed from the heater element into the tip via thermal
conductance. The write current is selected to heat the tip to a level sufficient to
locally deform the polymer layer 70 to leave a pit 20 therein of a diameter in the
region of 40 nm. By way of example, it has been found that local deformation of a
PMMA film can be achieved by heating the tip to a temperature of the order of 700

degrees centigrade.

The heating element also provides a thermal read back sensor because it has a
resistance which is dependent on temperature. For data reading operations, a
heating current is passed though the cantilever from the corresponding row



conductor 30 to the correspondi ng col um conductor 40. Accordingly, the
heating elenent is again heated, but nowto a tenperature which is
insufficient to deform the polyner |ayer 70. Reading tenperatures of the
order of AN e3EVes centigrade are, for exanple, insuffFPEVHRO deform a
PMVA film but neverthel ess provide adteptable reading performance. The

t hermal conduct ance between the heating elenent and the polyner |ayer 70
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storage nedium 70. Referring to Figure 2, in a preferred enbodi nent of the
present invention, a read/wite current fl froma .CO 0Oto
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each sensor 10 connected to the row conductor 30 to which the heating voltage

pulse is applied. All the heating elements in the corresponding row of the array are

therefore heated. Recorded data is then read out from in parallel from the heated

row of sensors. Each row of the array is thus read sequentially according to a

multiplexing scheme.

The array is moveable relative to the polymer layer in a plane 70 parallel to the
polymer layer 70 such that each tip can be scanned over a corresponding field 80 of
the polymer layer 70. Each field 80 can accommodate a plurality of pits 20. In both
reading and writing operations, the tips of the array are moved across the surface of

the storage medium 70.

Referring to Figure 2, in a preferred embodiment of the present invention, a
read/write current flows from a row conductor 30 to which a voltage Vs is applied
through a heater element in the corresponding sensor to a lower voltage level
applied to the associated column conductor via the diode D. With reference to



applied to the associ ated colum conductor via the diode D. Wth reference
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In a preferred embodiment of the present invention, there is provided a robust
detection scheme for such thermomechanical sensor arrays as hereinbefore
described. The scheme operates in the analog domain. Offsets in the system are
obviated by employing three level decision element to be described shortly. The
three level decision element avoids the aforementioned processing of signals
exhibiting a relatively wide dynamic range. Additionally, a precoding scheme may be
employed to avoid error propagation after the three level decision element without
incurring rate loss. It will be appreciated from the following detailed description that
the detection schemes embodying the present invention are applicable to both
current driven and voltage driven thermomechanical sensor systems.

Referring now to Figure 4, an example of a detection subsystem embodying the
present invention comprises a low pass filter 100 and a high pass filter 110
connected in series. An analog to digital convertor (ADC) 120 is connectable to the
output of the high pass filter 110 via a sample and hold switch 120. In operation, the
low pass filter 100 limits the bandwidth of high frequency noise in an input signal
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in a nodification of the enbodi nent of the present invention

Referring to Figure 8, a preferred example of a detection channel embodying the
present invention for a constant current source sensor arrangement as hereinbefore
described with reference to Figure 3 comprises the low pass filter 100 hereinbefore
described with reference to Figure 5, the high pass filter hereinbefore described with
reference to Figure 6, the switch 130, and the ADC 170 hereinbefore described with

reference to Figure 7.

Referring to Figure 9, in a modification of the embodiment of the present invention
hereinbefore described with reference to Figure 8, the dynamic range of the signal
input to the low pass filter 100 is reduced. This reduction is achieved by taking an
output from a reference sensor represented in Figure 9 by Norton equivalent circuit
comprising current source |” and variable resistance VR'. The output from the
reference sensor is subtracted from the sensor output of interest by a differencing
block 180. A precision reference signal is not required because the high pass filter
110 removes any offset that may be present at the output of the low pass filter 100.
It is sufficient that the variation of the reference signal over two consecutive read
intervals is negligible with respect to the difference signal from the output of the
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high pass filter 110 to a “0" at the channel output. In general, for 1-D* precoding, a
1/(1e@D¥) precoder is employed , where & denotes modulo 2 addition. Referring to
Figure 11, the precoder 200 comprises a delay stage 220 having a delay of T and a
summing stage 230. In operation, an information bit to be precoded are input to the
summing stage and summed with the output from the summing stage 220 for the
preceding information bit. The output from the summing stage is fed back to the

summing stage via the delay stage 220.

With reference to Figure 12, in a preferred embodiment of the present invention, the
sensors operate in current mode as hereinbefore mentioned. In other words, each
sensor comprises a current source I' driving a sense resistor VR and providing a
voltage signal at the output via a voltage follower 300. A range of standard voltage
mode circuits can provide accurate detection of such a signal. However,
conventional voltage mode circuits have drawbacks. Specifically, such circuits
typically require relatively large chip area and exhibit relatively low performance at
relatively low supply voltages. These problems are alleviated in the sense circuit
shown in Figure 13. In the Figure 13 sense circuit is suitable for current mode



summ ng stage 230. In operation, an information bit to be precoded are
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OTA-C) filters, switched capacitor filters and current switched filters. In the circuits
hereinbefore described with reference to Figures 16, 17, and 18, each of switches
S1, S2, and S3 permit the corresponding integrator to be periodically reset.
Resetting of such integrators will be described in detail shortly.

As indicated earlier, the differentiator circuit of the high pass filter 110 subtracts a
previous signal value from a present signal value to provide an approximation of the
derivative of the information signal. Referring now to Figure 19, in a preferred
embodiment of the present invention, the high pass filter 110 comprises a memory
element 400 having an output connected to an inverter gate 410. The output of the
inverter gate 410 and the input to the memory element 400 are connected to the
input of a summing stage so that the output of the summing stage produces the
value equal to the difference between two consecutive information bits. Figure 20
shows a current mode CMOS implementation of the memory element 400 and the
inverter 410 comprising an inverting memory cell based on a switched current
transistor memory cell having transistor T6, and switches S4, S5, and S6. The
summing stage 410 for the current mode of operation can be implemented simply by
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reach a preset threshold level. Referring now to Figure 22, in a particularly preferred

embodiment of the present invention, the RADC 510 is implemented by a

comparator 520 preset to the aforementioned threshold level and a counter 530.

With reference to Figure 23, a modification to the preferred embodiment of the

present invention hereinbefore described with reference to Figure 22 combines three

level ADC and inverse precoder functions. In operation, a pair of comparators 600

and 610 each receive the bit stream to be decoded. Comparator 600 compares the

bit stream to a first voltage level V1. Comparator 610 compares the bit stream to a

second voltage level V2. The outputs of the comparators are combined via a two

input NAND gate 620 to provide a data inputto a single D type latch 630 clocked at

1/T. The output of the latch 630 provides the decoded bit stream.

Referring now to Figure 24, in a preferred embodiment of the present invention there
is provided an integrator 700 for integrating two consecutive read back signals for
the same fixed integration time. The output of the integrator 700 is sampled by a
sample and hold circuit 710. The output of the sample and hold circuit is fed to a
differentiator comprising a memory element 720, inverter gate 730 and summing
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difference at the output of the adder 740 is then fed to the RADC 760. The integrator

70 in the Figure 25 embodiment simultaneously provides the signal to be stored in

the memory element 720 for the next sample and the signal to be fed to the RADC

760 via the adder 740.

With reference to Figure 26, a particularly preferred embodiment of the present
invention comprises a CMOS implementation including a first voltage source 810
connected to a thermomechanical detector under test 830 comprising a variable
resistance VR. A second voltage source 800 is connected to reference
thermomechanical detector comprising a variable resistance VR'. The detector
under test 830 is connected to the input of an integrator 850 via a preamplifier 840
comprising transistor T12, T13, and T21. The reference detector 820 is connected to
the input of the integrator 850 via a second preamplifier 900 comprising transistors
T7, T8 and T9. In operation, the reference detector 820 functions as hereinbefore
described with reference to Figure 9. The integrator 850 comprises switch S7,
capacitor C4, and transistors T14 and T15. The output of the integrator is
connected via transistor T14 to a sampler 880 comprising switch S11. The sampler
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of the menory 890 is connected to an adder 860 constituted by a circuit
node. Also coupled to the adder 860 via transistor T15 and switch S14 is
the output of the integrator 850. The output of the adder_is connected to
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the low pass filter for subtracting a reference signal generated by a reference sensor
from the sensor signal prior to the sensor signal reaching the low pass filter.

4, Apparatus as claimed in any preceding claim, wherein the differentiator
comprises a memory for storing the value of the sensor signal to be subtracted from
the succeeding value of the sensor signal and a subtracter connected to the memory
for subtracting the value of the sensor signal stored in the memory from the
succeeding value to generate the ternary difference signal.

5. Apparatus as claimed in claim 4, wherein the subtracter comprises an inverter
for inverting the value of the sensor signal stored in the memory to generate an
inverted value and an adder connected to the inverter for adding the inverted value
to the succeeding value of the sensor signal to generate the ternary difference

signal.

6. Apparatus as claimed in any preceding claim, wherein the convertor convers
the extremities of the temary difference signal into a first value of the binary output
signal and converts the intermediate value of the temary difference signal into a

second value of the binary output signal.



conprises a nenory for storing the value of the sensor signal to be
subtracted from the succeeding value of the sensor signal and a subtracter
connected to the nmenory for subtracting the value of the_senso | gnal
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relative tso”the storage surface in a plane parallel to the storage surface
for

9. A local probe storage device comprising a storage surface; a read sensor
moveable relative to the storage surface in a plane parallel to the storage surface for
generating a sensor signal in dependence on data stored in the surface in the form
of topographical features thereof; a reference sensor for generating a reference
signal in dependence on a reference point in the surface; and apparatus as claimed
in any claim dependent on claim 3 connected to the read sensor and the reference
sensor for detecting the data in the sensor signal generated by the read sensor as
the read sensor is moved relative to the storage surface.

10. A local probe storage device as claimed in claim 8 or claim 9, comprising a
precoder for precoding data to be written onto the storage surface, the precoder
comprising an exclusive or gate having an output determined for each bit of an input
bit stream to be recorded onto the storage surface in dependence on the value of
the bit to be recorded and the value of the output of the exclusive or gate

corresponding to the preceding bit of the input bit stream.

11. A local probe storage device as claimed in any of claims 8 to 10, comprising a

plurality of sensors.



generating a sensor signal in dependence on data stored in the surface in
the form of topographical features thereof; a reference sensor for
generating a reference signal in dependence on a reference 0|nt |n t he
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connected to the read sensor and the +8 erence sensor for detectlng t he
data in the sensor signal generated by the read sensor as the read sensor
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generate a ternary difference signal using a differentiator; and
converting the difference signal into a binary output signal indicative of
the detected data using a convertor connected to the differentiator.



