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A multilevel DRAM (MLDRAM) increases the per-cell 5 _ LseReference_]

storage capacity over conventional DRAM by using more , C Vortage

than two cell signal levels. The key challenge when de- 3V 1 0

signing an MLDRAM is to ensure reliable operation using S - SR

the more closely spaced signal levels despite the presence L vy Stored Voltage 0 1

of on-chip noise and the inevitable small variations in cir- 1, LSBReference ]

cuit parameters that occur in integrated circuit (IC) pro- - ® N ored vottage 0 0

duction. This paper describes a test chip that implements
an inherently balanced and robust MLDRAM scheme pro-
posed by Birk et al. The chip has an adjustable cell ca-
pacity that can be selected from among 1, 1.5, 2 and 2ligital data stored in such a cell are sensed by comparing
bits per cell. Fractional bits arise when groups of two dpe cell signal with reference signals that lie midway be-
more cells are considered together. Thus if each cell irf%€en the expected cell signal levels. (In a real DRAM,
pair stores one of six possible levels, then each cell & cell signals that must be sensed are attenuated towards
a capacity of 2.5 bits. The test chip should facilitate tH&€ bitline precharge voltagesbause of charge sharing
experimental characterization of the proposed MLDRANetween the storage node capacitadgeof the cell and
scheme. the larger bitline capacitano€,. In our test chip, for
example,Cy is roughly 10 times the value @f..) In a
2-bits-per-cell MLDRAM, the fastest way of sensing the
stored data is to simultaneously compare the three (suit-
1. INTRODUCTION ably attenuated) reference signals with three copies of the
attenuated cell signal. The major challenge when design-
The per-area storage density of dynamic randmeess inga practical MLDRAM is to ensure sufficiently high re-
memories (DRAMSs) has been increased dramatically fiability despite the reduced noise margins implied by the
recent years by reducing tipdaysical size of the storagemore closely spaced signal levels. This challenge must
cells and by adopting complex three-dimensional cell calso be met in the face of the reduced power supply volt-
pacitor structures. By storing more than one bit per merages required by deep sub-micron technologies. Reduced
ory cell, multilevel DRAM exploits an additional dimen-supply voltages may act to reduce some of the on-chip
sion to increase the storage density without requiringremise sources; however, the smaller geometries may also
further reduction in the feature size. Figure 1 shows haend to increase the parasitic coupling between conduc-
two bits (MSB and LSB) can be encoded in a single cdibrs and may make other formerly minor noise sources
by using four equally-spaced voltages from thewgrd more significant. The introduction of low dielectric con-
potentialGND up to the array supply voltage;;. The stantinsulators would reduce the strength of many sources
of parasitic capacitive coupling. The net consequences of

This work was supported by Micronet R & D, by MOSAID Tech- . .
nologies Inc., and by the Natural Sciences and Engineering Resea%lhthese changes on MLDRAM are difficult to prEdICt'

Council of Canada under grant OGP0105567. By using different numbers of cell signal levels, it is

Figure 1: Positive Encoding for Two Bits Per Cell




scribed in [4]. Thus the results of sensing parallel cell ar-

Table 1: Cell Capacities Using Cell Pairs rays are combined to give the recovered binary data. The

Number of Bitsper  ability to adjust the cell capacity will be useful for char-
Levels,n  n? logyn? |log,n? cell acterizing our test chip and for experimentally determin-
> 4 2 > 1 ing the practical limits of one particularly promising ML-
3 9 3170 3 15 DRAM technology. The adjustable cell capacity feature
4 16 4 4 2 could also potentially be used as a form of graceful static
5 25  4.644 4 2 redundancy in a production IC: if a particular memory is
6 36 5.170 5 25 found in testing to have overly-leaky cells or overly-small
7 49 5615 5 25 sensing noise margins, then a sellable die could possibly
8 64 6 6 3 still be salvaged by operating the cells at a reduced per-
cell capacity.

Table 2: MLDRAM Cell Capacities
2. TEST CHIP DESCRIPTION

Group Number of Signal Levels,
Sizeg 2 3 4 S5 6 7 8 One of the major advantages of the MLDRAM scheme in-
1 11 2 2 2 2 3 troduced in [4] is that proven conventional DRAM blocks,
2 1 1 2 2 28 27 3 such as the densely packed cell array core and the pitch-
3 1 1% 2 2 22 22 3 matched sense amplifiers and wordline drivers, are re-
4 1 11 2 2L 921 923 3 used essentially unchanged. Most of the changes involve
2 4 2 4 . . ",
5 1 2 4 how the various blocks are interconnected. In addition,
5 1 12 2 2 2 2 3 . . .
> > H > the number of sense amplifiers required for a fixed num-
6 1 12 2 Zg ZZ 2? 3 ber of storage cells must increase as the number of ref-
7 1 13 2 22 27 22 3 erence levels increases. Special reference and generate
8 1 15 2 28 21 28 3 cells, which are identical in layout to data storage cells,

must also be included in the core. These extra cells re-
possible to design MLDRAMs that store other than twgyire extra control circuitry in the periphery. Of course
bits per cell. For example, eight signal levels could bge additional area overhead of MLDRAM reduces its
used to store three bits per cell. By using three and sighjevable cell density advantage over DRAM. Given cell
levels per cell and considering cells in pairs, itis possibjg|iapility requirements and a particular layout style, there
to store 1.5 and 2.5 bits per cell, respectively. Note that, | pe an optimal number of signal levels that maximizes
these two cases, the number of distinct signal level cogpe per-area storage density and hence minimizes the per-
binations is3 x 3=9> 2% and6 x 6=36>2°. Table 1 pjt cost. The conventional wisdom is that the optimal
shows how various cell capacities could be obtained By,mper of signal levels is only two. Our present goal is
using pairs of cells (the cases where the numbef sig- o clarify the reliability trade-offs when using more than
nal levels is 2, 4, 5 and 8 correspond to whole numbegg cell signal levels in a theoretically robust MLDRAM
of bits in individual cells). Table 2 shows how one could:heme.
generalize the number of cells in each group to obtain a Figure 2 gives a simplified diagram of the MLDRAM
variety of possible fractional per-cell storage capacitieggt chip architecture. At the core are five cell array sec-
If g denotes the number of cells per group, then the st@f5ns containing equal numbers of cells. Five sections,
age density per cell is given By log,n?]. labelled A, ..., E, are required for 2.5-bits-per-cell oper-
Several MLDRAM schemes have been described ation. Only three, two and one section(s) are required for
previous papers and some of them have been implemen2ed.5 and 1-bit-per-cell operation, respectively. Each sec-
in experimental chips [1, 2, 3]. Recently, Birk et al. [4, 5fion is surrounded, as in conventional DRAM cell arrays,
proposed an inherently robust MLDRAM that combinewith X and Y decoders, and with pitch-matched sense
the speed advantages of [2] with the noise cancellatiamplifiers in the Y direction. A difference from conven-
advantages of [6]. This paper describes an MLDRAMonal DRAMSs is that our sub-bitlines can be intercon-
test chip that is more flexible than Chan's 2-bit-per-cellected in the horizontal direction through pass transistor
implementation of Birk's MLDRAM [7]. The test chip, switches (not shown in Fig. 2) going from one section to
which is being simulated and laid outin TSMC's 048+ the next. As well, groups of sub-bitlines can be intercon-
CMOS technology, can be operated either as a converected within each section going in the vertical direction.
tional 1-bit-per-cell DRAM or as a 1.5, 2 or 2.5-bits-perwWhen operating in 2.5-bits-per-cell mode, the five sec-
cell MLDRAM. Regardless of the selected cell capacityjons are used together in charge sharing operations, and
data storage and sensing follow the same mechanismsdence five sub-bitlines are requireddach vertical sub-



storage capacitance. The nominal cell capacitance in our
XA”“T“ ! test chip is 50 femtofarads.
Four of the 24 wordlines in each section are not con-

Address

‘ X Pred‘mder ‘ ‘ cenRet F ccoder ‘ nected to data-storing cells. Two of these wordlines, called
‘ ﬁ reference wordlingsgo to reference cellsat some sub-
2 X Decdr| [5 C e xpecar] [5 bitlines and empty cell locations at other sub-bitlines; the
3; other two special wordlines, callegenerate wordlines
N 52 _ 58 _ go togenerate celland empty cell locations. When the
EE *| Section A '8<E( | Section E ..
83| ;| cell Array E3|:| cell aray memory is in storage stand-by mode, the reference cells
AN >3 contain signals corresponding to the unattenuated refer-
g A ence voltages that lie mid-way between the allowed data
E Y signal levels. For example, in 2.5-bits-per-cell mode, the
> ‘ Databus Precharge Circuit & Databus Selector reference cells in sections A, B, C, D and E will normally
4 containO.lVdd, 0.3Vaa, 0.5V44, 0.7Vy44 and 0.9Vy44, re-
Wwrite ﬁ} spectively. The generate cells are provided to ensure that
Data In Data Out the sub-bitline capacitances can be made exactly equal
when a cell is being accessed on one siilirle. This fea-
Figure 2: Simplified Test Chip Architecture ture permits the cancellation of unwanted voltage offsets

bitline group. The 1.5 and 2-bits-per-cell modes use tyjfat would otherwise arise during charge sharing opera-
and three sections, respectively, so the vertical groupsiigns. The gate-to-drain capacitances of the access tran-
those modes include two and three sub-bitlieash. In Sistors of the generate cells are also used to cancel out
all three MLDRAM modes, the appropriate voltages rdl0iS€ injected onto the sub-bitlines by wordline signal
quired for writing and sensing are created locally usi ansitions [4, 5]. Th'e.folded bitline in Fig. 3 is formed
the robust, fully-balanced charge sharing technique frdh®™m refereljce sub-bitlindsecause the reference cells are
[4]. The charge sharing operations require the sub-bitliREeSent while the generate cells are absent (an empty cell
signals to interact via the horizontal and vertical switchel@cation is formed from a cell by omitting the celécess

Each cell array includes 24 wordlines in the X-addred&@nsistor). In the case gfenerate bitlinesthe generate

direction and 250 sub-bitlines in the Y-direction. FigCellS are presentwhile the reference cells are absent.
Cell data are written into the test chip over a serial

ure 3 shows the schematic of dinéded bitlinecomposed ) X
of two sub-bitlines. Therue sub-bitlines connected to data inputbus and read out over a serial data output bus.
the positive input of a conventional DRAM sense amplflemory accesses are sequenaeder the control of the
fier (denoted by S-A) while theomplement sub-bitline signals listed at the top of Fig. 3 as well as other signals
is connected to the negative input. Five true (compl89t shown (such as the sense amplifier isolation and en-
ment) sub-bitlines can be connected horizontally, end-80!€ Signals). The control signals are controlled by an
end, via thehorizontal switchesontrolled by SW0 (SW1) external tester to simplify the test chip design and to pro-

signals. Only four sets of horizontal switches are requirddfl® a great degree of flexibility during characterization.
between the five sections. fll-length horizontal bit- The control signal sequence is detailed in [4, 5, 7] and in

line is formed by connecting together corresponding subt€ Next section.

bitlines fromeach section going in the horizontal direc-

tion. Within each section, gups of five adjcent true 3. SIMULATION RESULTS

(complement) sub-bitlines can be connected at one end in

the vertical direction by closing theertical switchegon- Figures 4, 5, 6 and 7 give the simulated sub-bitline signals

trolled by REFO (REF1) signals. Aull-length vertical forthe 1, 1.5, 2 and 2.5-bits-per-cell operating modes, re-

bitline is thus formed when the four corresponding vertspectively. In each figure, all of the cell and reference

cal switches are closed. sub-bitline signals are shown superimposed on tegaoh
Storage cells are of the conventional one transistather.

one capacitor design. In our test chip, the storage ca- Consider the 2.5-bits-per-cell waveforms in Fig. 7. Two

pacitor is implemented using the gate capacitance ofcalls must be used together in this mode, with each cell

PMOS transistor. The source and drain terminals of akquired to store one of six possible signal levels. As-

of these PMOS transistors are connected together (andtone that the first cell in such a cell pair lies on a true

the n-well) and tied externally to +2.5V, well above theub-bitline in section A. In 2.5-bits-per-cell mode we will

1.8 V array supply voltage. This ensures that the channéks using the sense-amplifiers in all five sections. Initially

of the PMOS transistors are strongly inverted to createall sub-bitlines are precharged to the array mid-voltage of

relatively large, voltage-insensitive gate-to-substrate céf},. = +Vys = 0.9 V. The sense amplifiers are powered
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Figure 3: Sub-bitline Schematic
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upat timef =300 ns, and thefqldeq sub-bitline signals arIg“igure 5: Bitline and Reference Signals in 1.5-bits-per-
driven to the power supply rails with random states. The

. . . . . cell MLDRAM
six possible cell signal levels are stored using a five-bi

unary code (also called a thermometer code) with cod.the three required reference signals. In section A, four
words 00000, 10000, 11000, 11100, 11110 and 111£pb-bitlines ineach group of five are prechargedGbiD
From timet = 300 ns to 840 ns, the states of the one a¥!hile one sub-bitline is precharged . The resulting
dressed sense amplifier (SA) in each section are overwi@!tage after charge sharing(isi V4, that it, the smallest
ten in succession to load in the five code bits. Meanwhilgduired reference voltage. In section B, three sub-bitlines
the wordline of the addressed cell is held asserted in s@€ Precharged tG&ND while two other sub-bitlines are
tion A. To ensure equal sub-bitline capacitances durifgecharged td/;s and V,,.; when charge shared they
multilevel signal generation, the reference and generdtéll produce the0.3Vu, reference. In section C, three
signals are all de-asserted in the addressed section (A#p-Ditlines are precharged 19, while the other two
this scenario) and asserted in the other sections (B, CSpP-bitlines are connected tq; andGND; when charge
and E). All sub-bitlines are keptisolated untilthe horizorshared they produce tie5Vy, reference. In section D,

tal switches for the true sub-bitlines, controlled by Swiiree sub-bitline are precharged s while the other
signals, are closed at time 930 ns. The resulting chartjg® Sub-bitlines are precharged @D and V;.,.; they
sharing creates one of the six equally-spaced cell sigigPduce the).7Vy, reference. Finally in section E, four
levels, which are clearly visible on the superimposed plotgP-bitlines are prechargeditg, while one sub-bitlineis

in Fig. 7 from¢ = 930 ns to 990 ns. At time= 960 ns precharged td/,,.. to produce thé).9V,, reference. The
the wordline of the addressed cell is deasserted to trgk-bitlines are then disconnected from their respective
the multilevel cell signal on the storage capacitance. Note: Signals by de-asserting GEN. Charge sharing is initi-
that this wordline transition injects a small amount of negited by asserting the REFO and REF1 signals, which con-

ative offset noise onto the sub-bitlines (and thus also int@! the vertical switches. The full-length vertical bitlines
the cells). in the five sections will then be at the five required refer-

ence potentials. The reference signals are then trapped in
During the interval fromt = 1080 ns to 1140 ns, con-the reference cells by de-asserting RWO0 and RW1 in all
trol signal GEN is asserted to cause the true and compfigre sections. This last step injects a small amount of neg-
ment sub-bitlines to be precharged variously to 0 V, 0.9 ¥tive offset noise that will closely match the noise signal
and 1.8 V (depending on the particular voltage connectgglected into the data-storing cells.
to V. for that folded bitline) to prepare for the creation
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ot (’ T - rryr as common-mode components by the differential-mode
sense amplifiers.

At time 1620 ns the sub-bitlines are all fully isolated
3 by de-asserting the SW0's and REF1's; each folded bit-
Lt ﬁ linein sections A, . ., E now has a copy of the cell signal

-l E on the true sub-bitline and the appropriate reference signal

(v)

il on the complement sub-bitline. The negative-going tran-
ﬁ sitions of the SW0's and REF1's also inject a significant
L negative noise offset onto the relatively weak sub-bitline
signals, an offset that is clearly visible in Figs. 4-7; how-

= ever, the matched arrangement of the two sub-bitlines in
oo} ‘ ‘ } each pair ensures that the noise signals will be common-
: - mode and thus effectively rejected by the SAs. The SAs

e &z R are then powered up and the data are sensed, amplified,
_ o . _ . and driven back onto the sub-bitlines. In our simulations
Figure 6: Bitline and Reference Signals in 2-bits-per-cethe states of the five addressed SAs are read out serially

500mE

MLDRAM over the databus from timte= 1740 to 2280. The 2.5 bits
. y - W recovered from the addressed cell are at that time encoded
T ( - using the five-bit unary code. A second five-bit codeword

must be retrieved from a second cell (possibly at the same
time that the first cell is accessed) before the original five
bits of data can be obtained through a simple decoding
step.
mfb—% It should be pointed out that while a cell at one Y-
address in one section is being accessed, all other cells
- with the same X-address in the same section as the ad-
dressed cell are also being accessed in parallel using the
| same reference signals, but on different folded bitlines in
the same section. If two independent data buses are pro-
vided into the SAs, then the two cell accesses required
e (o) in 1.5 and 2.5-bit-per-cell mode can be performed at the
same time in parallel.
Figure 7: Bitline and Reference Signals in 2.5-bits-per- The signals in an MLDRAM cell, as in a conven-
cell MLDRAM tional DRAM cell, weaken over time as a result of charge
From timet = 1320 ns to 1440 ns the sub-bitlines arkeakage from the cell storage capacitance. The problem
connected together via the horizontal and vertical switchgsmore serious in an MLDRAM because of the more
and held at the precharge voltage while the cells are dfosely spaced cell signal levels. Therefore to restore the
storage mode. Cell sensing is a simple and fast operatiosll signals and avoid data loss, all cells in the MLDRAM
First, some of the sub-bitline switches are opened at timaust be refreshed by accessing, sufficiently often, cells
t = 1440 ns. Since the addressed cell is on a true s each X-address. A disadvantage of MLDRAM versus
bitline, all SWO's are kept asserted while all SW1's amnventional DRAM is that the refresh rate is going to be
de-asserted. In the vertical direction, however, the REFhigjher, corresponding to greater standby power consump-
are held asserted while the REF0's are de-asserted. {iba. For some applications, however, the data access pat-
sub-bitlines are still precharged 19, untilt = 1560 ns terns of the application will by themselves be sufficient
to eliminate the positive offset noise injected otherwise g fully refresh all cells without requiring margccesses
the switches when they are opened. Then at timé&560 devoted exclusively to refreshing.
ns the addressed wordline is asserted to dump the signalThe 1.5 and 2-bits-per-cell control sequences are sim-
of the addressed cell onto its full-length horizontal (trugjar to that of the 2.5-bits-per-cell mode. In 1.5-bits-per-
bitline; simultaneously, the reference wordlines RW1 i@e" mode, two of the sections (C and D) are used to cre-
sections A, . ., E are asserted to dump their reference sigte the two required reference Signaié{dd and %Vdd.
nals onto the full-length vertical (complement) bitlinesthe addressed SAs in sections C and D are used to re-
These control signal transitions will inject positive offsegover one of the three possible unary codes 00, 10 and
noise onto the sub-bitlines, but these noise signals willha. Sensing a second cell yields a second two-bit unary
matched and the hence they will be effectively rejectesbde. Only eight of the nine possible combinations of two
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two-bit codes are required to represent the eight three-bit 5. REFERENCES
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The 1-bit-per-cell plot in Fig. 4 was also made u
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P. Gillingham, “A Sense and Restore Technique

4. CONCLUSIONS

This paper described the features and operation of a multi-
level DRAM with adjustable cell capacity. The design has
been verified to function correctly in simulation; however,
only by characterizing a test chip in silicon will the fea-
sibility of storing six signal levels in a cell, or even only
four or three levels, be convincingly demonstrated. In ad-
dition, demonstrating correct operation in silicon is still
a long way from proving the practicality of using ML-
DRAM in production ICs. The adjustable cell capacity
of our test chip should provide the ideal means for exper-
imentally exploring the feasibility and reliability issues,
which are necessary first steps on the way to commercial
introduction.



