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Abstract— The design for a new type of non-volatile
mass storage memory is discussed. This new design, based
on scanning probe techniques, combines the low volume
and power consumption of the FlashRAM, with the high
capacity of the hard disk. The small form factor of the
device makes it an excellent candidate for mass storage
in handheld embedded systems. Its hierarchical architecture allows us to make a trade-off between data-rate, access time and power consumption. The power consumption
scales linearly with the desired data-rate, and is expected
to be lower than what can be achieved with competing
technologies.
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I. Introduction

T

HERE is a huge demand for storage media in
portable embedded systems like PDAs, mobile
phones, MP3 players, etc. Mass storage systems for
these applications should have a small form factor,
high capacity, low price per bit and most importantly,
a low energy consumption [1]. Currently solid state
memory such as EEPROM (FlashRAM) and miniature hard disks, such as the IBM microdrive [2], are
used.
Mechanically addressed systems, such as the hard
disk, have the advantage of a very low price-per-bit
compared to solid state memories, which rely on their
capacity on the state–of–the–art in large scale lithography. During the last decade the increase of areal
density in hard disks has more than doubled that of
solid state memory. This has been possible because
of the mechanical addressing used in hard disks. The
price per bit of a FlashRAM (1 $/MB) is now 4 times
that of the microdrive, and 200 times that of desktop
harddisks, and the difference will continue to increase
rapidly. It can therefore be expected that systems
based on mechanical addressing will be the mass storage component of choice in future embedded systems

applications, just like it is in desktop applications today.
Current hard disk technology however also has its
limitations. Assuming that the form factor can be
made even smaller than the current microdrive (which
is already a marvel of mechanical engineering), other
factors inherent to the Winchester architecture of the
hard disk will start to limit progress in the next
decade. Limiting factors are the thermal stability of
a single written bit, and the fact that the number of
heads per side of a disk is limited. In combination
with a writing speed which is fundamentally limited
to about 1 GHz, this leads to a bad scaling of the
hard disk architecture, with an ever increasing gap
between capacity and performance (access-time and
data rate).
Therefore an alternative design for storing data,
based on probe and MEMS technologies, is being investigated by the magnetic data storage community
(IBM, HP, Hitachi, Carnegie Mellon University). The
key advantages of the probe technology are that, instead of one, thousands of heads can be used in parallel (probe arrays), and that the rotary motion of the
disk is replaced by linear XY motion which allows for
different seek and read/write times (seek fast, read
slow) [3].
At the University of Twente we are aiming to realize a storage device with high capacity and low power
consumption, based on magnetic data storage, within
the µSPAM project. In this paper we present the
current design of the device and we make an initial
estimate of its power consumption. The aim of this
multidisciplinary exercise is to provide embedded system designers with projections of the µSPAM performance and power consumption, and vice versa to indicate to the µSPAM designers where improvements
can be made.

II. Architecture of the µSPAM

T

HE µSPAM is made out of two silicon wafers
bonded to each other. One half contains the
(magnetic) media (see paragraph II-A). A µWalker
(described in paragraph II-B) is used to move the
medium. The other half consists of one large array
of probes. One probe can read with a speed fr of
10000 bits per second. The number of probes has to
be high enough in order to get sufficient bandwidth.
Paragraph II-C deals with the probes.

being 50 nm dot size and 50 nm spacing. This will
give us a capacity of 10 Gbit/cm2 (=65 Gbit/inch2 ).
Figure 1 shows an MFM-picture of such a medium,
this one with a period of approximately 250 nm. The
black and white dots represent the up and down direction of the magnetization.
B. The µWalker
Recently, at the Micromechanical Transducers
Group a µWalker, has been developed [5]. The
µWalker is a MEMS device, with a size smaller than
1 mm, which is able to walk over a surface. Figure 2
shows the principle of the µWalker. One actuator
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Fig. 1
MFM picture of an array of dots.

A. The medium
As the ultimate medium for the µSPAM a regular
matrix of magnetic single domain dots will be used.
One dot represents one bit. A dot can be magnetized up or down. Such a discrete medium has several advantages over the continuous media used in the
hard disk today. First of all it is expected that a
discrete medium will suffer less from thermal instabilities, which eventually will allow much higher bit
densities. However, more important is the ability of
tracking at extremely high bit densities. Also a single
domain dot enables an easier writing process.
We have already shown before that a matrix with a
period of 200 nm can easily be achieved [4]. For this
project however we are aiming at a period of 100 nm,
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Fig. 2
One step of a µWalker

plate and two clamps enables the device to make a
simple walk step. First of all one clamp is actuated
and shortly afterwards the actuator plate is attracted
to the substrate (2-B). The actuator bends, and the
second clamp moves towards the first clamp. With the
actuator plate still bent, the second clamp is attached
to the surface and the first clamp is released (2-C).

Now the plate will relax by moving the first clamp
forward (2-D). The µWalker now has made one step
(2-A). A stepsize can be in the 10 to 100 nm range,
large enough to overcome the distance between two
dots (II-A).
Currently, the µWalker is being adapted to carry a
medium. The design is being changed to increase the
size of the device to 1 mm and gain a higher speed
and acceleration. Also, the µWalker should be able to
walk in two directions.

D. Estimate for a reasonably sized µSPAM

With the size of one probe (100 µm) and the distance between the dots (100 nm), we can calculate
there are 1000 × 1000 dots per probe, we call these
parameters Dx × Dy .
To read decently sized words, we assume a
wordlength Bw of 64 bits. For a single bit error correction we need Bc = 7 correction bits [7]. Thus at
least B = Bw + Bc = 71 bits total. It would seem
that a 9 × 9 probe configuration for one µSPAM-tile
would be appropriate. It is a square, and 10 tips may
C. The probes
break during manufacturing or use without rendering
For reading, the MFM (Magnetic Force Microscopy)the tile useless. These parameters are called Px × Py .
principle has been chosen [6]. An MFM-probe is made
Furthermore, to achieve a sufficient high bandwidth
by placing a small magnetic element, the tip, on a
an 8×8 tile configuration per µSPAM chip would seem
cantilever spring. Typical dimensions are a cantilever
appropriate, we call these Tx ×Ty . At maximum speed
length of 200 µm, element length of 4 µm and dithis will give a 50 Mbit/s bandwidth, which is high
ameter of 50 nm and a distance from the surface of
enough for current multimedia applications. However,
30 nm. Figure 3 shows the principle of an MFMif a higher throughput of data is needed, the number
of tiles can be increased. Figure 4 gives an overview of
the design for the µSPAM used throughout this paper.
The parameters are summarized in table I. The total
cantilever
surface of such a µSPAM chip would be approximately
8 × 8 mm2 .
magnetic tip
III. Energy consumption

I

M

N this section we give an estimate of the energy consumption of the µSPAM in read mode. The system
is now in the design stage, therefore we can only make
reasonable assumptions about the power consumption
of the different µSPAM components. The aim of this
exercise is to get a feeling for the relation between
the power consumption and the desired data rate. At
this stage it is only possible to give an order of magnitude estimate of the real values. We can recognize
the following different subsystems.
A. Positioning

Fig. 3
The principle of an MFM-measurement

measurement. The magnetic tip is attracted or repelled, depending on the stray field of the medium. In
this picture a continuous medium is drawn. However,
we use a patterned one, but the principle remains the
same. The tip is affected by the magnetic orientation
of a dot. The displacement of the end of the cantilever can be measured by measuring capacity over
the probe and the medium.

The positioning can be subdivided in coarse positioning for addressing the data (µWalker) and fine
positioning for probe height control and tracking.
For coarse positioning we assume that for each step
of the µWalker one bit is read per probe, i.e. the
µWalker makes steps equal to the bitlength λ (100
nm). Per step the central plate has to be pulled onto
the medium and the clamps have to be activated. To
estimate the power loss we assume that the energy
stored in the capacitance ( 12 CV 2 ) between the central plate and the medium, and the clamps and the
medium is completely dissipated upon release. Most
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Layout of the µSPAM

TABLE I
µSPAM sizes

Symbol
Dx , Dy
Px , Py
Tx , Ty
Bw
Bc
B

Description
# dots/probe
# probes/tile
# tiles/µSPAM
# bits/word
# correction bits/word
# bits/read

energy is stored in the clamps, and for the current design of the µWalker the power loss Us is estimated to
be 4.5 nJ per step. The power loss in idle mode, so
when the µWalker does not move, is assumed negligible (see appendix A).

For fine positioning the cantilevers of the probes,
on which the read/write elements are mounted, have
to move over a small distance to correct for height differences of the surface and to maintain correct tracking. Again we assume that the energy stored ( 12 k∆x2 ,
where k is the spring constant and x is the displacement) in the cantilever as maximum deviation is completely lost upon release. Dissipation (UP ) is dominated by height control (see appendix B) and estimated to be 0.5 · 10−15 J per bit.

Value
1000, 1000
9, 9
8, 8
64
7
Bw + Bc = 71

Dimensions
100 µm × 100 µm
1 mm × 1 mm
8 mm × 8 mm

B. Read process
Data is read by measuring the deflection of the cantilevers on which the small magnetic tips are mounted.
Readout can be achieved in different ways. For a reasonable estimate of the power dissipated during reading, we assume that the cantilever deflection is measured by means of the capacitance between the probe
end and the medium. We estimate that for 20 dB signal to noise ratio, about 1.5 · 10−14 J is dissipated per
bit read. We call this parameter Ur , see appendix C.
C. Electronics
We assume that for the probe level electronic circuits, most energy is needed for amplification. Following [8], the minimum energy required for amplification
is either determined by the SNR of the amplifier, or
the desired output impedance. In our case the bandwith as well as the SNR are very small, so the mini-

mum power consumption is determined by the desired
output power. Using

Psup =

2πkT Ba Vsup Ca
Vsup Ba Ca
≈
q
6

(1)

1: read track front−to−back
2: move to new track

with Vsup =3 V, Ba = 10fr and Ca approximately
1 pF we obtain for the energy dissipated in the read
amplifier Pread = 50 · 10−12 fr , or 50 pJ per read bit.
Beside the amplification, there are also circuits
needed for multiplexing on µSPAM level. A general
rule for a multiplexer is:
X
PM U X =
(CV 2 f )
(2)

3: read track back−to−front

Track

Probe area

For dissipation at the inputs and the output we
rewrite this to:
2
2
PM U X = Cmi Vsup
Px Py FB fr + Cmo Vsup
FB fr Bw (3)

Where Cmi (=1 pF) and Cmo (=5 pF) are the capacities for the input and output respectively.
The buffer memory itself is, when we assume a
stream rate of approximately 1000 kbit/s, a word
length of 32 bits, and a memory access time of 10 ns
3
used for 100032· 10 × 10 · 10−9 = 31 · 10−5 seconds every second. Since SRAM only consumes power when
it is used, we ignore the power consumption of the
buffer memory itself [9].
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Fig. 5
An overview of the amplification, multiplexer
and buffering process

Figure 5 gives an overview of the amplification, multiplexing and buffering process.

Fig. 6
Track layout of a single µSPAM tile

IV. Power dissipation calculations

W

E calculate the amount of energy needed per
second the following way. The tiles are organised into tracks. One track per probe consists
of all dots in a row, so there are Dx , or 1000 dots,
or bits, per probe. A track per tile consists of the
tracks of all data probes put together, so a track is
Dx × Bw = 64000 data bits in size. Tracks are read
front-to-back and back-to-front alternately. This layout is depicted in figure 6.
The energy needed to change to a new track is computed as follows (we assume a track change occurs to
a random new track, so the amount of steps needed
per track change averages to Dy /3):

Uts =

Dy Us
3

(4)

The bandwidth per tile is controlled as follows.
Reading at full speed one tile can accomodate a maximum data rate of Bw × fr = 640 kbit/s. When we do
not need such a high bandwidth (e.g. an MP3-file only
needs about a quarter of this), we simply do not read
all probes fr times per second. For example, suppose
we want to read at a speed of 160 kbit/s, then we first
read the first quarter of the probes, then the second

quarter, the third and the fourth. So we only have
to take one µWalker step every fr × 14 seconds, and
our multiplexer electronics can operate at a quarter
of the maximum frequency. We use the symbol FB
(with 0 ≤ FB ≤ 1) to indicate this bandwidth factor, so our bandwidth from the relevant tile is always
FB × Bw × fr .
The energy needed to read with a bandwidth factor
FB during a time of t seconds is computed as follows:

Ur,f (FB , t) = FB fr t Us
(5)
FB fr t Uts
+
(6)
Dx
+ FB fr t B (UP + Ur )
(7)
Ba Vsup Ca
+ t
Px Py
(8)
6
1 1
+ t
Cmi Vsup 2 Px Py FB fr (9)
2 2
1 1
+ t
Cmo Vsup 2 FB fr Bw (10)
2 2
Where formula (5) constitutes the steps of the
µWalker, formula (6) constitutes the energy required
for changing tracks, formula (7) constitutes the actual
reading of the probes with the fine correction in the zdirection, formula (8) constitutes the energy required
for the amplifier electronics at each probe, formula (9)
constitutes the energy dissipated by the capacitance
of the wiring to the inputs of the multiplexer box,
and formula (10) constitutes the energy dissipated by
the capacitance of the wiring from the outputs of the
multiplexer box to the buffer memory.
Formulas (5) and (6) all refer to mechanical energy
consumption, formula (7) refers to the energy consumption of the actual reading of data, and formulas (8), (9), and (10) refer to the energy consumption
of the electronics. In section V these three energy
groups are considered separately.
When we are reading from one tile, the others are
doing nothing, so the energy for a tile which is idling
for t seconds is computed like this:
UTi (t) = fr t Usi

(11)

We assume that the amplifier and multiplexer electronics of idle tiles are turned off, so they don’t consume any power. Since the power loss of the idle
µWalker can be neglected, an idle tile is assumed to
consume no power at all.

With the track model, the maximum bandwidth a
single tile can accomodate can be calculated as follows:
WT,max = Bw fr

Dx
Dx +

Dy
3

(12)

When reading with a certain bandwidth, the number of tiles needed at full speed is called Tf , the one
tile needed with a bandwidth between 0 and full speed
is called Tnf , and the number of tiles idling is called
Ti . The numbers Tf and Ti are calculated in the following way when W is the desired bandwidth:
¹
Tf (W ) =

W

º

WT,max
Ti (W ) = Tx Ty − Tf (W ) − 1

(13)
(14)

The bandwidth needed on the non-full non-idle tile
Tnf is computed with:
Wp (W ) = dW − Tf (W ) WT,max e

(15)

Where W is the total bandwidth requested from the
µSPAM.
So the total energy usage for a total bandwidth W
during t seconds can be computed as follows:

U(W, t) = Tf (W ) Ur,f (1, t)
Wp (W )
, t) +
+ Ur,f (
WT,max
WT,max − Wp (W )
UTi (
t)
WT,max
+ Ti (W ) UTi (t)

(16)

(17)
(18)

Where formula (16) constitutes the energy needed
by the tiles providing full bandwidth, formula (17)
constitutes the energy needed by the non-full nonidle tile Tnf , and formula (18) constitutes the energy
needed by the idle tiles.
The power consumption, as a function of the desired
bandwidth, can then simply be computed with:
P(W ) =

U(W, t)
t

(19)

To recapitulate, we have placed all quantities used
for the calculation of P(W ) in the appendix, table II.

µSPAM
0.4
Electronics
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Energy consumption P(W) in mW
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Fig. 7
Energy consumption

V. Results

I

N figure 7 we have plotted the power consumption
against the bandwidth, using formula (19) and all
the numbers provided in the previous three sections.
The bandwidth range has been chosen to show audio (128–256 kbit/s in MPEG-form) and video (1–
2 Mbit/s in MPEG-form) bandwidth ranges. Figure 7
shows four lines:
the line Mechanics shows the result of formula (19),
where the value of Ur,f (FB , t) consists only of formulas (5) and (6);
• the line Reading shows the result of formula (19),
where the value of Ur,f (FB , t) consists only of formula (7);
• the line Electronics shows the result of formula (19),
where the value of Ur,f (FB , t) consists only of formulas (8), (9), and (10);
•

the line Total shows the final result of formula (19),
which equals the sum of the other three lines.
•

Figure 7 shows several interesting results. First it is
clear that the power consumption of the actual reading of the probes is negligible. The power consumption of the actual µWalker movements scales linearly
with the requested bandwidth. The power consumption for the electronics takes small steps when we are
increasing the use of a tile, but makes a bigger step
when a new tile comes into play. So the power consumption of the µSPAM scales with the bandwidth
requirements.
Figure 7 also shows that the mechanical part consumes most of the power needed to operate the
µSPAM, approximately 80 percent, and the electronics consume the rest of the power.

VI. Conclusions

F

IGURE 7 clearly shows that the power consumption of the µSPAM increases linearly with the required data rate. This is a result of the fact that for
higher data rates, simply more µWalkers and probes
are activated. This is an advantage over the hard
disk architecture, where the disk rotates at maximum
speed, no matter what data-rate is requested. As a
consequence the power consumption of the µSPAM
scales much better with the desired data rate, especially for low data rate applications such as handheld
audio/video players.
The linear increase in power consumption suggests
that there might be a cross-over point at which the
power consumption of the µSPAM exceeds that of
hard disks (such as the IBM microdrive). The preliminary estimates of the power consumption presented
here do however not allow for a meaningful extrapolation.
Moreover the choice between the hard disk architecture and this new MEMS/probe based recording
system not only depends on power consumption. The
access time which can for instance be reached with
the current µWalker design is lower than in the hard
disk. The shock resistance however will be better,
since the mechanical resonance frequency of the components is much higher (compare the 100 µm of the
µSPAM probe with the centimeters of the hard disk
arm). Also the small form factor of the µSPAM might
be a big advantage, for instance in mobile phones.
Last but not least also cost will be an important factor — the fact that the µSPAM does not require much
assembly nor the latest generation in lithography, indicates that cost could be low.
More precise conclusions require more detailed design and analysis. The preliminary calculations presented here show that the use of probe recording systems in low-power applications is certainly a route
worthwhile for investigation.
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Appendix
I. Energy calculations
In this appendix the values for the calculations are
justified.
A. Coarse positioning: steps of the µWalker
In this simple model we assume the µWalker takes
10000 steps per second of 100 nm each. We call
this frequency fr , which consequently is the maximum read frequency per probe. For one step of the
µWalker the actuator plate is bent once and a clamp
is set twice. For the (electrical) energy of the plate we
have:
U=
C=

1
C V2
2

(20)

²0 ²r A
g

(21)

Where ²r = 1, ²0 = 8.85 · 10−12 F/m, A = 100 µm×
200 µm, g = 2 µm. If we choose a value of 1 µm for
y and a voltage V = 50 V, then with formula (20) we
get an energy of 2.2 · 10−10 J for every step. Note: in
practice y appears to be 0.88 µm and the plate bends,
which has not been taken into account here.
For the clamps the situation is almost the same.
Only now ²r = 8, A = 600 µm × 20 µm and instead
of the gap we take the thickness of the siliconnitride
(0.5 µm). This results in an energy consumption of
4.25 · 10−9 J per step.
The total energy for one step of the µWalker is thus
4.5 · 10−9 J. We call this Us , and it stands for a step
in either the x- or the y-direction.
When the µWalker does not move, the only energy
dissipated is the leakage current of the clamps capacitors. Assuming a leakage current of 1 nA/cm2 , the
dissipation is estimated to be 6 pW per µWalker, so
can be neglected.
B. Fine positioning: tip correction
The correction in the z-direction takes place fr
(10000) times per second over a distance of about
λ/3. With a spring constant of k N/m we get UPz =
1/18kλ2 J per tip per correction. For λ=100 nm and
a spring constant of 1 N/m we obtain 0.5 · 10−15 J.
For the correction in the x- and y-direction we can
distinguish between high frequency, small deflection
correction, to correct for jitter in the dot positions
and low frequency correction to correct for the angle
between the track and the µWalker axis. We estimate

the jitter at about λ/10 which has to be corrected
at the data rate frequency fr . The lateral correction
does not have to be more than 2λ, because larger deviations can be corrected by cross-track steps of the
µWalker. At a misfit angle α of about 0.10 , the correction distance is λ/ tan α, which corresponds to control
bandwidth of tan αfr , which is very small. The main
contribution of the dissipation in fine control is therefore caused by the height control.
Of course the energy which is required to perform
cross-track steps has to be included as well. This energy equals Us fr tan α, which corrects for all probes
on a tile. This energy should in principle be added
to the coarse positioning energy, but can for small α
safely be neglected.
C. Reading
The simplest way to measure the capacitance between the probe and the medium is to include this
capacitance in a series circuit with a resistance connected to an AC voltage source. The voltage drop
over the resistance is a measure for the capacitance,
which again is a measure for the probe/medium distance d: ∆C = C(1−∆d/d). For optimum readout we
take the measurement resistor R equal to the capacitor impedance 1/ωC, which results in a measurement
signal Vsig = Vsup ∆d/d for small deflections.
The noise level of the measured signal is fundamentally limited by the
√ Johnson noise in the measurement
resistor to VN = 4kT BR, where B is the measurement bandwidth. The desired signal to noise ratio
(SNR) therefore sets an upper limit on value of R,
and therefore a lower limit on the power dissipated in
this resistor:

R<

2
(∆d/d)Vsup
(SN R)2 4kT B

P >

(SN R)2 4kT B
(∆d/d)2

We expect a cantilever deflection ∆d of about 1
nm, a distance d of about 30 nm. For a sufficiently
low bit error rate a SNR of 10 (20 dB) is needed, with
about 10 sample points per bitlength, so B = 10fr .
The minimum dissipated power per bit (P/fr ) than is
1.5 · 10−14 J.

TABLE II
Estimated quantities used for the calculation of P(W ), in alphabetical order

Symbol
B
Ba
Bc
Bw
Ca
Cmi
Cmo
Dx , Dy
fr
P(W )
Px , Py
Tf (W )
Ti (W )
T x , Ty
U(W, t)
UP z
Ur
Ur,f (FB , t)
Us
Usi
UTi (t)
Uts
Vsup
W
Wp (W )
WT,max
λ

Description
total # bits per read
Bandwidth of a amplifier
# bits needed for Bw -bit word for fault correction/recognition
# bits per word
Amplifier capacity
Multiplexer capacity at the input channel
Multiplexer capacity at the output channel
# dots/tip (x- & y-directions)
read frequency per tip
power consumption of a single µSPAM when reading with bandwidth W
# tips/tile (x- & y-directions)
amount of full tiles needed to accomodate a bandwidth W
amount of idle tiles needed when accomodating a badnwidth W
# tiles/µSPAM (x- & y-directions)
energy usage for a single µSPAM when reading with bandwidth W for t
seconds
energy required for fine-correction per tip per dot (read + write) in z-direction
energy required for reading per tip per dot
energy required to read a tile for t seconds with bandwidth factor FB
energy required for step of µWalker (equal for both x- & y-direction)
energy required fr times per second for µWalker when it is idle
energy required to keep a tile idle for t seconds
average energy required to change to a new track
Power supply of the integrated circuits
bandwidth requested
bandwidth needed on the non-full non-idle tile Tnf to accomodate a bandwidth W
maximum bandwidth a single tile can accomodate
bit length

Value
Bw + Bc = 71
100 kHz
7
64
1 pF
1 pF
5 pF
1000, 1000
10 kHz
—
9, 9
—
—
8, 8
—
0.5 ·
1.5 ·
—
4.5 ·
0J
—
1.5 ·
3V
—
—

10−15 J
10−14 J
10−9 J

10−6 J

426.7 kbit/s
100 nm

