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Abstract—Ultrahigh storage densities of up to 1 Th/in? or storage approaches to even lower data rates. The solution for
more can be achieved by using local-probe techniques to write, substantially increasing the data rates achieved by tip-based
read back, and erase data in very thin polymer films. The ther- Storage devices is to employ micro-electro-mechanical systems
momechanical scanning-probe-based data-storage concept calle . L -
Millipede combines ultrahigh density, small form factor, and (MEMS)-bgsed arrays Of, cantilevers operating in pa.rallel,. with
high data rate. After illustrating the principles of operation of €ach cantilever performin@/RITE/READ/ERASE operations in
the Millipede, a channel model for the analysis of the readback an individual storage field.
process is introduced, and analytical results are compared with A MEMS-actuated magnetic probe-based storage system is
experimental data. Furthermore, the arrangement of data-storage described in [12] and the references therein. In [12], a magnetic

fields as well as dedicated fields for servo and timing control is t di - iti dint | d writing i
discussed, and system aspects related to the readback processs, orage medium is positioned in th¢y plane, and writing is

multiplexing, synchronization, and position-error-signal genera- achieved magnetically by using an array of probe tips, each tip
tion for tracking are introduced. Finally, the application of (d, k) being actuated in the-direction. In [13], an atomic resolution
modulation coding as a means to further increase areal density is storage concept is described, in which electron field emitters
presented, and the effect on the user data rates discussed. are employed to change the state of a phase-change medium in
Index Terms—Atomic force microscope, high-density a bit-wise fashion.
data-storage system, MEMS, modulation coding, probe storage, |n this paper, the Millipede concept, described in detail in
servo control, thermomechanical write/read/erase, timing re- [7]-[11], to realize scanning-probe data storage is first re-
covery. . - ; .
viewed. The Millipede exploits parallel operation of very large
two-dimensional, e.g., 32 32, AFM cantilever arrays with
I. INTRODUCTION integrated tips an@vRITE/READ/ERASE functionality. Then, an

ECHNIQUES that use nanometer-sharp tips for imagirf uivalent model to characterize the readback signal from a
T and investigating the structure of materials down to tH ermomechanical sensor is introduced, and analytical results

atomic scale, such as the atomic force microscope (AFM) afftained using the model are compared with experimental data.

the scanning tunneling microscope (STM) [L]-[3], are suiE[ e remainder of the paper is devoted to presenting various

able for the development of ultrahigh-density storage devic@éStem aspects of a storage system based on the Millipede.

[4]-[11]. As the simple tip is a very reliable tool for the ultimatén ptart||cular, pI(|JS|t|on—errEr-S|gnet1_l (PEtS) tger_1erat|on ;or sglr)vc()j
local confinement of interaction, tip-based storage technolg2"r0! as Well as synchronization stralegies are gescribed,

gies can be regarded as natural candidates for extending aﬂ%ltga modulation coding techniques suitable for probe-based

physical limits that are being approached by convention -storage devices are introduced.
magnetic storage. The areal densities that today’s magnetic
recording technologies can achieve will eventually reach a
limit imposed by the well-known superparamagnetic effect. The Millipede device shown in Fig. 1 is a highly parallel
Several proposals have been formulated to overcome this linsitanning-probe data-storage system. Information is stored as
for example the adoption of patterned magnetic media, feequences of “indentations” and “no indentations” that are
which, however, the biggest challenge remains the patterniwgtten on nanometer-thick polymer films using an array of
of the magnetic disk in a cost-effective manner. On the oth&FM cantilevers. “Indentations” and “no indentations” will be
hand, data rates of 1 Gb/s or more are achieved by magneitigo referred to as “logical marks.” Each cantilever performs
recording, whereas the mechanical resonant frequencies of WraTE/READ/ERASE operations over an individual storage field
AFM cantilevers limit the data rates of a single cantilever to&ith area on the order of 100100 m? [7]-[11]. Thermome-
few megabytes per second for AFM data storage. Moreover, ttfeanical writing is achieved by applying a local force through
feedback speed and low tunneling currents limit STM-basélge cantilever/tip to the polymer layer and simultaneously
softening the polymer layer by local heating. Initially, the heat
Manuscript received July 3, 2002. transfer from the tip to the polymer through the small contact
The authors are with IBM Research, Zurich Research Laboratory, 8888€a iS very poor but improves as the contact area increases.
Ruschlikon, Switzerland (e-mail: ele@zurich.ibm.com). T. Antonakopoulophis means that the tip must be heated to a relatively high
was_on sabbatical from the University of Patras, Department of Electrical a{]éjmperature of about 400C to initiate the softening. Once

Computer Engineering, Patras 26500, Greece. ) e e A
Digital Object Identifier 10.1109/TMAG.2003.808953 softening has been initiated, the tip is pressed into the polymer,

Il. PRINCIPLES OFOPERATION OF THEMILLIPEDE
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Multiplex cantilever sensor, which transforms temperature into an elec-
trical signal that carries information, is the electrical equivalent,
to a first degree of approximation, of a variable resistance. A
detection circuit must therefore sense a voltage that depends on
the value of the cantilever resistance to decide whether a “1”
or a “0” is written. The relative variation of thermal resistance
— . - is on the order of 105/nm. Hence, a written bit “1” typically
Storggéymggiw;-- produces a relative change of the cantilever thermal resistance
on xyz scanner | AR®/R® of about 10* to 5x 10" *. Note that the relative

change of the cantilever electrical resistance is of the same

order of magnitude. Thus, one of the most critical issues in
Fig. 1. lllustration of the Millipede concept. detecting the presence or absence of an “indentation” is the
high resolution required to extract the signal that contains the
information about the bit being “1” or “0”. The signal carrying
the information can be regarded as a small signal superimposed
on a very large offset signal. The large offset problem can be
mitigated by resorting to a dedicated reference cantilever, as
will be described in Section IlI.

Erasing of bits is achieved by exploiting to the so-called
pile-up phenomenon, whereby rings of polymer appear around
Fig. 2. Ultrahigh-density bit writing with areal densities approaching indentations as a result of the write process. If the ring of a new
Thiin- indentation is extended over the region of a previously written

bit “1,” then the depth of the previous indentation decreases
and hence the indentation size is increased. Fig. 2 shows reaaatkedly [9]. Therefore, by properly adjusting the distance
results from a single-lever experiment, where indentations dretween successive indentations, it is possible to achieve the
spaced as closely as 25 nm apart, resulting in areal densifigsction of erasing at the line or even bit level.
up to 1 Tb/in?, although at a somewhat degrade”ITE/READ WRITE/READ operations depend on a mechanical paraijel
quality. scanning of either the entire cantilever array chip or the storage

To read the written information, the heater cantilever orignedium. The tip-medium contact is maintained and controlled
inally used for writing is given the additional function of aglobally, i.e., not on an individual cantilever basis, by using a
thermal readback sensor by exploiting its temperature-depégedback control for the entire chip, which greatly simplifies
dent resistance. In general, the resistance increases nonlinetddysystem. Early results demonstrating the concept of the entire
with heating power/temperature from room temperature thip approach/leveling [14] indicate that overall chip tip-apex
a peak value at 500C-700 °C. The peak temperature isheight control to within 500 nm is feasible. The stringent re-
determined by the doping concentration of the heater platforquirement for tip-apex uniformity over the entire chip is deter-
which ranges from k 10'” to 2 x 10'® cm=3. Above the peak mined by the uniform force required to reduce tip and medium
temperature, the resistance drops as the number of intrinsiear due to large force variations resulting from large tip-height
carriers increases because of thermal excitation. For sensimgpuniformities [15]. As the Millipede tracks the entire array
the resistor is operated at about 38D, a temperature that is without individual lateral cantilever positioning, thermal expan-
not high enough to soften the polymer as in the case of writingjon of the array chip has to be small or well controlled. For a
The principle of thermal sensing is based on the fact that tBex 3 mn? silicon array area and tip-position accuracy of 10
thermal conductance between the heater platform and tima, the chip temperature has to be controlled to within about
storage substrate changes according to the distance betwké&€. This is ensured by four temperature sensors in the cor-
them. The medium between the heater platform and the storages of the array and heater elements on each side of the array.
substrate, in our case air, transports heat from the cantilevefttermal expansion considerations are a strong argument for a
the substrate. When the distance between cantilever and stotagedimensional (2-D) instead of a one-dimensional (1-D) array
substrate is reduced as the tip moves into a bit indentati@mrangement, which would make a chip 32 times longer for a
the heat transport through the air becomes more efficieBR x 32 array of cantilevers.

As a result, the evolution of the heater temperature differs inEfficient parallel operations of large 2-D arrays can be
response to a pulse applied to the cantilever. In particular, thehieved by a row/column time-multiplexed addressing
maximum value achieved by the temperature is higher if theseheme similar to that implemented in DRAMSs. In the case
is no bit indentation. As the value of the variable resistancd Millipede, the multiplexing scheme is used to address
depends on the temperature of the cantilever, the maximtine array column by column with full paralleVRITE/READ
value achieved by the resistance will be lower as the tip movegeration within one column [9]. In particular, readback signal
into_an_indentation. Therefore, during the read process, th@mples are obtained by applying an electrical read pulse to
cantilever resistance reaches different values depending tba cantilevers in a column of the array, low-pass filtering
whether the tip moves into andentation(bit “1") or over a the cantilever response signals, and finally sampling the filter
regionwithout an‘indentatiorfbit “0”). The thermomechanical output signals. This process is repeated sequentially until all

2D cantilever
array chip

0.5 Tbfin.2 1Tb/in.2
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Fig. 3. Block diagram of the detection circuit.
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Fig. 5. (a) Experimental and (b) synthetic readback signatfer 10.25 us.

Heating RO(14n,) L o cause the time it takes for the gantilever to move from th_e center

power x T of a logical mark to the next is greater than the duration of a

read pulse, we assume thaf¢, =) does not vary significantly

as a function of: while a read pulse is being applied, and that

it decays to the ambient temperat@g before the next pulse is

Fig. 4. RC-equivalent thermal model of the heat transfer process. applied. Therefore, the evolution of the cantilever temperature
in response to a pulse applied at time= z,/v, at a certain

columns of the array have been addressed and then restaf#§incero from the initial point of scanning and for a certain
from the first column. The time between two pulses app”eqpns_tant velocity of the scanner, obeys a differential equation
to the cantilevers of the same column corresponds to the tith@t is expressed as
it takes for a cantilever to move from one bit position to the
/
next. An alternative approach is to access all or a subset of et zo) + W(@)(t ) — ©o)
cantilevers simultaneously without resorting to the row/column o 1 V2(1)
multiplexing scheme. Clearly, the latter scheme yields higher = _@%
data rates, whereas the former leads to lower implementation CO Re(O(t, 20))
complexity of the channel electronics. where®’(, ) denotes the derivative 6¥(t, ) with respect
to time.
Ill. READ CHANNEL MODEL With reference to the block diagram of the read channel illus-

In this section, we consider the readback channel for a sindfiéted in Fig. 3, the source generates the read pgige) thatis
cantilever, scanning a storage field where bits are written as f#f2Plied to the cantilever. Clearly, because of the virtual ground
dentations or no indentations in the storage medium. As diLthe operational amplifier input, the voltagie(¢) across the
cussed above, a cantilever is modeled as a variable resistdfft@ilever variable resistance is equalVp(t). Furthermore,
that depends on the temperature at the cantilever tip. The mdéié active low-pas&C’ detector filter, wheref,,; andCiyr de-
of the read channel, which serves for the design and the analy§&e the resistance and capacitance of the low-pass filter, respec-
of the detection system, is illustrated in Fig. 3. tively, is realized using an ideal operational amplifier that ex-

To evaluate the evolution of the temperature of a heated c&¥PItS infinite inputimpedance, zero outputimpedance, and infi-
tilever during the read process, we resort to a sinfpleequiv-  Nt€ frequency-lndependent gain. 'I_'herefore, t_he readback signal
alent thermal circuit, illustrated in Fig. 4, whetet 1, ) R® and Vo(t,_xo) obtained at the low-pass filter output in response to the
C© denote the thermal resistance and capacitance, respectivdiplied voltage/p(t) = Arect((t — To)/7), where
The parameten, = AR®(x)/R® indicates the relative varia- et <£> B { 1, fo<t<r

)

tion of thermal resistance that results from the small change in 3)
air-gap width between the cantilever and the storage medium.

The subscript: indicates the distance in the direction of scarand A denotes the pulse amplitude, obeys the differential equa-
ning from the initial point. Therefore, the parametgmwill as-  tion

sume the largest absolute value when the tip of the cantilever is

0, otherwise

1 Ry,
located at the center of an indentation. The heating power thif (£, z0) = =——— ( =Va(t,20) + 22— Vp(t) ) -
. .. R . . . Rlpfclpf R (@(t./:l}o))
is dissipated in the cantilever heater region is expressed as (4)
V2(t) As the voltage at the output of the low-pass filter depends on

PEt, O 2) = porg e a0 (1) the value of the variable resistanB&(O(t, x,)), the readback
(O(t,x)) . . . N e
signal is determined by solving jointly (2) and (4), with initial
whereVc(t) is the voltage across the cantilevext, ) is the conditions®(ty, z9) = ©9 andV,(tg, zo) = 0. For example, a
cantilever temperature, arf®f (6O(¢, z)) is the temperature-de- comparison between experimental and synthetic readback sig-
pendent cantilever resistance. nals is shown in Figs. 5 and 6 for a time constant of the low-pass
As the heat-transfer process depends on the value of therfiiedr 7, = 1.18 ps, and two values of the duration of the ap-
resistance and onthe read pulse waveform, the cantilever teotied rectangular pulse. For a given cantilever design the func-
peratured (¢, z) depends on timeand distance. However, be- tion R°(0) is determined experimentally. Finally, the param-
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= |/ =/ | are expressed as
HMI \ 8 ° \ .
%?, 6 \ ﬁ?, 6 \ S(tsn) = Voltsms®n), ten=nT+71, n=0,...,N—-1
u%% 4 \ m% 4 \ ~ (7)
e 2 e 2 whereV,(t, z,,) is given by (6) for pulses applied at timg
0 5 10 15 20 25 % 5 1w 15 20 25 andatdistance, = nTv,n =0,...,N — 1, from the ini-
t (us) t(us) tial point of scanning. Note that the function$(¢, z,,) and
@) (b) Vo ret(t, z,,) In (6) are given by the solution of (2) and (4) for

n. = AR®(z,)/R® andn, = 0, respectively.
The readback signal (6) at the output of the low-pass filter is
bserved in the presence of additive noise. Therefore, the read-
%ck signal for the detection of theh binary symbol is given

Fig. 6. (a) Experimental and (b) synthetic readback signatfer 15.25 us.

etersR® and C® used in the simple readback channel mod
are obtained via simulated annealing, where the cost functio
given by the mean-square error between experimental and s -
thetic signals at the low-pass-filter output. P(tsm) = 8(tsn) + w(tsn) (8)
Assuming that ideal control of the scanner is performed such ' '
that the time of application of a read pulse corresponds eithembierew(t) denotes the noise signal. The components of the
the cantilever being located at the center of an indentation fosise signal that must be taken into account are thermal noise
detecting a bit “1,” or away from an indentation for detecting @lohnson’s noise) from the sensor and the reference cantilever
bit “0,” two possible responses are obtained at the output of thesistances, which reach a temperature of aut= 350°C
low-pass filter as solutions of (2) and (4), which we denote ljuring the read process, and from the low-pass filter resistance,
Vo.1(t, z0) andV;, o(t, zo), respectively. By sampling the read-as well as noise from equivalent noise sources in the operational
back signal at the instanf = ¢, + 7, simple threshold detec- amplifier. The signal-to-noise ratio (SNR) at the detection point
tion may in principle be applied to detect a written bit, wherdue to these noise components is expressed as
the value of the threshold is given by

VTzh
Vin = 5 Vo (t 20) + Vao(ta, 70)] (5) SNR = 10logy, < o2 ) ®)
As mentioned in Section II, one of the most critical issues Wwhere the variance of the noise is approximated, as shown in
detecting the presence or absence of an indentation is the Hig®) at the bottom of the page, with = 1.38 x 10723 J/K
resolution required to extract the small sigial, (¢,,z9) — is the Boltzmann constant arid'o,(f) denotes the equiva-
Vo,0(ts,zo) that contains the information about the bit beingent input-voltage noise-power spectral density of the opera-
“1” or “0,” superimposed on the offset sign#] (¢, zo). Asil-  tional amplifier. For typical values of the system parameters,
lustrated in Fig. 3, this problem can be solved by generatingga SNR in the range of 16 to 20 dB is obtained. However, note
reference signaV, ,.¢(t, zo) by applying the read pulsgép(¢) thatbesides thermal noise, also medium-related noise affects the
at timet = ¢, to a cantilever scanning a storage field whereverall system performance.

no indentation is written, and subtracting it from the readback The above analysis together with the assumption that the in-

signal. The readback signal is thus given by dentations have a regular shape lead to a simple synthetic model
. for the simulation of the readback signal. In [9], a visco-elastic
Vo(t, o) = Vo(t, w0) — Vo,ret(t, o) (6)  model of bit writing is described that yields a regular indenta-

and the threshold is set dty, = (1/2)[Vos (s, 200) — tion shape. Alternatively, simple functions of the raised-cosine

type can be used to approximately describe the shape of indenta-
e%ions. Fig. 7 illustrates the experimental and synthetic readback

signals obtained along a data track. The waveforms shown in

Fig. 7 have been obtained by applying pulses at the oversam-
I(jpg rate ofq/T, whereq denotes the oversampling factor.

Vo.0(ts, o)]. A VLSI implementation of the detection schem
analyzed here is presented in [16].

Consider now read pulses of durationhat are periodically
applied at instants, = nT', wherel/T denotes the symbol
rate. Assuming that at every time instant a new pulse is appli@
the response of the previous pulse has vanished, and that the
temperature of the cantilever has approached the ambient tem-
perature, i.e.V,(tn,z,) = 0 andO(t,,z,) = Op, then the In this section, we describe various aspects of a storage
analysis presented above still holds. In particular, the readbagistem that employs the Millipede concept. Each cantilever
signal samples obtained in responsé\tpulses applied to the can write data to and read data from a dedicated area of the

IV. SYSTEM ASPECTS

2
/+oo [4kO1 R°(O1) + Woa(f)] (%) T 2EO0 Ript df (10)

MW |1+ j2m fripe|?
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Fig. 8. Servo burst configuration.

on the concept of mutually vertically displacledrsts arranged
in such a way as to produce two signals in quadrature, which
can be combined to provide a robust PES. This concept is bor-
0001111101000101010010111000100 rowed from magnetic recording [17]; however, servo marks, as
(b) opposed to magnetic transitions, are placed in bursts labeled
Fig. 7. Comparison between (a) the readback signal obtained experiment@lyd B for the in-phase signal an@ and D for the quadra-
along a data track and (b) the readback signal obtained by the synthetic motigte signal. The centers of servo marks in bussare verti-
cally offset from mark centers in burgt by d’ units of length.
polymer substrate, calledstorage feld. As mentioned above, This amount of vertical spacing is related to the diameter of
in each storage field the presence (absence) of an indentatiom written marks. The same principle applies to marks in the
corresponds to a logical “1” (“0”). All indentations are nom-quadrature burst€’ and D, with the additional condition that
inally of equal depth and size. The logical marks are placedark centers in burst' are offset by’ /2 units from mark cen-
at a fixed horizontal distance from each other along a datas inA in the cross-track direction. The latter condition is re-
track. We refer to this distance, measured from logical madkiired in order to generate a quadrature signal. The configu-
center to logical mark center, as thi¢ pitch (BP). The vertical ration of servo bursts is illustrated in Fig. 8 for a case where
(cross-track) distance between logical mark centersfriek TP = 3d’/2. Although each burst typically consists of many
pitch (TP), is also fixed. To read and write data the polymemnarks to enable averaging of the corresponding readout signals,
medium is moved under the (stationary) cantilever array atoaly two marks per burst are shown here to simplify the presen-
constant velocity. tation. The solid horizontal lines depict track centerlines, and
A robust way to achieve synchronization and servo control gircles represent written marks, which are modeled as perfect
anz/y-actuated large 2-D array is by reserving a small numbeonical indentations on the polymer storage surface.
of storage fields exclusively for timing recovery and servo-con- To illustrate the principle of PES generation let us assume
trol purposes. Because of the large number of levers in the Mitvat marks in all bursts are spaced BP units apart in the longi-
lipede, this solution is advantageous in terms of overhead cotudinal direction, and that sampling occurs exactly at mark cen-
pared with the alternative of timing and servo information beingrs, so that timing is perfe€tReferring to Fig. 8, let us further

embedded in all data fields. assume that the cantilever/tip is located on the line labeled “0”
. and moves vertically toward line “3,” in a line crossing the cen-
A. PES Generation for the Servo Loop ters of the left-most marks in burdt(shown as a dashed-dotted

With logical marks as densely spaced as in the Milliped#he). The tip moves from the edge of the top mark toward its
accurate track following becomes a critical issue. Track fotenter, then toward its bottom edge, then to a blank space, again
lowing means controlling the position of each tip such that ttie @ mark, and so on. The readout signal magnitude decreases
tip is always positioned over the center of a desired track durifigearly with the distance from the mark center and reaches a
reading. During writing, the tip position should be such thatonstant, background level value at a distance greater than the
the written marks are aligned in a predefined way. In electrgdark radius from the mark center according to the adopted (con-
mechanical systems, track following is performed in a serni@al mark) model. To synthesize the in-phase signal, the readout
loop, which is driven by an appropriate error signal, called PESignal is also captured as the tip (conceptually) moves in a ver-
Ideally, its magnitude is a direct estimate of the vertical (crostical line crossing the mark centers of bufst(dashed-dotted
track) distance of the tip from the track centerline, and its péne in Fig. 8). The in-phase signal is then formed as the dif-
larity indicates the direction of this offset. ferenceA — B, where A and B stand for the measured signal

Several approaches exist to generate a PES for AFM-bag#aplitudes in burstsl and B, respectively. This signal is rep-
storage devices [6]. However, based on the results reportéggented by the line labeled “I” in Fig. 9. It has zero crossings
none of these methods can achieve the track-following acéi-integer multiples ofi’, which do not generally correspond
racy required for the Millipede system. The quality of the PE® track centers because we 88t = 3d'/2 in this example.
directly-affects.the stability-and-robustness of the associatétierefore, the I-signal is not a valid PES in itself. This is why
tracking servo loop [17]. Iwe note here that the assumption of perfect timing is made only for the

Here, we describe a _m_ethod for generating a uniq.uely d&‘rpose of illustration. In actual operation, sampling is performed with the aid
codable PES for the Millipede system. The method is baseith timing recovery loop, as described in Section IV-B.

www.manaraa.com
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Fig. 9. Ideal position-error signal.
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in this case the quadrature (Q) signal becomes necessary. T 2100}
Q-signal is generated from the servo readback signals of burs : .
C andD asC — D and is also shown in Fig. 9 (Q-curve). Note 2400 700" 3000 3300 3600 3900 4200 4500 4800 5100 5400
that it exhibits zero crossings at points where the I-signal ha X-SCAN (nm)

local extrema.

A certain combination of the two signals (I and Q), show
as solid lines in Fig. 9, has zero crossings at all track center
locations and constant (absolute) slope, which qualifies it a
a valid PES. However, this PES exhibits zero crossings at & 1s00F i i i
integer multiples ofd’ /2. For our example offP = 3d'/2, 3 T ' . . Y :
three such zero crossings exist in an area of width equal 15 '°®
TP around any track centerline. This fact, however, does n(g g,
hamper unique position decoding. At even-numbered tracks,
is the zero of thén-phasesignal that indicates the track center.
The zeros of the quadrature signal, in turn, can be uniquels 500
mapped into a position estimate by examining the polarity o&
the in-phase signal at the corresponding positions. This holds fi -1000 ‘ : 5 :
any value of the combined PES within an area of width equal t o : S SR YNy
TP around each current track centerline. The signals exchan_'1500 T T T T ket fmes
roles for odd-numbered tracks. The current track number, which
is knowna priori from the seek operation, is used to determin@fs'eldlén
the mode of operation for the position demodulation procedure.

The principle of PES generation based on servo marks has ) ) o
been verified experimentally. For this purpoge,B, C, andD tilever without _speC|al provisions, and that the PE_S gener_ated
bursts were written by an AFM cantilever/tip on an appropriaféosely approximates the desirable features described earlier.
polymer medium consisting of a polymer coating on top of a
silicon substrate. The bit pitch was set to 42 nm, and the tralk
pitch was taken to be approximately equatitpthe cross-track  Similarly to obtaining servo information based on using ded-
distance between (C) andB (D) bursts. Animage created byicated servo fields, we employ separate dedicated clock fields
reading the written pattern with the same cantilever is shownfior recovery of timing information. The concept is to have con-
Fig. 10. Shaded areas indicate indentations. The readout sigitalous access to a pilot signal for synchronization, after initial
from the cantilever was also used for servo demodulation, as géase acquisition and gain estimation. The recovered clock is
scribed above. The resulting in-phase and quadrature signalstaen distributed to all remaining storage fields to allow reliable
shown in Fig. 11. The track centerlines are indicated by vertiadétection of random data. Initial phase acquisition is obtained by
dotted lines in the graph. a robust correlation algorithm, gain estimation is based on aver-

It can be observed that the zero-crossings of the in-phasging of the readback signal obtained from a predefined stored
signal are closely aligned with the track centerlines and alpattern, and finally tracking of the optimum sampling phase is
with the minima and maxima of the quadrature signal, as rachieved by a second-order digital loop.
quired for unique position decoding across all possible cross-At the beginning of the read process, several signal param-
track positions, at least in cases whét® # d’. Moreover, eters need to be estimated prior to data detection. Besides the
the PES slope is nearly linear along a cross-track width of onck phase and frequency, it is necessary to estimate the gain of
track pitch around each track center,7aB = d’ in this case, the overall read channel. To solve the problem of initial estima-
although deviations from the ideal signal shape exist. These tien of signal parameters prior to data detection, the sequence
viations occur mainly because written indentations do not haweitten in the clock field consists of a preamble, followed by
perfect conical shapes and also because of media noise dua pattern of all “1”s for tracking the optimum sampling phase
the roughness of the recording medium. Nevertheless, the during the detection of random data. The transition between the
perimentally-generated.error-signals.indicate that the propoggéamble and the pattern of all “1”s must be reliably detected,
concept is valid and promising. Specifically, the results indicages it indicates the start of data records to the remaining storage
that servo self-writing is feasible, that servo demodulation is dlelds. Assuming that the initial frequency offset is within a pre-
most identical to'data readout and can be performed by any cdatermined small range, usually 1000 part-per-million (PPM),

ﬁig. 10. Experimental, B, C', andD servo burst§BP = 42 nm).
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Demodulated in-phase (solid line) and quadrature (dashed line) PES
the servo burst of Fig. 10.

Timing Recovery
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Readback TABLE |
"1 channel =| T/q l_"| T/q AREAL DENSITY AND STORAGE CAPACITY
linear track areal
»(— Coding density density = density  capacity
Pulse (kpbi)  (ktpi)  (Gbfin.%) (GB)
enerator uncoded 847 847 717 1.21
9 ] ¢ Az, d=1,k>6) 1129 847 956 1.61
(d=2,k > 6) 1269 847 1075 1.81
AT, ACC
VCO

where the discrete-time integrator is recursively updated as

X
\}/ Upt1 = Un + CATn (13)
b4

The loop-filter output then determines the control signal for a

Fig. 12. Second-order loop for tracking the optimum sampling phase. voltage-controlled oscillator (VCO).
Note that a similar concept for timing recovery can also be
we distinguish the tasks that are needed for timing recoveryasplied if no separate clock field is available. In this case, the

follows: timing information is extracted from the random user data on
« acquisition of the optimum sampling phase; each storage field.
« estimation of the overall channel gain needed for threshold
detection; C. Considerations on Capacity and Data Rate
« detection of the transition between the preamble and theThe ultimate |0ca|ity provided by nanometer-sharp tips rep-
pattern of all “1”s; resents the pathway to the high areal density that will be needed
« tracking of the optimum sampling phase. in the foreseeable future. The intrinsic nonlinear interactions be-

At the beginning of the acquisition process, an estimate gfeen closely spaced indentations, however, determine the min-
the optimum sampling phase is obtained by resorting to a c@fyum distance between successive indentations and hence the
relation method. We rely on the knowledge of the preamble aggeal density.
of an ideal reference-channel impulse response, which closelyroday’s storage capacity of a Millipede-based storage de-
resembles the actual impulse response (see Section Ill). g can be further increased by applying modulation or con-
channel output samples obtained at the oversampling;ydte strained codes that impose restrictions on the number of con-
are first processed by removing the dc-offset, then averagir@cutive “1”s and “0”s in the encoded data sequence. This class
and finally correlating the resulting sequence with the referenggcodes is generally known as run-length-limited (RI(E) k)
impulse response to determine the phase estimate. codes [18]. The code parameterand’ are nonnegative inte-

After determining the estimate of the optimum samplingers with% > d, whered indicates the minimum number of
phase, an estimate of the overall channel gain is obtained“pys petween two “1"s and: indicates the maximum number of
averaging the amplitude of the channel output samples at th&os between two “1”s. For the Millipede application, where
optimum sampling instants. The gain estimate is obtaing@dicated clock fields are used, thparameter can be set to in-
from an initial segment of the preamble corresponding to aity, thereby facilitating the code-design process. The quantity
“all one” binary pattern. As mentioned earlier, it is necessary] + 1) R, whereR denotes the rate of the, k) code, is a direct
that the end of the preamble is indicated by a “sync” patterfheasure of the increase in linear recording density. Clearly, the
which marks the transition between acquisition mode arpﬁlcking density can be made arbitrar”y |arge by increadmg
tracking mode. Detection of the “sync” pattern is also basggh the other hand, large valuesdiead to codes with very low
on a robust correlation method. After the “sync” pattern, amte, which implies high recording symbol rates, thus rendering
“all one” pattern, as in the case of robust phase acquisition afiése codes impractical for storage systems that are limited by
gain estimation, is employed for tracking. The “all one” patterthe clock speed. The choice é¢f= 1 andk > 6 guarantees the
corresponds to regularly spaced indentations, which convgyistence of a code with raie = 2/3.Useof @ =1,k > 6)
reliable timing information. modulation coding reduces the bit distance by half while main-

Tracking of the optimum sampling phase is achieved by thgining constant the pitch between “1”s, thereby increasing the
second-order loop configuration shown in Fig. 12. Assumingear density by a factor of 4/3. Similarly, the choicedof= 2
data detection is performed at instants that correspond to integgéi: > 6 guarantees the existence of a code with fate 1/2.
multiples of the oversampling factor the deviation of the sam- Use of ¢/ = 2, £ > 6) modulation coding reduces the bit dis-
pling phase from the optimum sampling phase is estimated &gnce to a third while maintaining constant the pitch between

“1"s, thereby increasing the linear density by a factor of 3/2.

ATy = 1(tsng+1/q) = (Esng=1/4)- (1) Taple I shows the achievable areal densities and storage capac-
Thissestimaterof theyphaserdeviationjisiinput to a second-ord§s for a (32x 32) cantilever array with 1024 storage fields,
loop filter, which provides an output given by each having an area of 160100,m?, resulting in total storage

area of 3.2« 3.2 mnt. The indentation pitch and the track pitch
Al = Un + YAT, (12) aresetequalto 30 nm. Finally, for the computation of the storage
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