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Abstract— Two Dimensional Magnetic Recording (TDMR) is a
novel recording architecture intended to support densities beyond
those of conventional recording systems. The gains from TDMR
come primarily from more powerful coding and signal processing
algorithms that allow the bits to be squeezed more tightly on
the disk, and yet be retrieved with acceptable error rates. In
this paper we show the performance of several detectors over
a pre-existing TDMR channel model. We also present some
preliminary results for the next tier channel model based on
micromagnetic simulations, coined the Grain Flipping Probability
(GFP) model. This model requires a one-time computationally
complex characterization phase, but subsequently provides fast
and accurate 2D readback waveforms. Based on the granular
channel model, we plot our results as a function of the channel
bit size, normalized to the average grain size. This break from
the norm of plotting the performance as a function of the Signal
to Noise Ratio (SNR) yields several benefits that are discussed in
the paper.

Index terms—Two-dimensional magnetic recording (TDMR), 10
Tb/in2, micromagnetic simulation, 2D channel detection, 2D
channel models.

I. I NTRODUCTION

TDMR (Two-Dimensional Magnetic Recording) is a novel
magnetic recording architecture proposed by Roger Wood [1]
for densities towards 10Tb/in2. The densities achievable via
conventional means, are not expected to take the recording
industry much beyond 1Tb/in2. The superparamagnetic limit
[2], [3] is going to slow and eventually halt areal density
growth. In order to extend the life of magnetic recording,
several novel system architectures are being proposed, which
tackle the superparamagnetic limit from different sides. These
architectures include Bit Patterned Media Recording (BPMR)
[4], Energy Assisted Magnetic Recording (EAMR) which can
be broken into Heat Assisted (HAMR) [5] and Microwave
Assisted Magnetic Recording (MAMR) [6], and finally Two-
Dimensional Magnetic Recording (TDMR) [1], [7].

A. Fundamental limits on magnetic recording

The superparamagnetic limit is fundamentally a trade-off
between 3 competing parameters: the media Signal-to-Noise
Ratio (SNR), the writeability of the media, and the thermal
stability of the media. This trade-off is coined themedia
trilemma. As bit sizes are shrunk, one or more of the three

necessarily gives way. In order to maximize the life of mag-
netic recording, all three parameters of the trilemma should
be pushed to their limits.

BPMR approaches the trilemma by ordering the magnetic
islands on the substrate. This accurate positioning of the
magnetic islands (each island consisting either of a single
grain, or a tightly coupled group of grains), maintains an
adequate signal-to-noise ratio, with single-domain islands. The
main challenge involves finding methods that permit mass-
production of large areas of patterned media, cheaply. A
second problem for BPMR arises in trying to read and write
to ordered islands, in that the HDD system has to synchronize
itself to the ordering of the islands on the media.

EAMR approaches the trilemma from the writeabil-
ity/thermal stability trade-off. Without energy assisting, shrink-
ing the grain-size will either require a large anisotropy tobe
stable (but the head can’t flip the grains), or a small anisotropy
to be writeable (but the grains will be thermally unstable, ie:
spontaneously flip in time, due to vibrations from the ambient
temperature). With EAMR, the anisotropy is designed to be
large at ambient temperature ensuring thermal stability. During
the write process, energy is injected (either through heat or
microwaves) to excite the media, and reduce the magnetic
field required to switch the grains. When the energy source
is removed, the media returns to an unexcited, stable state.

TDMR approaches the trilemma from the SNR, and signal
processing perspective. On the media, the channel bit cell is
shrunk without proportionately reducing the grain-size. This
will not put as much pressure on the writeability/thermal
stability trade off, but instead will cause the SNR to fall
below the levels needed by conventional 1D recording systems.
Relying on more powerful, but more complex 2D coding
and detection schemes, the aim of TDMR is to recreate the
user-bits with an acceptable error level, from the lower SNR
environment. TDMR’s main challenges are in the coding and
signal processing arena: to find the capacity limits, of a 2D
granular media channel, and the codes and detectors that can
approach those limits.

B. TDMR system considerations

Another challenge for TDMR stems from the writing
method, which is known as shingled writing [8]. In order to
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relax the requirements on the writing pole, a head that is larger
than the track is assumed in the TDMR system. This permits
sufficient head field, without the need for energy assist. To
achieve narrower tracks, each sweep of the write head overlaps
a certain percentage the previous track. Shingled writing may
be used without two-dimensional readback at lower densities,
however as the shingling gets more aggressive, the one-
dimensional codes and detectors will eventually no longer
be able to handle the interference coming from adjoining
tracks. In 1D channels, inter-track interference (ITI) leads to a
performance loss. With 2D channels, the ITI helps in making
the decision for a given bit.

Fig. 1. A possible TDMR system setup using conventional ABCDservo
that permits random access to the data.

A shingle-writing head would use the corner of the pole
rather than the edge to write bits, and only that corner needs
to have tight design specifications. Although shingled writing
has advantages that permit wider heads to be used for writing
narrower tracks, it causes some problems from a system-
standpoint. Bits on future tracks get over-written by the larger
head thus requiring careful design at the system level to permit
updating of previously written data. To handle this, we propose
a setup like the one shown in Figure 1.

In this setup, a 2D sector spansN tracks. Positioning of
the head on the track is achieved with a conventional ABCD
servo sector. As with today’s recording systems, the entire
sector of bits would be written at one go. We note that lag
on write is not going to be problem as the operating system
buffers the user data and the disk would write a track each
revolution of the disk in the background. Lag on read however
could cause unacceptable delays to the user. Each 2D sector
would be updated independently of adjoining 2D sectors due
to the guard band. The choice of the 2D sector size is a design
trade off between more density gain from 2D coding and
signal processing for larger sectors, versus shorter readback
lags and smaller minimum file sizes for smaller sectors. A first
trial system could consist of a 2D sector of 8 tracks having
4096 bits each. This would conveniently align with the 4096

kbyte standardization effort being pushed by IDEMA, while
retaining the familiar 512 bytes in the downtrack dimension,
with possible re-use of the existing codes in that dimension.
It is of interest to note that trackN is never overwritten, and
thus the signal from that track will have a higher SNR than
any other track in the 2D sector.

Other system-level changes could help to improve the per-
formance of a TDMR drive. Having multiple readers mounted
on the same slider could pick off the 2D sector in fewer
revolutions, while writing large files onto 2D sectors spanning
the same set of tracks would read off different parts of the
file during the entire revolution instead of only during a small
part of the revolution.

In [7], a preliminary TDMR simulation system is proposed
and some basic detectors are tested with media proposed there.
In this work we show the results from additional 2D detectors
that are implemented on the same Voronoi grained channel
model in [7]. We also show some preliminary results in the
development of the third tier model based on micromagnetic
simulations mentioned in [7].

II. T HE GRAIN FLIPPING PROBABILITY (GFP) MODEL

The model in [7] was based on Voronoi cells mimicking
the geometry of the grains on the media. In that model each
grain was written by the bit that covered the grains’ Voronoi
nucleus. In this paper we use the same Voronoi cell geometry,
but propose a more realistic model to determine which grains
should be flipped, based on micromagnetic simulations [9].
Micromagnetic simulations are a much more time-consuming
but accurate way of modeling the evolution of the magneti-
zation of particles with time in the presence of a field. Here
we propose to use micromagnetic simulations to populate a
look-up table (LUT) of probabilities that tell how likely a
grain is to flip in a given set of circumstances per bit interval.
Using the LUT to determine which grains flip, results in more
realistic simulations during system performance evalution,
while not having to pay the unacceptable delays in running
micromagnetic simulations, except during the initial phase
of characterizing the LUT. We have coined this the Grain
Flipping Probability (GFP) model.

The process of characterizing and using the LUT is as
follows. Firstly tensor and grain statistic information need to
be generated and computed for the Voronoi media geometry.
Next, given a head field, micromagnetic simulations are run
on the media using the previously computed data for a
range of bit patterns, yielding granular magnetizations such
as shown in Figure 2. Statistics from each simulation are used
to characterize the probabilities in a multi-dimensional LUT
that has a dimension for each parameter deemed significant
in influencing the probability of flipping. Choice of these
parameters is critical, and we have selected them in order of
greatest influence on the probabilities. Parameters are chosen
that vary on a bit-to-bit or on a grain-to-grain basis. Too
few parameters will result in an ineffective LUT, while too
many parameters will result in a LUT that takes too long
to adequately characterize. Once the LUT is characterized,
the final phase is to use those probabilities to quickly flip
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Fig. 2. Grain magnetizations at the output of the micromagneticsimulation. Red grains are positively magnetized while blue are negative. Current head
location is marked by the white square and the region of interest surrounds those grains possibly influenced by the write head.

grains using a random number generator (RNG) in channel
simulations to mass-produce accurate granular magnetizations,
and thus 2D readback waveforms to simulate the channel. Here
we describe the characterization process of the GFP model in
more detail.

A. GFP model characterization

Figure 2 shows the results of a micromagnetic simulation
run on a rectangular media with 2000 grains and with nominal
values ofMs = 250 kA/m, K1 = 105 kJ/m3 andHk = 668.5
kA/m. The head field was the same as the one used in [1] and
[7]. An array of bits was written onto the media with a small
shingle overlap. The density of the characterized model is valid
only at the density of the simulations at which the model
was characterized, and determined by the parameters of the
micromagnetic simulation. New micromagnetic simulations
need to be run at each density (shingle overlap/write clock
frequency) of interest.

A region of interest (ROI) is defined about each nominal bit
location, shown in the example of Figure 2. The ROI needs
to be large enough to capture those grains around the head
that have a non-zero probability of flipping, in the current bit
interval (i.e. the duration of writing one bit). Every grainin
the ROI has a probability of flipping conditioned on a large
number of parameters. In the first trial, we choose 4 of them
for inclusion in the LUT. The first 2 parameters are the location
(x and y) of the grain center relative to an arbitrarily chosen
origin attached to the head. They are discretized into 12 bins
each. The next parameter is the anisotropy constant of the grain
Hk discretized into 8 bins. As we will want to characterize
the LUT for media with a switching field distribution (varying
Hk), this parameter will need to be considered on a per-grain
basis. The last parameter considered is the surrounding bit
pattern, discretized into 16 bins (4 bit combinations). The4
bits playing a role in the LUT are: the current bit, the previous
bit on the current track, the bit at the same position as the
current bit on the previous track, and the previous bit on the
previous track. The current bit’s magnetization is obviously
going to have the largest degree of influence on whether
grains in the ROI flip or not. The other abovementioned bits

determine magnetizations of grains in the vicinity of the ROI,
and these nearby grains have an effect on the probability
of grains in the ROI flipping, through the exchange, and
demag fields. Ideally we would like to include the influence of
the entire past bit history, but this would be computationally
infeasible.

These 4 parameters yield a total of 18432 bins along 4
dimensions of the LUT that need to be filled with enough data
to give sufficiently accurate statistics. The LUT itself is stored
as two 4-dimensional arrays: the numerator and denominator
arrays. The denominator array keeps a count of the grains in
each condition (determined by the state of the parameters) that
could flip at the end of each bit-interval. This is a count of
the grains within the ROI that are opposite in magnetization
to the applied field. The numerator array keeps a count of
the grains thatdo flip at the end of each bit interval. The
probability of flipping in a given bit-interval is obtained by
dividing the two arrays. In the first trial characterization, 200
sectors of micromagnetic simulations (of 60 bits in 3 rows
each) were run in parallel on 24 cores taking over 1 day
and giving 372832 samples in the denominator and 193852
samples in the numerator, or an average of about 20 samples
per bin. One should take into consideration that not all bins
are equally used, nor equally useful.

While it is not possible to view a 4-dimensional LUT,
the numerator and denominator can be summed over any
dimension and the resulting arrays divided to arrive at lower
dimensional probability tables as a function of the remaining
dimension’s parameters. For example, summing over theHk

and bit pattern bins leave the probability as a function of the x
and y bins. This gives a probability distribution as a function
of the grain position within the ROI or a probability footprint.
It is shown in Figure 3 for three cases: summing over bit
patterns where the current bit is a plus, summing over bit
patterns where the current bit is a minus and summing over
both.

The probability footprints have captured an assymetry in the
micromagnetic simulations that arises due to the positively
magnetized DC background that make it easier to write a
negative bit than a positive one via the demag field. Another
feature of the plots is that they are not the usual crescent
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Fig. 3. Probability footprint for a. current bit plus (left)b. current bit minus (middle) c. both plus and minus (right)

shaped footprints that one might expect. This is because the
crescent shape is due to the future bit partially over-writing
the leading edge of the current bit. The probability model does
not take into account any effects caused by future bits, only
the past and current bits are accounted for.

III. 2D D ETECTORS

Since TDMR was first proposed by Wood et. al. [1], the
focus of investigation has been to identify the operating point
that maximizes the user storage capacity. We provide some
insight into this problem through simulations. Specifically, we
determine the performance of various 1-D and 2-D detectors
on the TDMR channel using the Voronoi model, and draw
some conclusions on the achievable channel densities.

The need for 2-D detection is not unique to TDMR systems.
It is a vital component of optical storage systems, image
processing and wireless communications. As a result, therehas
been considerable work devoted to developing 2-D detectors
in the recent past. See [10] for a survey of various 2-D
detectors. However, it is still largely an open problem as
practical detectors that are close to optimality are still elusive.
In this section, we discuss various 1-D and 2-D sub-optimal
detectors that are applied to the TDMR system.

A. Inversion Detector

The inversion detector (or zero-forcing equalizer) is a
well-known detection technique for one-dimensional magnetic
recording systems. It is known to result in inferior performance
compared to partial response equalization techniques because
of noise enhancement. However, from the discussion in the
previous section, it is clear that the noise in TDMR systems
consists predominantly of media noise, making the additive
electronic noise insignificant. Consequently, it is worth ex-
ploring the applicability of the inversion detector to TDMR,
especially at ultra-high densities. In [11], some reasonable
error rate performance was reported for the case when the
media was modeled as a perturbation of Voronoi-based square
lattice.

If the binary input of the TDMR system is denoted as
A = {ai,j}n×n, and if the corresponding magnetization of
the medium be denoted asm(t1, t2), then the readback output
R = {ri,j} is given as,

ri,j =

∫∫

h(τ1, τ2)m(i − τ1, j − τ2) dτ1 dτ2

where,h(τ1, τ2) is the impulse response of the system. If the
magnetization pattern is ideal, the sampled readback output
can be written as the following discrete convolution,

ri,j =
∑

k1

∑

k2

hk1,k2
xi−k1,j−k2

where,

hk1,k2
=

∫∫

Ak1,k2

h(τ1, τ2) dτ1 dτ2,

andAi,j is the region spanning the(i, j)th bit cell. Represent-
ing then×n 2-D input and output matrices asn2 1-D vectors,
the ideal output can be written as a product of matrices,
R̄ = ĤX̄, whereĤ is an2 ×n2 matrix. Since at the receiver
there is no knowledge of the irregularity, the inversion detector
assumes perfect magnetization and determinesX̄ from the
polarity of Ĥ−1R̄.

B. 2-D MAP Detector

For the TDMR system, the optimal detector is the one that
maximizes the bita posteriori probability (MAP) p(ai,j/R).
However, the noise coloration and two-dimensional ISI makes
it almost impossible to design such a detector. As a result, we
focus on the application of practical, but sub-optimal detection
schemes. Almost all such techniques first require the least-
mean square linear characterization of the TDMR channel as
discussed in the previous section, whereby, the channel output
can be written as,

ri,j =

∫∫

h(τ1, τ2)m(iT1 − τ1, jT2 − τ2) dτ1 dτ2

=

Lr/2
∑

λ1=−Lr/2

Lc/2
∑

λ2=−Lc/2

h̃λ1,λ2
ai−λ1,j−λ2

+ ei,j

where,T1 andT2 are the sampling period in the two dimen-
sions and̃h is the characterized channel of sizeLr×Lc. In this
paper, we do not consider the effects of noise coloration. With
the assumption that the noise samplesei,j are independent and
Gaussian distributed, the MAP detector can be implemented
using the BCJR algorithm that operates on the trellis of the 2-
D ISI channel. However, it is still prohibitively complex even
for modest sector sizes. If a sector comprises ofM rows, then
the 2-D trellis will have2M ·(L−1) states and2M incoming
and outgoing branches for each state.
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MAP detectors for 2-D ISI channel with independent and
identically distributed noise has received considerable at-
tention since the multi-head multi-track magnetic recording
system was first proposed by Barbosa [12]. Since then, many
sub-optimal and relatively low-complex algorithms have been
proposed. A popular and recurring theme has been to divide
the sector into many smaller sets of rows (or columns) and
detect each set independently. On one extreme, every row of
the sector can be independently detected by ignoring the ITI.
On the other extreme, all rows of the sector can be jointly
detected. Naturally, many architectures are possible in between
these two extremes with varying levels of complexity and sub-
optimality [10]. In this work, we focus on the performance of
the detection schemes that form the two extremes. We also
focus on an another approach that was recently proposed in
[13], which we discuss next.

C. Separable 2-D MAP Detector

In [13], it was shown that if the 2-D ISI matrix is separable
into a row and a column vector, then a relatively low-complex
detector can be developed. To see this, consider the 2-D ISI
matrix H = {hi,j}. If H = Ū V̄ where,Ū and V̄ are column
and row vectors, respectively then the output of such a channel
is given as,

ri,j =
∑

t1

∑

t2

hi−t1,j−t2at1,t2

=
∑

t1

∑

t2

ui−t1vj−t2at1,t2

=
∑

t1

ui−t1

(

V̄ ∗ at1,:

)

=
∑

t2

vj−t1

(

Ū ∗ a:,t2

)

where, ′∗′ denotes the convolution operation,at1,: and a:,t2

denote rowt1 and columnt2 of matrix A, respectively. There-
fore, if the readback response is separable, then the channel
can be considered to be a concatenation of two 1-D channels,
one resulting in ISI along the downtrack direction (row)
and the other resulting in ISI along the cross-track direction
(column). Consequently, an iterative detector consistingof
two 1-D detectors can be developed as shown in Fig. 4. The
row-ISI detector is a non-binary MAP detector, whereas the
column-ISI detector is a binary MAP detector, which does not
use channel information. The extrinsic information produced
by the two detectors are used asa priori probabilities by each
other in subsequent iterations. More details of the algorithm
can be found in [13].

The linear channel response that best characterizes the
TDMR channel may not be separable. However, usually some
small approximations are often enough to make them separa-
ble. In this work, since we assume a bit aspect ratio (BAR)
of 2, the ISI is dominant over ITI and as a result we choose
to approximate the ITI in order to achieve separability. For
a 3 × 3 characterized channel matrix̃H = {h̃i,j}3×3, the

ijq

),0( 2σije

Column ISI +
ija ijr

Row ISI

rH
~

cH
~

Column ISI
Detector

Row ISI
Detector+

+

-

-

Fig. 4. Iterative detection for a separable 2-D ISI channel.

separable vector components are given as,

vi = h̃2,i ∀ i = {1, 2, 3},

ui =
1

3

∑

j

hi,j

h2,j
∀ i = {1, 2, 3}.

The bottle-neck in this detector is the complexity of the non-
binary row-ISI detector. ForL × L characterized channel,
the row-ISI trellis consists of2L(L−1) states. Therefore, this
detector becomes infeasible forL > 3.

IV. SIMULATION RESULTS AND ANALYSIS

Traditionally, BER is measured as a function of signal-to-
noise (SNR) ratio. As TDMR is one of the potential next-
generation magnetic recording systems, we are interested in
estimating the operating channel density of the TDMR system
that maximizes the user storage capacity. Although, the SNRis
related to the channel density that relationship varies with the
SNR definition and is not consistent across the board. In this
work, we determine the BER performance of various detectors
directly as a function of channel density.

For our simulations, we characterized the channel as a
3× 3 matrix and assumed a 2D Gaussian profile for the head
response with a T50 of 1 grain diameter, where the grain
diameter is defined as the square root of the average grain size.
This is a sharper response than what is currently achievable,
but represents a speculated value for a future recording system
and can be modified when the number becomes known. The
results are as shown in Figure 5. The horizontal axis is the
bit cell size normalized to the average grain size or (channel
density)−1. The channel density is varied by changing the
size of the bit cell. As the normalized bit size increases the
SNR improves and the BER drops for all detectors. Since
we assume a BAR of 2, the ITI turns out to be significantly
smaller than the ISI. Consequently, the 1-D MAP detector,
which doesn’t account for the ITI performs fairly close to
the 2-D MAP detector, while the separable 2-D MAP detector
performs even closer. It is interesting to note that the inversion
detector performs marginally better than other detectors at high
densities, but does worse as the density drops.
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As the T50 of the response is increased, the 2-D MAP
detector and 2-D separable MAP detector start to outperform
the 1-D MAP detector by a larger margin as the ITI becomes
more significant at all densities. This result is shown in
Figure 6, where T50 is 1.8 times the average grain diameter.

The capacity [14] for a binary symmetric channel (BSC)
can be calculated according toC = 1 + p log2(p) + (1 −
p) log2(1 − p) where p is the probability of error over the
BSC: p = P (1/0) = P (0/1). Figure 7 shows the capacities
for each detector, if the combined channel+detector system
behaved like a BSC with probability of errorp =BER. C has
the same units as the code rateR, in user bits per channel bits.
According to Shannon’s theorem [14], the channel capacityC
is the theoretical limit of the best code rate that can operate
over the BSC with error-free transmission. This means that

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Normalized Bit−Cell Size (grains/user bit)

C
ap

ac
ity

 (
U

se
r 

bi
ts

/C
ha

nn
el

 b
its

)

 

 

Threshold detector
Inversion detector
1−D MAP
2−D Separable MAP
2−D MAP

Fig. 7. The channel capacity assuming a BSC channel with probability of
error p =BER.
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no code exists over the channel, with rate larger thanC, that
can achieve error-free transmission. Conversely, and equally
importantly, codesdo exist with code ratesR < C that
can produce error-free transmission, i.e. the error rate can
be brought arbitrarily low. These joint conclusions mean that
finding the actual capacity of the granular media channel is
very important. Unfortunately, this is also very difficult to do.

In [15], Kavcic et. al. have bounded the channel capacity for
a granular medium channel under the assumption of a medium
with just 4 types of grains, and without ISI/ITI/AWGN. The
bounds computed there place the capacity between0.6 <
C < 0.8 bits per grain (bpg), these bounds are shown on
the horizontal axis in Figure 5. Also marked on the horizontal
axis are the 10Tb/in2 and 4 Tb/in2 points assuming an average
grain-size of 6nm.

It should be noted that Shannon’s theorem needs to be
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interpreted with a some caution. Firstly, it is an existence
theorem, in that it guarantees the existence of a code with rate
R < C that can produce error-free transmission, but it does
not tell us how to construct such a code. Secondly, codes that
approach the Shannon capacity will have block lengths that
tend to∞, and the corresponding computational complexities
to decode them as well. Hence codes operating at capacity
are not practical. The challenge becomes to find codes that
approach the capacity, while remaining “practical”. In 1-D,
LDPC codes are known to be practical codes that come very
close to the Shannon capacity limit.

Another quantity of interest is the limit on the achievable
user density, that can be obtained by dividing the channel
capacity plots in Figure 7 (user bits/channel bit) by the
normalized bit cell size (in grains per channel bit) and has
the unit of user bits per grain. This gives the plots shown
in Figure 8. Note that the horizontal axis now refers to the
normalizedchannel bit cell size. This figure shows that the
storage capacity peaks at0.36 user bits per grain (bpg) for the
2D-MAP detector, when operating at a channel density of0.4
channel bpg. To be explicit the best performance amongst the
tested detectors, is the 2D-MAP detector operating at a user
bit density of 0.4 channel bits per grains, having a raw BER
of about1.5 × 10−2 and an equivalent raw BSC capacity of
almost 0.9 user bits/channel bit. If we could find a code that
operated at the BSC capacity of 0.9 user bits/channel bit, it
would have the corresponding user bit density of 0.36 user
bits per grain.

As mentioned, [15] showed that the lower and upper bounds
on capacity are 0.6 and 0.8 user bpg, assuming a slightly more
idealistic medium. We can perhaps optimistically target the
lower bound of the density at 0.6 user bpg, given that our
channel model has arbitrary grain sizes and ISI/ITI as well
as AWGN. The BSC capacity of 0.36 user bits/grain for the
2D-MAP detector still falls quite short of this target. Thisgap
can be attributed to the suboptimality of the 2D-MAP detector.
The 2D-MAP is optimal when the noise is white. However it is
known from the 1D case that the media noise is quite far from
white, and strongly signal dependent. To close the gap between
the existing detectors, and the targeted channel density of0.5
user bpg, we need to implement more powerful detectors that
take into account the colored and signal dependent noise. Once
this is done, it is possible that the operating point may shift
from channel density of 0.4 bpg.

This method of plotting BER as a function of channel
density allows a direct comparison of the maximum achievable
density and the density achieved by a particular detector
and decoder. From Shannon’s theorem, we know that no
code exists that can achieve error-free transmission at (rates)
densities larger than capacity, and conversely, codes do exist
that can achieve error-free transmission at (rates) densities
below capacity. In Figure 5, this means that once codes are
introduced, the FER will necessarily be large to the left of
the Kavcic capacity line (lower bound), and will have the
possibility to fall off quickly, to the right of the capacity
line, the goal being to find the code that pushes the limits of
the capacity while remaining computationally tractable. The
proximity of the 10Tb/in2 line to the lower bound means

that it is going to be very difficult to find a code that has
a waterfall region that can drop down to the10−14 error rate
levels required for commercial viability in the gap between
Kavcic’s lower bound and the 10Tb/in2 mark (assuming a
grain size of 6nm). This means that 10Tb/in2 is not likely to be
achievable on media with 6nm grains, in any situation (which
may also have applications in HAMR). By contrast, 4Tb/in2

looks quite feasible, the challenge remains to find and test the
code that has a sharp drop off, that occurs to the left of the
4Tb/in2 mark on the graph.

V. CONCLUSION

The novel contributions of this work are threefold. We have
proposed and characterized a novel model, the GFP, for the
TDMR channel based on Voronoi grains and micromagnetic
simulations. We have implemented and tested 3 detectors over
the previous TDMR channel model, and we have presented a
new way of plotting and interpreting the results as a function
of the user bit density.

The new channel model benefits from the best of 2 worlds,
having the speed required to produce billions of bits for
channel simulations, while having the accuracy of micromag-
netic simulations. It requires a characterization phase lasting
possibly days to populate the LUT. The future work for this
model is to test the GFP with some of the detectors described
in this paper.

The detectors implemented here were taken from the litera-
ture, but to our knowledge have not previously been applied to
a TDMR channel. Based on BSC capacities calculated using
these detectors, and capacity results obtained from [15] we
are able to estimate how far from capacity these detectors
are performing. We are hypothesizing that the coloured media
noise is the main cause of the gap between the current
detectors’ performance and capacity. Thus the future work for
the detectors is to implement noise predictive (NP) and pattern
dependent noise predictive (PDNP) versions of the current
detectors to close this gap.

In the past, BER/FER performance plots have typically been
as a function of the SNR, since the SNR is expected to degrade
with increasing density. This method suffers from too many
individual definitions of SNR on the one hand, and a lack
of a link to a study showing how the SNRs degrades with
density on the other. In order to draw stronger conclusions,
it is advantageous to plot the BER/FER performance curves
directly as a function of the density. This can only be done
with an appropriate channel model that takes the density into
account. Our plots are tied to the channel model using Voronoi
cells to mimic the behaviour of the grains, and the density
is defined with respect to the average grain size. With user
bit sizes plotted on the horizontal axis, the benefits are 3-
fold. First, the performance of the detectors can be directly
compared with the results from capacity computations giving a
quantitative estimate of how well the detectors are performing.
Second, the absolute density can be plotted on the same axis
for a given grain size giving an estimate of how close the
density is to capacity and therefore whether or not that density
is likely to be achievable. Third, once codes are introduced, a
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water-fall region is again expected as with the BER vs SNR
plots. The success or failure of TDMR at a given density
can be partially claimed by observing whether the waterfall
region occurs above or below the targeted density. Only a
partial success can be claimed because we are neglecting the
effect of error floors that may occur below the field of view.
In the absence of the error floors, and if the channel model is
accurate, then the plots introduced in this paper, can be used to
determine the viabilty of TDMR as an architecture to support
towards 10Tb/in2 recording.

The authors would like to acknowledge Roger Wood as the
proposer of TDMR and the motivator behind its continued
progress. This work was sponsored by INSIC.
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