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Abstract
Multilevel DRAM (MLDRAM) attempts to increase storage
density by recording more than one bit per cell. Several dif-
ferent two-bit-per-cell schemes have been described in the
literature; however, it is difficult to compare them directly
because the original papers use different technologies and
operating conditions. This paper presents a detailed simu-
lation study that compares three published MLDRAM
schemes, along with a new MLDRAM scheme that com-
bines the speed of a MLDRAM proposed by Furuyama et
al. and the noise cancellation techniques of a MLDRAM
proposed by Gillingham. Our SPICE simulation models
use the same array size and process models for each to
allow us to make direct comparisons.

1. Introduction

It is becoming increasingly expensive to raise the stor-
age density of DRAM by reducing the physical size of the
cells and using complex three-dimensional cell capacitor
structures. One additional dimension, which has yet to be
successfully exploited in commercial parts, is to store more
than one bit per cell. In a DRAM cell this involves storing
and then subsequently sensing more than two distinct volt-
age levels on the cell capacitor. Figure 1 illustrates how one
might encode the four logic pairs 00, 01, 10, and 11 as four
equally-spaced voltage levels in the range VSS=0 to VDD.
To extract the two bits from a cell, the cell voltage must be
compared to at least two of the reference levels. For exam-
ple, the most significant bit (MSB) can be determined by
comparing the cell voltage with an MSB reference of VDD/
2. If the result of this comparison yields a logical 1 (i.e.
VCELL > 3VDD/6) then a second comparison is done with a
least significant bit (LSB) reference level of 5VDD/6. Oth-
erwise, a logical 0 result from the first comparison implies
the use of an LSB reference of VDD/6. In this way both bits
can be extracted sequentially.

One important challenge in MLDRAM that is evident in
Figure 1 is that the differential signal strength, and thus the
noise margins for a 4-level MLDRAM, will be only one
third those of a conventional 2-level DRAM with the same
supply voltage. This makes MLDRAM more vulnerable to

soft errors, leakage current from the cells, and sense am
fier offsets. It is still unclear whether or not the advantag
of MLDRAM can be achieved despite these technical cha
lenges.

Several different MLDRAM schemes have been pro
posed in the literature [1-4]. They differ in the technique
used to store the four analog cell voltages and/or the te
niques used to sense and restore the cell signals. It is d
cult to compare these schemes directly because they w
described for different processes at different times. To b
ter gauge the real advantages and disadvantages of
alternative schemes, it is important to compare them fai
using the same process parameters, array size, and de
models. In this paper we describe a simulation study th
attempts to provide a fair comparison of the MLDRAM
schemes described by [2], [3], [4], and a new scheme t
we are proposing. We did not consider a 4-level version
the 16-level MLDRAM scheme proposed by [1] becaus
fundamental limitations (e.g. long access time) render
uncompetitive with the other designs.

This paper is organized as follows: In the next sectio
we review the three published MLDRAM schemes th
were considered in our study. Section 3 introduces a n
MLDRAM that attempts to combine the advantages of th
MLDRAMs of [2] and [3]. Section 4 details the assump
tions and conditions under which our simulations were pe
formed. Section 5 presents our simulation results, and
implications of these results are discussed in Section
Section 7 makes concluding remarks and suggests app
priate directions for further research.
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Figure 1.  A two-bit-per-cell storage scheme.



lti-
it-
-
2).
e

he
ach
in
by
e)

ffer
o

e
on-
a

in

la-
the
ns
to
at
f

2. A Review of Published MLDRAMs

The key internal operations in DRAMs involve sensing
and restoring cell voltages. The sensing and restoring tech-
niques for conventional two-level DRAM are well known
and do not vary much between designs [5]. When imple-
menting MLDRAM, it is the sense and restore scheme that
becomes the most difficult circuit to design. The multi-
level sense and restore scheme must provide the capability
to extract data encoded as one of many allowed voltage
ranges on a capacitor (the sense operation), and have the
capability to take multiple bits and convert them to one of
many nominal voltage levels (the restore operation).

To analyze the various sensing schemes that have been
proposed, the strengths and weaknesses of each potential
candidate must be addressed. First off, circuitry size is crit-
ical. The sense and restore circuitry must at least fit in the
width of one or two columns of memory cells (the bitline
pitch). Second, insensitivity to process variation is highly
desirable. In the charge sharing operations used in
MLDRAM, the capacitances involved depend on many
process parameters, each of which impacts differently the
cell and bitline capacitances. Third, noise insensitivity is
required. DRAMs are electrically balanced so that the
common mode noise rejection in the sense amplifiers is
very high. This requirement is important because, as noted
earlier, in MLDRAM noise margins are decreased consid-
erably. Fourth, MLDRAM should be comparable in speed
to DRAM. This requirement is difficult to meet because of
the potential increase in sequential steps needed to extract
and then write back multilevel encoded data.

2.1. Furuyama’s Multilevel DRAM

T. Furuyamaet al. propose a multilevel sense and
restore method in [2]. In this scheme four voltage levels are

mapped to two bits as described in Figure 1. To read mu
level data, the cell charge is shared with a bitline. The b
line itself is modified so that it can be split via signal SWT
into three equal parts called sub-bitlines (see Figure
After sharing the cell signal charge equally with the thre
sub-bitlines, they are isolated from one another via t
SWT- switches and a sense amplifier is connected to e
via the CNCT switches. The multilevel data is compared
parallel to the three references (those of Figure 1 diluted
the ratio of the cell capacitance to the bitline capacitanc
that are available through the dummy wordline (DWL). A
data-bus carries the three sense amplifier outputs to a bu
after which the three logic values are converted into tw
bits according to the function shown in Table 1.

Restoring the data involves simply disconnecting th
sense amplifiers from the three sub-bitlines and then rec
necting the sub-bitlines together. Charge sharing will give
final voltage on the bitline equal to the correct value (VDD,
2VDD/3, VDD/3, or VSS). The wordline is then brought to a
low voltage thus capturing the desired multilevel voltage
the addressed cell.

The advantages of this design are that it is fast and re
tively simple. Using three sense amplifiers means that
two bits are available at the same time. This also mea
more area is devoted to supporting circuitry rather than
storage cells, reducing the potential density gain th
MLDRAM technology offers. The main disadvantage o

Figure 2. Schematic used for simulating the MLDRAM from [2].

Table 1: Conversion Function for[2]

Sense-Amplifier Results Two-Bit Data Value

000 00
001 01
011 10
111 11
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the scheme is that it is susceptible to sensing errors due to
improper reference values. The potential for such errors
arises from the use of global reference voltages (VDCA,
VDCB, VDCC) that need to be generated on chip and dis-
tributed across the array. A slight inaccuracy in the global
reference voltage levels would be enough to introduce
errors.

2.2. Gillingham’s Multilevel DRAM

Another MLDRAM scheme is proposed by Gillingham
[3]. The same restore technique as [2] is employed, but the
sensing method is quite different. The architecture consists
of cell columns implemented using two pairs of sub-bit-
lines, with each pair having a sense amplifier at one end
(Figure 3). The four sub-bitlines can be connected in six
different ways using a transistor switch matrix. As well,
each sense amplifier can be disconnected from its respec-
tive sub-bitline pair through yet another set of switches.
Unlike the parallel operation of the sense amplifiers used in
[2], this scheme uses sequential sensing. The choice of ref-
erence level used in the second sensing operation comes
from the result of the first sensing operation. Referring to
Figure 3, an initial MSB sensing operation compares the
multilevel data to VBLP=VDD/2. The reference for the final
sensing operation is generated by storing the sensed MSB
value (either VDD or VSS) back in the accessed cell, pre-
charging three sub-bitlines to VDD/2, and then sharing the
MSB charge from the cell onto the three sub-bitlines. If the
first sensing operation reveals that the cell voltage is above
VDD/2 then the second sensing operation will compare
(after dilution) the cell voltage to an LSB reference of

5VDD/6. Conversely, if the first sensing operation revea
that the cell voltage is below VDD/2 then VDD/6 is chosen
as the LSB reference. The results of the two sensing ope
tions produce the MSB and LSB values for the on
addressed cell. At this point the data is latched at the se
amplifiers and ready for reading and writing. As in [2]
these techniques involve exploiting the carefully match
sub-bitline capacitances.

The major advantage of [3] is that this circuit uses loc
components to do sense and restore operations. Spe
cally, the scheme uses local generation of reference v
ages. This means that the reference signal is created u
the cell which is being read, rather than special referen
cells and power supplies as in [2]. Any gradual paramet
differences across the chip will not affect the referen
quality. All of this should lead to higher yield and greate
reliability. Another redeeming quality is that the circuit i
composed of proven standard DRAM sub-circuits. Th
the departure from proven techniques is limited to the op
ational and configuration of these rather than the optimiz
cell array.

A drawback to [3] is the time penalty implied by
sequential sensing. There are also some required op
tions involving the charging of the bitlines between sensin
and restoring that add time to the cycle. Although there a
only two sense amplifiers per column, significant area
taken by the central switch matrix area. Another drawba
is the complexity of the control logic required. In particu
lar, the scheme calls for multiple transitions on the wor
line and the dummy wordline (used for noise cancellatio
and capacitive balance). Multiple transitions may be dif

Figure 3. Schematic used for simulating the MLDRAM from[3].
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cult to generate and may require larger drivers and charge
storage areas for wordline boosting.

2.3. Okuda’s Multilevel DRAM

The third MLDRAM scheme that we are considering
was proposed by T. Okudaet al. [4]. For this experiment
we are only interested in the multilevel sense and restore
method so the bitline time-multiplexing and offset cancel-
lation aspects of the design were left out. Although the
amplifier arrangement has been demonstrated [6] to be an
effective method of increasing device reliability, it could be
incorporated into any of the schemes considered here.

As in [3], the cell data is extracted using sequential
sensing. However, rather than using local charge sharing to
generate the LSB reference voltages, a capacitive coupling
method is used. The value of the most significant bit is
placed onto a capacitor which bumps the second reference
value up or down from the middle reference to one of the
two possible LSB references. The restore scheme is similar
to the previous two, but the architectural configuration is
not inherently balanced so great care is required to ratio the
bitline capacitances properly.

The obvious advantage to this scheme is its simplicity.
The extra circuitry needed is minimal and the control tim-
ing is relatively simple.

Perhaps the most vulnerable aspect of this design is the
use of the coupling capacitors to produce the LSB refer-
ence. These capacitors must be exactly proportioned to the

cell capacitance since any error in the ratio translat
directly into a reduction in the noise margins.

3. A New MLDRAM Scheme

It is possible to combine the fast access advantage of
with the local reference generation ideas of [3]. We pr
pose a new MLDRAM in which, like [2], each bitline pair
is divided into three equal-length sub-bitline pair segmen
where each segment is provided with a sense-amplifier c
cuit. This allows fast, single-step flash-conversion sensin
Instead of using globally-generated reference voltages
sensing, the new scheme uses charge-sharing techniq
between three adjacent sub-bitlines, reminiscent of [3],
locally generate the three necessary reference levels.

Figures 5 and 6 illustrate the new MLDRAM. Figure 5
shows the two different sub-bitline pair configurations use
and Figure 6 shows how nine sub-bitline pairs are org
nized as a 3-by-3 array. The position of each sub-bitli
pair is identified by a horizontal co-ordinate {L, C, R} and
a vertical co-ordinate {T, M, B}. The sub-bitlines can b
connected together horizontally, L to C to R, via switche
controlled by signals SWT0 and SWT1. In addition, th
sub-bitlines can be connected vertically, T to M to B, vi
switches controlled by signals REF0 and REF1.

The M sub-bitline pairs differ slightly from the T and B
sub-bitline pairs in connections made to generate wo
lines GW0 and GW1 and reference wordlines RW0 an
RW1. These special wordlines are identical to norm
wordlines in all respects except that the cell access tran
tors for GW0 and GW1 are missing in the M sub-bitlin
pairs (following configuration SBL_RW in Figure 5), and
the cell access transistors for RW0 and RW1 are missing
the T and B sub-bitline pairs (following configuration
SBL_GW in Figure 5).

The sub-bitline pairs also differ in connections made
transistors controlled by the signal GEN. This signal
used to generate the reference voltages after a restor
preparation for the next sensing cycle. As shown
Figure 6, signal GEN connects the sub-bitlines to eith
VDD, VSS or VBLP. The organization of these connection
used is critical, though there are some possible variatio
The signal GEN connects the sub-bitlines TL and BL
VSS, TR and BR to VDD, and all others to VBLP.

Reference cells are provided in the ML, MC and MR
sub-bitline pairs. Consider ML first. Sub-bitlines in TL
ML, and BL are precharged separately to VSS, VBLP, and
VSS, respectively, by asserting the GEN signal. To ensu
that the capacitances of all sub-bitlines are equal, the RW
RW1, GW0 and GW1 signals are all asserted causing e
sub-bitline to have the same capacitance equal to the p
sitic capacitance of the bitline (CB) plus one memory cell
(CC). After charging, the sub-bitlines are shorted togeth

Figure 4. Schematic used for simulating the MLDRAM
from [4].
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(T to M to B) creating the final voltage of VDD/6. The same
operation is performed on the C and R groups of sub-bit-
lines but the charged values for these cause the resulting
voltage to be VDD/2 for TC, MC, and BC and 5VDD/6 for
TR, MR, and BR. Having created the three required refer-
ence voltages, the reference voltages are stored in the refer-
ence cells by de-asserting signals RW0 and RW1 in L, C,
and R.

At the start of the sense/restore cycle all sub-bitlines are
shorted together through REF0, REF1, SWT0 and SWT1,
and precharged to VBLP through the precharge devices in
the sense amplifiers. Consider a read to a cell on an even
wordline WA[0] in TL. In Figure 7 below it can be seen
that the cell signal will be shared with even bitline BL0.
Thus an appropriate reference cell signal must be shared

with the odd bitline (BL1). After disconnecting all of the
sense amplifiers from the sub-bitlines through sign
CNCT, the cell signals and reference cell signals are d
tributed as follows. Referring to Figure 6, the odd sub-b
lines are disconnected in the horizontal direction by d
asserting SWT1, leaving the even sub-bitlines connec
horizontally. At the same time, the even sub-bitlines a
disconnected from each other in the vertical direction b
de-asserting REF0, leaving only the odd sub-bitlin
shorted vertically. After this operation the wordline WA[0
and the reference wordlines RW1L, RW1C and RW1R a
asserted. The cell signal is shared horizontally along th
even sub-bitlines for each of T, M and B, and the referen
cell signals are shared vertically along three odd sub-b
lines for each of L, C and R. Each cell signal and each re

SBL-GW

SBL-RW

Figure 5. “Generate” and “Reference” sub-bitlines for the proposed MLDRAM scheme

Figure 6. Schematic for the proposed MLDRAM scheme
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erence cell signal is diluted onto the same bitline
capacitance (three sub-bitlines) and so the resulting differ-
ential signals are correct. The final step in sensing is to iso-
late all sub-bitlines and then connect and power up the
sense amplifiers.

Restore is performed using charge sharing among L, C
and R sub-bitlines in essentially the same way as [2]. Fol-
lowing restore the reference voltages are generated and
stored as described above.

4. Experimental Setup

The simulations were performed using a process based
on a composite of typical 250 nm CMOS processes. For
each scheme, a minimum of 256 wordlines and one bitline
pair were modeled (three were required in the new
scheme). For a control case, a DRAM bitline pair was
modeled and simulated. This can be used to compare the
various advantages and disadvantages of MLDRAM in
general.

Ideal capacitors were used for the cells and a distributed
RC model was used to model the bitline parasitic resistance
and capacitance. For all of the schemes, the same organiza-
tion of memory cells was used, as can be seen by the sym-
bol “4MC” in Figures 2, 3, 4 and 5. The basic cell array
model is shown in Figure 7. This fundamental unit of cells
requires that schemes [2] and the proposed scheme have
greater than 256 wordlines since the number of sub-bitlines
is not a factor of 256. It should be noted that the CGSof the
cell access transistors and the switches account for most of
the bitline capacitance. CP2is added as a way to control the
cell-to-bitline capacitance ratio and is intended to only
loosely resemble the bitline poly capacitance encountered
in a DRAM process.

Figure 7. The model for four memory cells (4MC).

The same sense amplifier model was used for all simu-
lations, as can be seen in the figures above. Each scheme
uses a generic DRAM sense amplifier as a building block
so this is a parameter that can be controlled without biasing
the performance of any scheme. The sense amplifier used
in the simulations is shown in Figure 8. To get realistic
sensing times in a DRAM environment, a resistor was
added in series with each of the SAP and SAN- voltage
sources to provide transient behavior similar to a worst
case in a conventional DRAM.

The other controlled parameters are given in Table
The resistances, capacitances, and transistor lengths
widths pertain to Figures 2-8.

The SPICE simulations were performed as described
their respective papers. Wherever possible, timing wav
forms and circuit configurations are true to their pap
descriptions, but some modifications were required to
the schemes into the experimental setup. For example,
sense amplifier in [2] is slightly different from the one tha
we used (Figure 8), but both work for the MLDRAM
scheme.

For MLDRAM, as in regular DRAM, read and write
operations occur once the sense amplifiers are turned
The modeling and operation of the data-bus and colum
access was not included in the simulations. Each sche
could be equipped with the same data-bus interface an
is assumed that the use of this interface is not crucial
MLDRAM operation.

Simulations were performed in two steps. First, ea
scheme was simulated with relaxed timing to allow nod
to reach steady state between switching operations. A
the steady state values were determined, the timing w
optimized by compressing the operations in time as mu
as possible without compromising MLDRAM operation o

Table 2: Simulation Conditions

Parameter Description Value

VDD Main supply voltage 2.50 V

VBLP Bitline precharge 1.25 V

VCP Cell capacitor common node 1.25 V

VBOOST High value for boosted NMOS switches 3.50 V

T Temperature 27 C
tr, tf Control signal rise and fall time 2.0 ns

tw Wordline rise and fall time 5.0 ns

tskew Time allowance between edges 0.5 ns

RBL Bitline resistance per cell 25 ohms
CP2 Bitline poly parasitic capacitance per cell 100 aF

Cc Cell capacitance 25 fF
Cb/Cc Full Bitline to cell capacitance ratio ~5.33
WCAT Cell access transistor width 300µm
LMIN Transistor minimum length 250µm
WSA Sense amplifier transistor width 2.0µm
LSA Sense amplifier transistor length 0.5µm
WSW NMOS switch width 1.0µm
WPRE Precharge transistor width 0.5µm

Figure 8. The model used for the sense amplifiers.
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signal quality. The criteria used to optimize the timing are
shown in Table 3. Wherever a charge sharing operation was
performed, the worst case of the nodes involved was
allowed to meet the criterion before the next step of the
critical timing path occurs. On top of this convergence time
allowance, a constant delay, tskew (Table 2), was added
between each edge to accommodate any skew between sig-
nal edges that might occur in a real chip.

5. Results

Our results are summarized in Table 4. Sense amplifier
(SA) activation is the time when the SEN signal (Figure 8)
begins to rise. The bitline (BL) 0.5V split is the time it
takes the sense amplifier to cause a differential voltage of
0.5V to develop on the bitlines (or sub-bitlines). This
parameter is important because the different sensing opera-
tions take different times and the 0.5V split gives a fair
indication of the delay required for a read operation. For
[3] and [4] the MSB and LSB are available at different
times so there are separate rows in Table 4 for the two bits.
The cycle time is measured from the first event to the time
when the final precharge criterion (from Table 3) is met.

An example of the sense and restore waveforms from
the simulations is shown in Figure 9. All bitlines with all
possible data values are plotted for each scheme, including
the one-bit DRAM case. Each plot shows the full sense and
restore scheme. Unlike the others, the new scheme is
shown starting with the restore, then precharging, and fin-
ishing with the sensing. This was done to avoid assuming
perfect reference cell signals at the start. Rather, the refer-
ence cell signals are generated and captured in the refer-
ence cells. The precharge follows just before the actual
start of the sense and restore cycle at t=45ns.

From examining the waveforms one can see that for [2]
and the new scheme there is only one sensing operation,
indicative of the flash-style sensing. For [3] and [4] the two
sequential sensing operations can be seen.

Another observation is that the quality and placement
the restore values varies somewhat. This is an indication
the degree to which the sub-bitlines used in the restore
matched and balanced, and the degree to which cha
injection effects are cancelled.

Figure 9. Sense and restore waveforms.

6. Discussion

The quantitative and qualitative aspects of th
MLDRAM schemes are compared briefly and summariz
below in Table 5, 1=Best Case and 5=Worst Case.

As compared with conventional two-level DRAM, al
MLDRAMs suffer in terms of speed. From the results it i
clear that the parallel sensing used both in [2] and the p
posed method provide the fastest access and cycle time

The energies per bit are all higher than for DRAM. Th
reason for this is as follows. For [2] and the propose
method there are three sense amplifiers that operate
cycle. For each sense amplifier, significant crowbar curre
leaks from VDD to VSS during the first few moments of
sensing, thus increasing the energy used despite the
that approximately the same capacitance is being char
to the same voltage as in a DRAM. This is also true for th
other MLDRAM schemes, but they have fewer sen

Table 3: Timing Optimization Criteria

Switching operation Criteria

Switch turning off None (only rise/fall time + tskew)

Charge sharing 99% of their steady state value
Sensing Within 5mV of the power supply voltage
Precharging Within 1mV of VBLP

Table 4: Simulation Results

Parameter DRAM [2] [3] [4] New

SA activation, 1st bit (ns) 8.00 14.06 18.33 15.27 14.25
BL, 0.5V split, 1st bit (ns) 9.08 16.73 20.16 17.00 17.03
SA activation, 2nd bit (ns) N/A 14.06 70.25 34.04 14.25
BL, 0.5V Split, 2nd bit (ns) N/A 16.73 72.50 35.40 17.03
Cycle time (ns) 37.87 57.75 152.48 82.09 77.74
Energy per bit (fJ/bit) 809 1101 1490 767 1605
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amplifiers leaking charge to ground. The other reason for
increased energy per bit is the use of control switches. The
energy used to switch devices on and off was significant,
especially for those signals which needed to be boosted
above VDD.

The energy of [3] is higher than [2] because there are
more charging operations per cycle. Specifically, during
restore in [3] one sub-bitline is completely charged from
VSS to VDD. As well, the control switching is the most
complex so the energy required for this is highest. The
energy of the proposed method is higher than [2] because
the reference generation procedure requires extra energy to
charge the required bitlines to VDD. The energy of [4] is
actually lower than that of DRAM because it has minimal
extra control circuitry and sparse use of boosted control
signals in order to recover two bits.

In terms of area, [4] has the least increase over DRAM
because it uses a minimal amount of circuitry and only two
sense amplifiers. [3] is a close second to [4] because of the
extra area used by the switch matrix. [2] and the proposed
scheme have the worst overall area gain because they use
three sense amplifiers per bitline.

In terms of robustness, the new scheme is ranked the
best among the MLDRAMs because of the use of local ref-
erence generation and local charge sharing based restore.
In terms of signal quality it is better than [3] because it has
balanced control switch usage, which means charge injec-
tion errors are not a concern. [2] has good robustness
because it uses charge sharing for the restore voltage, but it
may suffer from the accuracy and impedance of the voltage
supplies that are required to charge the reference cells. [4]
ranks last because, although it uses charge sharing, LSB
sensing depends heavily on the capacitor used to generate
the reference. The exact size of this capacitor is critical and
this raises reliability concerns.

The final criterion on which the MLDRAMs are com-
pared is the control complexity. In general, the more com-
plex the control timing, the more room there is for skew
errors that affect the soft error rate. Furthermore, the more
control logic that is required, the more area and power is
consumed when generating the signals and driving the long
control wires. The ranking shown in Table 5 is given
according to the number of edges required for the cycle.

7. Conclusions

MLDRAM has been proposed by several authors as
way of increasing storage density without reducing th
physical feature size. As a result of the disadvantages
reduced noise margin, increased circuit complexity a
longer access and cycle times, MLDRAM has yet to ent
production parts. The simulation study presented in th
paper is a step towards fulfilling the promise of MLDRAM
by attempting to clarify the real strengths and weakness
of proposed MLDRAM schemes. Another contribution o
this paper is the introduction of a new MLDRAM schem
that reduces the access time disadvantage of [3] wh
retaining the advantages of charge-sharing restore a
local reference voltage generation.

We believe that the results of our simulation study a
sufficiently promising to justify the implementation of tes
chips. Samples of a small test chip for [3] were availabl
but not yet tested, at the time of writing. We also plan
implement our new MLDRAM. Characterization of the
test chips should help resolve remaining concerns, such
soft error rates, noise margins, and refresh requirement
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