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Abstract

There is an increasing need for high density data storage devices driven by the increased demand
of consumer electronics. In this work, we consider a data storage system that operates by encoding
information as topographic profiles on a polymer medium. A cantilever probe with a sharp tip (few
nm radius) is used to create and sense the presence of topographic profiles, resulting in a density of
few Tb per in?. The prevalent mode of using the cantilever probe is the static mode that is harsh on
the probe and the media. In this article, the high quality factor dynamic mode operation, that is less
harsh on the media and the probe, is analyzed. The read operation is modeled as a communication
channel which incorporates system memory due to inter-symbol interference and the cantilever state.
We demonstrate an appropriate level of abstraction of this complex nanoscale system that obviates the
need for an involved physical model. Next, a solution to the maximum likelihood sequence detection
problem based on the Viterbi algorithm is devised. Experimental and simulation results demonstrate
that the performance of this detector is several orders of magnitude better than the performance of other

existing schemes.

. INTRODUCTION

Present day high density storage devices are primarily based on magnetic, optical and solid

state technologies. Advanced signal processing and detection techniques have played an important
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role in the design of all data storage systems [24]] [13], [4#4], [15], [1], [10]. Indeed tech-
nigues such as partial-response max-likelihadd [#24] were responsible for significantly
improving magnetic disk technology.

In this work, we consider a promising high density storagé¢hmdology which utilizes a sharp
tip at the end of a micro cantilever probe to create, removkraad indentations (see [22]). The
presence/absence of an indentation represents a bit ofmafmn. The main advantage of this
method is the significantly higher areal densities compé&vezbnventional technologies that are
possible. Recently, experimentally achieved tip radiirrieam on a micro-cantilever were used
to create areal densities close to 1 Th/[&2].

A particular realization of a probe based storage deviceubas an array of cantilevers, along
with the static mode operation is provided lin [8]. Howevhere are fundamental drawbacks of
this technique. In the static mode operation, the cantilevé contact with media throughout
the read operation which results in large vertical and #htéarces on the media and the tip.
Moreover, significant information content is present in lihe frequency region of the cantilever
deflection and it can be shown experimentally that the sysiam at low frequency is very
small. Therefore, in order to overcome the measuremenkenatishe output, the interaction
force between the tip and the medium has to be large. Thisadegrthe medium and the probe
over time, resulting in reduced device lifetime.

The problem of tip and media wear can be partly addressed ing ke dynamic mode
operation; particularly when a cantilever with a high gtyatactor is employed. In the dynamic
mode operation, the cantilever is forced sinusoidally giindither piezo. The oscillating can-
tilever gently taps the medium and thus the lateral forces@iuced which decreases the media
wear [25]. Using cantilever probes that have high qualittdes leads to high resolution, since
the effect of a topographic change on the medium on the asailj cantilever lasts much longer
(approximately@ cantilever oscillation cycles, where each cyclel j§;, seconds long and)
and f, is the quality factor and the resonant frequency of the levwelr respectively). Moreover,

the SNR improves as/Q [23]. However, this also results in severe inter-symbadiference,
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unless the topographic changes are spaced far apart. §gheichanges far apart is undesirable
from the storage viewpoint as it implies lower areal dendiiyother issue is that the cantilever
exhibits complicated nonlinear dynamics. For examplehéreé is a sequence of hard hits on
the media, then the next hit results in a milder responseg,the cantilever itself has inherent
memory, that cannot be modeled as ISI. Conventional dynamoite methods described in [17],
that utilize high-Q cantilevers are not suitable for dat@rage applications. This is primarily
because they are unable to deal with ISI and the nonlineamehaharacteristics. The current
techniques can be considered analogous to peak detectiomidees in magnetic storade [14].

In this work we demonstrate that these issues can be addrégsenodeling the dynamic
mode operation as a communication system and developirty feégformance detectors for
it. Note that corresponding activities have been undentdkethe past for technologies such
as magnetic and optical storagel[13], e.g., in magnetiagirPRML techniques, resulted in
tremendous improvements. In our work, the main issues adeddéveloping a model for the
cantilever dynamics that predicts essential experimdattlres and remains tractable for data
storage purposes, and (b) designing high-performancetdetefor this model, that allow the
usage of high quality cantilevers, without sacrificing &mensity. As discussed in the sequel,
several concepts such as Markovian modeling of the cagtildynamics and Viterbi detection
in the presence of noise with memory [1], play a key role in approach.

Main Contributions:In this article, a dynamic mode read operation is researchieere the

probe is oscillated and the media information is modulatethe cantilever probe’s oscillations.
It is demonstrated that an appropriate level of abstracsopossible that obviates the need
for an involved physical model. The read operation is matdlele a communication channel
which incorporates the system memory due to inter-symbtdrfierence and the cantilever
state that can be identified using training data. Using tratiied model, a solution to the

maximum likelihood sequence detection problem based onvitegbi algorithm is devised.

Experimental and simulation results which corroborateahalysis of the detector, demonstrate

that the performance of this detector is several orders gniade better than the performance
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of other existing schemes and confirm performance gainsdéwatrender the dynamic mode
operation feasible for high density data storage purposes.

Our work will motivate research for fabrication of protoggpthat are massively parallel and
employ high quality cantilevers (such as those used withstaic mode([[22] and intermittent
contact dynamic mode but with low-Q]|[5]). In current proto#, the cantilever detection is
integrated into the cantilever structure and the cantike\age actuated electrostatically. Even
though the experimental setup reported in this article asaarticular scheme for measuring the
cantilever detection and for actuating the cantilever, gheadigm developed for data detection
is largely applicable in principle to other modes of detattand actuation of the cantilever. The
analysis criteria primarily assume that high quality faatantilevers are employed and that a
dynamic mode operation is pursued.

The article is organized as follows. In Sectioh II, backgrdwand related work of the probe
based data storage system is presented. Section Ill detiisttvé problem of designing and
analyzing the data storage unit as a communication systehfiading efficient detectors for
the channel model. Sectidn]lV and Sectioh V report resultsnfisimulation and experiment
respectively. Sectioh VI provides the main findings of thiscke and future work.

[I. BACKGROUND AND RELATED WORK.

Probe based high density data storage devices employ devantbeam that is supported at
one end and has a sharp tip at another end as a means to detdmniopography of the media
on which information is stored. The information on the meadiancoded in terms of topographic
profiles. A raised topographic profile is considered a highabd a lowered topographic profile
is considered a low bit. There are various means of measuhagcantilever deflection. In
the standard atomic force microscope setup, which has fbrime basis of probe based data
storage, the cantilever deflection is measured by a beamekauethod where a laser is incident
on the back of the cantilever surface and the laser is reflefictan the cantilever surface into
a split photodiode. The photodiode collects the incideseldaenergy and provides a measure

of the cantilever deflection (see Figure 1(a)). The advanteigthe beam-bounce method is
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the high resolution (low measurement noise) and high baditiwin the 2-3 MHz) range. The
disadvantage is that it cannot be easily integrated intoeration where multiple cantilevers
operate in parallel. There are attractive measurement amésins that integrate the cantilever
motion sensing onto the cantilever itself. These includeziresistive sensing|[3] and thermal
sensing([7]. For the dynamic mode operation there are vaischemes to actuate the cantilever
that include electrostati¢ [5], mechanical by means of headipiezo that actuates the support
of the cantilever base, magnetic [9] and piezoeleclric [[6]this article, it is assumed that the
cantilever is actuated by a dither piezo and the sensing amein employed is the beam bounce
method (see Figurd 1(a)).
A. Models of cantilever probe, the measurement process ladg-media interaction

A first mode approximation of the cantilever is given by theirspp mass damper dynamics
described by

Wo

z5+ap+wgp=f(t)jy=p+v7 (1)

wherej = %, p,f, y andv denote the deflection of the tip, the force on the cantiletres,
measured deflection and the measurement noise respeaetiveigas the parametesg and( are
the first modal frequency (resonant frequency) and the tyfalitor of the cantilever respectively.
The input-output transfer function with inpgitand outputp is given asG = M%ﬁ. The
cantilever model described above can be identified precisele [18]).

The interaction forceh, between the tip and the media depends on the deflegtiohthe
cantilever tip. Such a dependence is well characterizecheyLennard-Jones like force that is
typically characterized by weak long-range attractivecésr and strong short range repulsive
forces (see Figuréll(c)). Thus, the probe based data st@mgglem can be viewed as an

interconnection of a linear cantilever syst&mwith the nonlinear tip-media interaction forces

in feedback (see Figuié 1(b) and note that G(h + n + g) with h = ¢(p) [19]).
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B. Cantilever-Observer Model

A state space representation of the fil@rcan be obtained a8 = A7 + Bf, y = CT +v

where = [p p|T andf =7 + g (assuming no media forcég and A, B andC are given by,

0 1 0
A= , B= 702[10]
—wd  —wy/Q 1

Based on the model of the cantilever, an observer to moniterstate of the cantilever can

be implemented [11] (see Figuré 2). The observer dynamidsttas associated state estimation

error dynamics is given by,

State Estimation Error Dynamics
.

AT+ B(g+n) — AT — Bg — L(y — 9),
= (A-LC)Z+ Bn— Lv,

Observer
-

sl
I

AT + Bg + Ly — 9); T(0) = o,

y = (z,

8-
I

7(0) = @(0) —z(0),
where L is the gain of the observet, is the estimate of the stateand g is the external known
dither forcing applied to the cantilever. The error in théreate is given byz = 7 —z, whereas
the error in the estimate of the outpuis given by,e = y —§ = CZ + v. The error between the
observed state and the actual state of the cantilever, whamise terms or media forces are
present{ = v = h = 0) is only due to the mismatch in the initial conditions of tHeserver and
the cantilever-tip. Note that the cantilever tip interasith the media only for a small portion
of an oscillation. It is shown in_[17] that such a tip-medigeiraction can be modeled well as an
impact force (in other words as an impulsive force) on thditewer that translates into an initial
condition reset of the cantilever state. The error procesghite if the Kalman gain is used for
L [11]. For cantilever deflection sensors with low enough agalizable levels of measurement
noise, the effective length of the impulse response of tilstesy with media force as input and
the error signak as the output can be made as short as four periods of the examsil first
resonant frequency.

As described in[[17], the discretized model of the cantiledgnamics is given by

Tp1 = Faop + G(ge + 1) + do 1V 5 ype = Hry + v, k>0, (2)
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where the matrice¢’, G, and H are obtained from matriced, B and C' using the zero order
hold discretization at a desired sampling frequency &nddenotes the dirac delta functiof.
denotes the time instant when the impact between the castitgp and the media occurs and
signifies the value of the impact. The impact results in ataimaneous change or jump in the
state byv at time instant). When a Kalman observer is used, the profile in the error siduea

to the media can be pre-calculated as,
ek =Yk — U = Lrov+mny, (3)

where {I';.» v} is a known dynamic state profile with an unknown arrival tithelefined by
[y = H(F — LigH)*% for k > 6. Lg is the Kalman observer gaim,; is a zero mean
white noise sequence which is the measurement residualhieaninppact not occurred amtlis

assumed to be equal to O for simplicity. The statistics afe given by,E{n;nl} = V4, where
V = HP:H" + R and P; is the steady state error covariance obtained from the Kalfiiter

that depends o and R which are the variances of the thermal noise and measuremoésd
respectively.

[1l. CHANNEL MODEL AND DETECTORS

A. Reformulation of state space representation

It is to be noted that although we have modeled the cantileystem as a spring-mass-damper
model (second order system with no zeros and two stable )fedes((1)), the experimentally
identified channel transfer function that is more accurateractice has right half plane zeros
that are attributed to delays present in the electronicserGithis scenario, the state space
representation used in [17] leads to a discrete channeltwithinputs as seen il(3) because the
structure ofB is no longer in the form of0 1]”. However, source information enters the channel
as a single input as the tip-medium interaction force. Thobl@m can be reformulated as one of
a channel being driven by a single input by choosing an ap@tepstate space representation.
For the state space model of the cantilever, it is known thatgair (A, B) is controllable

which implies there exists a transformation which will certivthe state space into a controllable
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canonical form such thaB = [0 1]7. This kind of structure ofB will force the discretized
model [2) to be such that one component-aé equal to0. With B chosen as above, the entire
system can be visualized as a channel that has a single stuittés article, the single source
model is used as it simplifies the detector structure andyaisasubstantially.

B. Channel Model

The cantilever based data storage system can be modeled @srauaication channel as
shown in Figurd 3. The components of this model are expla@ow in detail.
Shaping Filter (b(¢)): The model takes as input the bit sequence (ag, a;... ay_1) Where
arp, k=1,...,N—1is equally likely to be 0 or 1. In the probe storage contextréders to the
topographic profile beingpw and ‘1’ refers to the topographic profile beihggh. Each bit has a
duration of7" seconds. This duration can be found based on the length edplographic profile
specifying a single bit and the speed of the scanner. Théhhefghe high bit is denoted byi.
The cantilever interacts with the media by gently tappinw/liten it is high. When the media
is low, typically no interaction takes place. We model thieef of the medium height using a
filter with impulse responseé(t) (shown in Figurd13) that takes as input, the input bit impulse
train a(t) = S0, axd(t — kT). The output of the filter is given by(t) = S, axb(t — kT).
Nonlinearity Block (¢): The cantilever oscillates at frequengy which means that in each
cantilever cycle of duratioff, = 1/ f,, the cantilever hits the media at most once if the media is
high during a timef,.. Due to the dynamics of the system it may not hit the median évit is
high. The magnitude of impact on the media is not constantchiathges according to the state
of the cantilever prior to the interaction with the media. Md¢ge that a very accurate modeling of
the cantilever trajectory will require the solution of caepnonlinear equations corresponding
to the cantilever dynamics and knowledge of the bit profiléhed each interaction is known. In
this work we model the impact values of the tip-media inteoecby means of a probabilistic
Markov model that depends on the previous bits. This obsitite need for a detailed model.
We assume that in each high bit duratibnthe cantilever hits the mediatimes (i.e.T' = ¢T,.)

with varying magnitudes. Therefore, fof bits, the output of the nonlinearity block is given by,
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a(t) = ,ivqo " v (a)d(t—kT.), wherey;, denotes the magnitude of th& impact of the cantilever
on the medium. Here, we approximate the nonlinearity blaapat as a sequence of impulsive
force inputs to the cantilever. The strength of the impadmnt at any instant is dependent on
previous impulsive hits; precisely because the previotesractions affect the amplitude of the
oscillations that in turn affect how hard the hit is at a martar instance. The exact dependence
is very hard to model deterministically and therefore weseha Markov model, as given below

for the sequence of impact magnitudes for a single bit domati

177; :®(ai7ai—17"'7ai—m)+bi (4)

where;, = [viy Vig+1 - ..u(m)q_l]T and &(a;, a;_1, ..., a;,_y,) is a function of the current and
the lastm bits. Herem denotes the system memory alds a zero mean i.i.d. Gaussian vector
of lengthq. The appropriateness of the model will be demonstrated byexperimental results.
Channel Response (I'(t)): The Markovian modeling of the output of the nonlinearitpdk as
discussed above allows us to break the feedback loop in éiguisee alsa [17]). The rest of
the system can then be modeled by treating it as a linearmysith impulse responsé(t).
I'(¢) is the error between the cantilever tip deflection and theléflection as estimated by the
observer when the cantilever tip is subjected to an impel$irce. It can be found in closed
form for a given set of parameters of cantilever-observstesy (seel{3)).

Channel Noise (n(t)): The measurement noise (from the imprecision in measunegantilever
position) and thermal noise (from modeling mismatches)lmamodeled by a single zero mean
white Gaussian noise procesg#)) with power spectral density equal 0.

The continuous time innovation outpe(tt) becomesg(t) = s(t,v(a))+n(t), wheres(t,v(a)) =
Zk 0 "u(@)T(t — kT,) and(a) = (vo(@), 1(a)... vng-1(a)). The sequence of impact values
v; is assumed to follow a Markovian model as explained abdVe) is the channel impulse

response and(t) is a zero mean white Gaussian noise process.
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C. Sufficient Statistics for Channel model

Before providing sufficient statistics we consolidate tlugation used. The source stream is
N elements longd denotes the sequence of source bits), with the topograpbfdepand the
scan speed is chosen such that the cantilever impacts aogreghic profileg times. Thus there
are Nq possible hits withv(a) denoting the sequence of strength of thie impulsive hits on
the cantilever. Furthermore, the set of strengths of impel&rce inputs, which ig elements
long, during thei** topographic profile encoding th& source symbol is denoted by. Given
the probabilistic model ow and finite bit sequencei), an information lossless decomposition
of e(t) by expansion over an orthonormal finite-dimensional basth wimensionN can be
achieved whereV orthonormal basis functions span the signal space formed(#y(a)). The
components of(t) over N orthonormal basis functions are given by~ 5(7(a)) + 71, where
¢ = (eg, e1... ex), 5(7(a)) = (so, S1-.. Sg)y = (ng, n1... ng) anda ~ N(0,VIg, )
where I 5 stands forN x N identity matrix [10]. The maximum likelihood estimate ofeth
bit sequence can be found as= argmax,co 1y~ f(¢)a) wherea = (ag, a1...an—1) is the
estimated bit sequence arfddenotes a pdf. The terrfi(e¢|a) can be further simplified as,

¢la) = ela. 7) f(Fla)ds = | — 1 ex —lle — s(z(@)|I v|a)dp
ela) = [ sela.) s = [ Lt
1

—|[el” / —(I[5(7(a))[|* — 2¢"5(#(a)))
| exp|

[f(la)dv

= — exp
(2rV)=2

where||.||* denotes Euclidean nornf(¢|a, 7) and f(|a) denote the respective conditional pdf's

2V 2V

andv = (v, v1 ... vng—1). The correlation betweenands(r(a)) can be equivalently expressed
as an integral over time because of the orthogonal decotigrosirocedure i.ee’5(v(a)) =

[ et)s(t, v(a))dt = vz, wherew = (vy, vi... vng-1), 2/ = (20, 2 ... Zy,_1) @Nd z; =

7 e(t)D(t — kT.)dt for 0 < k < Ng — 1 is the output of a matched filtdf(—¢) with input

—00

e(t) sampled at = k7. The termf(e¢|a) can now be written as,

¢la 1 —|[e]” —|s@@)|> v,
f(Ea) = _exp / exp exp 2 (olaydp
(27 V)= 2V Js vV ’

b(®) 3(='la)
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So f(¢|a) can be factorized int§(¢) (dependent only on) andF(2’|a) (for a givena dependent
only on 2’). Using the Fisher-Neyman factorization theorém [2], we ckim thatz’ is a vector
of sufficient statistics for the detection process ing% = C, where( is a constant independent
of a. So we can reformulate the detection problemaas, arg maxgeqo v f(2'|a) which means
that bit detection problem depends only on the matched fitéputs ¢’). These matched filter
outputs for0 < k < Ng¢ — 1 can be further simplified asy, = > " vy, (@)lj,_,, + nj,, where
Wiy, = |2 Tt = KT)T(t — kyT.)dt andnj, = [°° n(t)T'(t — kT.)dt such thatE(njnj,) =
2 [ EMm(tn(r)L(t—kT) (7 —K'T,)dtdr = V Ry_js, WhereRy_ = [*° T(t—kT,)I(t—
K'T.)dt. A whitening matched filter can be determined to whiten outmisern), [10]. We shall
denote the discretized output of whitened matched filtemwshm Figure[4 asz,, such that

Zp = Zé:o Vk—k, (@)hg, + ni, where the filter{h; },—o 1, ; denotes the effect of the whitened

-----

matched filter and the sequengey.} represents the Gaussian noise with variaice
D. Viterbi Detector Design
Note that the outputs of the whitened matched filtecontinue to remain sufficient statistics

for the detection problem. Therefore, we can reformulagedétection strategy as,

gae{oﬁN f(zla) gae{oﬁN ico f(zila, 25 ) (5)

=l

wherez = [z 21...2x,.1]7, Z is the received output vector corresponding to tteinput

bit, i.e., zi = [2ig Zig+1 .- 2ang)l andz5t = [0 27 ...z )7, In our model, the channel
is characterized by finite impulse response of lengthe. h; = 0 for i <0 and: > I and

we assume thaf < m;q i.e. the inter-symbol-interference (ISI) length in ternfsqohits is
equal tom;. Let m be the system memory (se€d (4)). The length of channel respsrigiown
which means thatn; is known but the value ofn cannot be found because it depends on the
experimental parameters of the system. In the experimesdalts section, we describe how we

find the value ofm from experimental data. The received output vecocan now be written
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as,

h[ . . ho 0 .. 0 Vig—1I
0 h[ . . ho 0 . 0 V4i9—1 .
s = B R
0 . .0 h[ . ho V(i-i—l)q—l
Whel’eﬂi = [Vz'q Vig+1 - - - V(z'—i—l)q—l]Ty ﬁ;—mj = [lj;fr_ml c ﬁZT]T and’fli = [niq Nitig - - - n(i+1)q_1]T.

Our next task is to simplify the factorization inl(5) so thacdding can be made tractable.
We construct the dependency graph of the concerned qesntithich is shown in Figurgl 5.

Using the Bayes ball algorithm [20], we conclude that

f(gi‘ﬂii—mpa Z(Z) 1) f(gi‘ﬂii—m)? (6)

F@wlzg a2 = f@alv oy ag ™ a2 )Y L <k <mp—1, (8)

my mrp [ m’

(VZ|VZ m17a Z(Z] 1) (Vl|a’z m) (9)

whereai ' = [ag a1 ... a;_1]. Although the conditional pdf (|7 — ",

a,zy ') and
f(@i_m,|a,z5") depend on the entire past, we assume that these dependareigapidly
decreasing with increase in past time. This is observed mulsition and experimental data
as well. For making the detection process more tractablemake the following assumptions

on this dependence,

f(lji—m1|a'6 Z(Z) 1) f(yi m1|az m— mﬂzzl 71711) (10)
f(Wik| ¥ ikl ag mr=l gl 26 1) f(Ti—k|7; gkl il z?—l),v 1<k<m;—1, (12)

—my )y Yi—k—m> —my O i—k—m> “i—k

i.e. the dependence is restricted to only the immediatehbeis in the dependency graph. Using
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the above assumptions and dependency graph reg(it$s, z, ') can be further simplified as,
f(zla, 2 /f Z| vt iy @ Z Y f(o my | zoYdv) my
o BC R RGNS i (O e G N
— [ FGITL M0l A b ™ 37
x f(wilai_,)dv;_,,,  (Using (8), (1)IB)I®) )
— [ FIT V0 Ho VA Pl 1

x f(wilai_,)dv;_,,  (Using (10)[I1))

S G R S I LR S TS (I = )
By defining a state5; = a_,,_,, ., this can be further expressed &g;1S;, Si-1,z,_,,,). Again
using Bayes ball algorithm, we conclude that
f(gf—ml‘ﬂii—zmp a;—m—m1> = f(zf m1| i— 2m1) (12)
I Wit 7o) 0, = T f Wity ™ 0 ,)
X IR f ikl ot ). (13)
PP sy Cimmmy) = F (Tl ) (14)
The pdf ofz._,, = [zl,,, ... z]']" given current stateS; and previous stat§;_, is given by,

P 1550 S1m0) = F ) = [ FEE ) E Ll 07,
— [ s ) g O Pl P30 )
X TP b )05, = [ £GP ) £t L F 51
om0 om0 i Tk ) f (il al ) APy, (Using (12)(IB)[(I4))

where the last step is obtained using results from depegdgraph and all the terms in the

and 117! f (Do, 4|7 a1 gl ) are Gaussian

—2mg )y Yi—m—mg

last step excepy (7;—am, |a

zmm1>
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distributed. This implies that the pdf @j_ml given(S;, S;_1) is not exactly Gaussian distributed.

If the number of states in the detector is increased it can @#ehed as a Gaussian which means
that the term likef (7o, |a._,,_,,,) can be made Gaussian distributed by increasing the number
of states, but this increases the complexity. In order tp ke decoding tractable we make the as-
2|96 Sic1) ~ N(V(S;, Si-1),C(Si, Si-1)),

where)(S;, S;_1) is the mean and(S;, S;_,) is the covariance. With our state definition, we can

sumption thatf (z! S;, Si—1) is Gaussian i.ef (z!

- m1|

reformulate the detection problem as a maximum likelihdatessequence detection problem [1],

S = argmax f(z|S) = argmax TN " f(%]S, % ... Zi 1)
all § all §

N-1 -
= argmax IS f(z1S:, Sio1, 2i2),) = argmax 11
a

X (2 = V(S5 i) = (B0, = 950, Sim1)) e(Si, Sica) ™ (Z ), — 9(Si, Sic1))]
where S is estimated state sequenees;, S;_1) is the uppermrq x m;q principal minor of
C(S;, Si—1) and y(S;, S;_1) collects the firstm;q elements ofy(S;, S;_;). It is assumed that
the first state is known. With metric given above, Viterbi dding can be applied to get the

maximum likelihood state sequence and the correspondingeljuence.
E. LMP, GLRT and Bayes Detector

In [17], the hit detection algorithm is proposed which igeethe modeling of channel memory
and works well only when the hits are sufficiently apart/18][various detectors for hit detection
like locally most powerful (LMP), generalized likelihoodtio test (GLRT) and Bayes detector
are presented. These detectors also ignore the system snambperform detection of single
hits. Subsequently a majority type rule is used for bit didec The continuous time innovation
(e(t)) is sampled at very high sampling rat¢7, such thatl; << T.. As the channel response
(C'(¢)) is finite length, the sampled channel response is assumkdvio the finite length equal

to M. The sampled channel response is given by,

Lo =[T(t)|i=0 D®)]e=1, - - - T(E)|e=ur—1yr.)"
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Determining when the cantilever is “hitting” the media anflem it is not, is formulated as a

binary hypothesis testing problem with the following hypeges,
Holé:ﬁ, Hlié:F()V—'—T_l

where the sampled innovation vector= [e; e ... ep]T, I = [ny ny ... 0y, T is the sampled
channel response,signifies the value of the impact on media andl,; .., denotes the covariance
matrix of n where I, stands forM x M identity matrix. In case of locally most powerful
(LMP) test given in[[16], the likelihood ratio is given by [J.2

d f(é|Hy) Ty
5198 ey om0 = €V To

llmp(M)
wherel,,,, denotes likelihood ratio for LMP. In our model, there arewumber of hits in one
bit duration. Letl; ;,,, be the likelihood ratio corresponding & hit. The decision rule for the

detection of one bit in this case is defined as,

Max (lump(M) Ao gmp(M) . ..lq,lmp(M)) <Vm (15)

wherer; is LMP threshold. The likelihood ratio in the case of GLRT 1],

f(e|Hy, v =v)

M) = o8 ey e

wherer is maximum likelihood (ML) estimate af i.e. 7 = arg max, f(€é|H1), lim, andly,, are
likelihood ratios for LMP and GLRT case respectively. Theid®n rule for the bit detection
in this case is defined in a similar manner given[inl (15).

Simulations from a Simulink model of the system can be runafdarge number of hits in
order to gather statistics on the discretized output of ineatity block which models the tip-
media force. We modeled the statistics foby a Gaussian pdf with the appropriate mean and

variance. With known mean and variancerothe likelihood ratio for Bayes test i5 [12],

f(é‘Hl) “Tyr—1,1 17T 1= STysr,1
lhayes(M) = log=————==¢"V + e Ve—e' V',
Y ( ) f(e‘H(]) :u 2
wherey/ =Ty and V'’ = (W%FFOTTF) andv ~ N(a, \?). The decision rule in this case is also
N2 0+0

defined in a similar manner given in_(15). Note thras a measure of the tip-medium interaction
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force and as such it is difficult to experimentally verify thaue of this force accurately which
means the Bayes test cannot be applied for the bit detecticactual experimental data.
V. SIMULATION RESULTS

We performed simulations with the following parameterse Tinst resonant frequency of the
cantileverf, = 63.15 KHz, quality factor Q =206, the value of forcing anyudie equal to 24 nm,
tip-media separation is 28 nm, the number of hits in high bitation is equal td3 i.e. ¢ = 13,
discretized thermal and measurement noise varianc@.arand 0.001 respectively. A Kalman
observer was designed and the length of the channel impetg®nse [) was approximately
24 which means thatn; is equal to2. We set the value of the system memary,= 1. Using
a higher value ofn results in a more complex detector. We used a topographidepmehere
high and low regions denote bits ‘1’ and ‘O’ respectively ah@ bit sequence is generated
randomly. The simulation was performed with the above patars using the Simulink model
that mimics the experimental station that provides a catalg as well as a quantitative match
to the experimental data. Tip-media interaction was vabgdchanging the height of media
corresponding to bit ‘1. We define the system SNR as the nahtip-media interaction (nm)
divided by total noise variance.

In Figure[®6, we compare the results of four different detextdhe LMP, GLRT and Bayes
detector perform hit detection, as against bit detectinrihése detectors, the system memory is
not taken into account. It is clear that the minimum probgbdf error for all detectors decreases
as the tip-media interaction increases which makes SNRehidine intuition behind this result
is that hits become harder on media if tip-media interacisoimcreased which makes detection
easier. The Viterbi detector gives best performance amdmdetectors because it incorporates
the Markovian property of in the metric used for detection. At an SNR of 10.4 dB the Viter
detector has a BER df x 1075 as against the LMP detector that Has 103.

V. EXPERIMENTAL RESULTS

In experiments, a cantilever with resonant frequerfgy= 71.78 KHz and quality factor

@ = 67.55 is oscillated near its resonant frequency. A freshly cldaveca sheet is placed on
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top of a high bandwidth piezo. This piezo can position the iméaica sheet) in z-direction with
respect to cantilever tip. A random sequence of bits is geadrthrough an FPGA board and
applied to the z-piezo. High level is equivalentlt® and represents bit ‘1’ and low level 8V
and represents bit ‘0’ thus creating a pseudo media profiteroh height. The bit width can be
changed using FPGA controller frofd — 350 ps. The tip is engaged with the media at a single
point and its instantaneous amplitude in response to iegantion with z piezo is monitored.
The controller gain is kept sufficiently low such that the igen is effectively in open loop.
The gain is sufficient to cancel piezo drift and maintain aaigrlevel of tip-media interaction.
An observer is implemented in another FPGA board which itas the cantilever’s free air
model and takes dither and deflection signals as its inputpaodides innovation signal at the
output. The innovation signal is used to detect bits by campavarious bit detection algorithms.
The experiments were performed on Multimode AFM, from Veé&tstruments. Considering a
bit width of 40 nm and scan time of0 us gives a tip velocity equal t@/3 x 10~ m/sec. The
total scan size of the media is 100 micron which means theleast will take 0.15 seconds to
complete one full scan. Read scan speed for this operatiémiGsHz. The read scan speed for
different bit widths can be found in a similar manner.

The cantilever model is identified using the frequency sweegihod wherein excitation
frequencyw of g(t) = Agsinwt of dither piezo is varied frond — 100 KHz and p(t) is
recorded. Magnitude and phase information ab@utv) is obtained by evaluating the ratios
between steady state amplitude and phase of output vs impitaton respectively. A second
order transfer function is obtained that best fits the expenitally identified magnitude and phase
responses of the cantilevet, B and C' matrices are obtained from the state space realization
of the identified second order transfer functian, G and H can be further found using the
zero order hold discretization at a desired sampling frequeThe discretized state space of the
cantilever model is used to find the discretized channel Isgptesponsé’,., (see [(B)).

For 300 ws bit width, there are aroundl hits in high bit duration and Viterbi decoding

is applied on the innovation signal obtained from experimé&ior experimental model] is
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approximately24 which meansm; is equal to2. It is hard to estimate the system memory
(m) from experimental parameters. Fortunately, there is a am@ynd for this. As shown in
the derivation of the detector, by making appropriate axipmations, the final detector only
requires the mean and the covariance of each branch in ths. {ffdese can be found by using
training data and assuming various valuesrofWe have variedn from 0 to 2 and found the
corresponding BER using these valuesnaf The total number of states in the Viterbi detector
is 2™ \We have observed that fon > 1, the improvement in BER is quite marginal as
compared to the increased complexity of Viterbi decodingcakdingly we are usingn = 1

for which the BER from Viterbi decoding is equal fox 10~—° whereas the BER from LMP
test is0.26. The BER in the case of Viterbi decoding is significantly deralvhen compared to
the BER for usual thresholding detectors. If the bit widtidexreased t60 ps which means
there are around hits in the high bit duration, the BER for Viterbi decodingi$6 x 102
whereas the BER for LMP i8.49 which means that LMP is doing almost no bit detection. As
the bit width is decreased, there is more ISI between adjduiés which increases the BER.
The BER for different bit widths from all the detectors is shmin Figure[8. It can be clearly
seen that Viterbi decoding gives remarkable results on rexpatal data as compared to the
LMP detector. The Viterbi detector exploits the cantiledgnamics by modeling the mean and
covariance matrix for different state transitions. We halatted the mean vectors f&r state
transitions with300 us bit width in Figure[T. There are arourtl hits in one bit duration.
The Viterbi decoding contain® states and 6 possible state transitions. In Figure 7, there is a
clear distinction in mean vectors for different transisomhich makes the Viterbi detector quite
robust. Thresholding detectors like LMP and GLRT performyvieadly on experimental data.
For a bit sequence like ‘000011111, the cantilever getsughdime to go into steady state in
the beginning and hits quite hard on media when bit ‘1’ appedter a long sequence of ‘0’
bits. The likelihood ratio for LMP and GLRT rises significhnfor such high bits which can

be easily detected through thresholding. However, a segueficontinuous ‘1’ bits keeps the
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cantilever in steady state with the cantilever hitting thedm mildly which means the likelihood
ratio remains small for these bits. Thus it is very likelyttheng sequence of ‘1’ bits will not
get detected by threshold detectors.

VI. CONCLUSIONS AND FUTURE WORK

We presented the dynamic mode operation of a cantilevereproth a high quality factor and
demonstrated its applicability to a high-density probeaie system. The system is modeled as
a communication system by modeling the cantilever intewacvith media. The bit detection
problem is solved by posing it as a ML sequence detectioovi@t by Viterbi decoding. The
main requirements for the proposed algorithm are (a) thibadnitity of training sequences which
can provide the statistics for different state transitjofiy differences between the tip-media
interaction magnitude between ‘0’ and ‘1’ bit and (c) an aetel characterization of the linear
model of the cantilever in free air. Simulation and expentaé results show that the Viterbi
detector outperforms LMP, GLRT and Bayes detector and geesrkably low BER. The work
reported in this article demonstrates that competitivericeetan be achieved and enables probe
based high density data storage, where high quality faatolngs can be used in the dynamic
mode operation. Thus, it alleviates the issues of media gndi¢ar in previous probe based
data storage systems.

An efficient error control coding system is a must for any ddtaage system since the sector
error rate specifications are on the order16f!° for systems in daily use such as hard drives.
In future work, we are expecting to achieve this BER by usipgrapriate coding techniques.
Using run-length-limited (RLL) codes in our system is like¢b improve performance and we
shall examine this issue in future work. We are also workingpgd3CJR version of the algorithm
to minimize the BER of the system even further. In experirakdata, a small amount of jitter
is inevitably present which is well handled by our algorithist high densities, the jitter will be
significantly higher and we will need to apply more advancexdieling and detection techniques.

These are part of ongoing and future work.
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Fig. 1. (a) Shows the main components of a probe based stdegge. The main probe is a cantilever with a tip at one end
that interacts with the media. The support end can be forsatywa dither piezo. The deflection of the tip-end is measbred

a laser-mirror-photodiode arrangement. The controllepleys the deflection measurement to keep the probe engagbdhei
media. (b) Shows a block diagram representation of the lemati systemG being forced by white noisey, tip-media force

h and the dither forcing;. The output of the blockz, the deflectiorp is corrupted by measurement noisehat results in the

measuremeny. Tip media forceh = ¢(p). (c) Shows the typical tip-media interaction forces of weakg range attractive

forces and strong repulsive short range forces.
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Fig. 6. Comparison of various detectors for simulation da@tse Bayes curve is not visible in the graph as it coincideth wi
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transition from state ‘110’ to state ‘100’ and ‘101’ respeely
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Fig. 8. BER for Viterbi, LMP and GLRT for different bit widthgarying from60 s to 300 us for experimental data. There
is a very marginal difference between LMP and GLRT curve WhHi not visible in the graph but LMP does perform better

than GLRT.
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