Influence of Bit Line Twisting on the Faulty Behavior of DRAMs
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Abstract:  Bit line twisting is an effective design method
commonly used to reduce the impact of bit line coupling
noise in high density memory devices. This paper investi-
gates the way bit line twisting influences the faulty behav-
ior of DRAMs, based on an analytical evaluation of cou-
pling effects on the one hand, and a simulation-based fault
analysis using a Spice simulation model on the other. Two
different DRAM twisting schemes, in addition to a third un-
twisted bit line scheme, are presented and analyzed. Both
the analytical and the simulation-based evaluation results
show that each scheme has its own specific impact on the
faulty behavior. The same approach presented in the paper
can be used to analyze the impact of other bit line twisting
schemes on the memory faulty behavior.
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1 Introduction

As the integration density of DRAM devices increases,
the problems associated with crosstalk noise become ever
more significant, particularly for bit lines (BLs) because
of the weak cell signals that must be sensed reliably
[Redeker02]. In order to reduce the impact of crosstalk
on BL functionality, some kind of BL twisting technique is
sometimes implemented so that noise cancellation can take
place [Aoki88].

Previous research on crosstalk reduction on BLs in
memory devices investigates the effectiveness of BL twist-
ing techniques in eliminating BL noise in current and fu-
ture fabrication technologies [Redeker02]. In addition,
there is some published qualitative analysis of the possible
impact of BL twisting on the faulty behavior of memories
[Schanstra03]. However, there is no published quantitative
evaluation, supported by simulation, of the impact of noise
reduction and BL twisting on memory faults, and on the

way neighboring cells influence the faulty behavior for a
specific victim cell.

This paper investigates the influence of BL twisting on
the faulty behavior of DRAMs. After a quantitative evalu-
ation of BL coupling is presented, the paper discusses the
impact of twisting both theoretically and using an electri-
cal simulation model to evaluate the behavior. A number of
BL twisting techniques are evaluated and the way a neigh-
borhood of cells influences the behavior is shown.

Section 2 begins with a description of the used Spice
simulation model. Section 3 gives a qualitative evaluation
of BL coupling on the faulty behavior of an untwisted BL
scheme, followed by an evaluation of the impact of twisted
BL schemes in Section 4. Section 5 presents the results of
a simulation-based fault analysis study of the different BL
organizations. Section 6 ends with the conclusions.

2 Spice simulation model

The simulation model used in this paper is based on a
design-validation model of an actual DRAM produced by
Infineon Technologies. Since the time needed for simu-
lating a complete memory model is excessively long, the
simulation model used in our analysis is simplified to keep
simulation time in check.

Figure 1 shows a block diagram of the folded BL pair to
be simulated. This simplified simulation model contains a
2 x 2 cell array with nMOS access transistors, in addition
to a sense amplifier and precharge devices. The removed
memory cells are compensated for by load cells and par-
asitic components of different values distributed along the
BLs. External to the BL pair, the simulation model con-
tains one data output buffer needed to examine data on the
output, and a write driver needed to perform write opera-
tions. The memory model employs Spice BSIM3v3 device
parameters for the simulations.

The model contains three BL pairs, denoted as BLt for
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Figure 1. Block diagram of the BL pair used for simulation.

top, BLm for middle, and BLb for bottom, as shown in
Figure 2. Figure 1 shows both the true (BTm) and comple-
mentary (BCm) bit lines of BLm, only the complementary
(BCt) bit line of BLt, and only the true (BTb) bit line of
BLb.
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Defective cell BLm

Pre-sense coupling (AV}) is generated after the WL is
activated and cells are accessed, but before the sense am-
plifier is activated. The noise on a given floating BL results
from coupling to two BLs, above and below the victim BL.
The amount of coupling noise depends on the background
data stored in accessed neighboring cells. The worst-case
background in this situation is when both accessed neigh-
boring cells contain the same data (either both 1 or both
0)!. The amount of worst-case AV; developing on the
floating victim BL relative to the full voltage V; developing

T - BCm : - - -
= = = on neighboring BLs can be approximated as [Hidaka89]:
BTb
BLb
BCb B > AV 1 ()
WL1 i 2+ (Copr/Chs)

Figure 2. Three BL pairs implemented in the simulation model.

The different BLs influence each other by a number of
distributed coupling capacitances (Cpy; + Chpz + Crps =
Chp). Note that BL coupling capacitances are the same
whether coupling takes place within a given BL pair or be-
tween different BL pairs. This is true since all BLs on a
chip are manufactured in the same way, using the same
materials, having the same dimensions, and at the same
distances from each other. Identifying a given BL as BT or
BC depends solely on the way that BL is connected to the
sense amplifier and not on the way it is manufactured.

The total BL capacitance (C}) is made up of the sum
of the BL coupling capacitance (C;), and the remaining
capacitance (C,) not related to BL coupling, but to word
line (WL) coupling, substrate coupling, etc. In the simu-
lation model of Figure 1, these capacitances are related as
follows:

Cp = Chp + Cpr =10 x Cip (D

As aresult of (Cyp), two different kinds of coupling ef-
fects may take place: pre-sense coupling and post-sense
coupling [Aoki88].

This relation indicates that the amount of pre-sense cou-
pling noise increases with increasing Cp, from 0 V for
Cpp, = 0to % as Cyy, approaches co. For the used simula-
tion parameters in Equation 1, the worst-case Av‘l/l = ﬁ

Post-sense coupling (AV5) is generated after the sense
amplifier is activated and BLs are pulled either to O or 1
according to the logic value sensed by the sense amplifier.
The main reason for this type of noise is the time differ-
ence between sense amplifier activation and the instant the
sense amplifier decides to sense a 1 or 0 (At). The amount
of AV4 can be approximated according to the following
relation [Aoki88]:

AVy = ao—bzb(At)3 3)
ay

where « is a constant that generally refers to the operation
speed of the sense amplifier. The relation shows the strong
dependence of AV, on the time delay until the sense ampli-
fier pulls the BLs either up or down. This means that even
small delays in the sense amplifier operation can cause a
relatively large amount of coupling noise.

IThis worst-case background induces the largest amount of BL cou-
pling noise, but it is not the worst-case background for the faulty behavior
of a victim cell, as discussed later in Section 3
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The total amount of BL coupling noise AV is equal to
the sum of pre-sense and post-sense coupling (AV; +AV53).
Whether AV; or AV, constitutes the dominant factor in
AV depends on design specific parameters that generally
cannot be analytically evaluated, which leaves circuit sim-
ulation as the only analysis option [ItohO1].

3 Effects of coupling

BL coupling causes small coupling voltages on adjacent
BLs, which influences proper sense amplifier operation.
From a testing point of view, it is important to understand
how a specific initialization of a neighborhood of cells af-
fects the sensing of a given victim, so that the worst-case
values can be written in the neighboring cells.

The model considered here [see Figure 2] consists of 3
BL pairs, each with 2x2 cells, resulting in a total number
of 3x2x2 = 12 cells in the simulation model. However,
only those cells accessed simultaneously by sharing a given
WL can influence each other through BL coupling. This
means that the neighborhood of aggressors consists of only
two cells, each containing either 0 or 1, which results in
22 = 4 different data backgrounds (BGs).

The effects of BL coupling on the faulty behavior can
be divided into pre-sensing effects, and post-sensing ef-
fects. Figure 3 gives graphical representations for both
cases, when Cell 1 on BTt contains a logic 1 and Cell 1
on BTb contains a logic 1 as well.

Va_—~

BTt BTt
"l"li'—« Vb~ nlnli'_‘ VI >
BCt BCt
Ve~ BTm Ve BTm
Ve 7 BCm Vi 7 BCm
BTb li'_< vd_—~ BTb li'_< Vh_~
" o
BCb BCb
WLI WLI1

(a) Pre—sensing (b) Post—sensing

Figure 3. Effects of (a) pre-sense and (b) post-sense coupling.

Pre-sensing effects. As soon as WLI is accessed, Cell
1 on BTt starts to pull the voltage on BTt by an amount
of V, to a higher level; this is indicated by the up-arrow
next to V, in the figure. As a result of C}y, the voltage
on BCt is also pulled by an amount of V;, to higher level
as indicated. Finally, as a result of C; between BCt and
BTm, the voltage on BTm is pulled higher by an amount of
V.., which promotes sensing a logic I in the victim?. From

2The increase in the voltage on BTm further results in an increase in
the voltage on BCm, but this effect is an order of magnitude less and is
therefore negligible
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Equations 1 and 2, the amount V. is related to V, by the
relation gc = Vb VC ~ 112 In the same way, as soon as
WLI is accessed Cell 1 on BTb starts to pull the voltage
on BTb by an amount of V;; to a higher level, which in turn
pulls the voltage on BCm by an amount of V. higher. This
increase in the voltage on BCm promotes sensing a logic
0 in the victim cell. The values of V; and V, are related
by “j—; ~ 11 , which means that the cell on BTb has a much
higher influence on the faulty behavior than the cell on BTt.
In conclusion:

1. The worst-case pre-sensing BG is T, T T, (i.€., Cell
1 on BTt contains & and Cell 1 on BTb contains z).

2. Cell 1 on BTb has a much higher pre-sensing influ-
ence (first-order effect) on the faulty behavior than
Cell 1 on BTt (second-order effect).

Post-sensing effects. Once the sense amplifier is acti-
vated, and since Cell 1 on BTt contains 1, the sense am-
plifier pulls the voltage on BTt high while the voltage on
BCt is pulled low by an amount of V; [see Figure 3(b)].
As a result of C'yp, the voltage on BTm is pulled low by
an amount of V,;, which promotes sensing a logic 0 in the
victim cell. In a similar way, once the sense amplifier is
activated, and since Cell 1 on BTb contains a 1, the sense
amplifier pulls the voltage on BTb high by an amount of
V3, as indicated in Figure 3. As a result of Cy;, the voltage
on BCm is also pulled high by an amount of V;, which pro-
motes sensing a logic 0 in the victim cell. Both neighboring
cells have a first-order effect on the victim. In conclusion:

1. The worst-case post-sensing BG is x4, T,%q, (.€.,
Cell 1 on BTt contains x and Cell 1 on BTb contains
).

2. Both cells have a comparable first-order effect on the
faulty behavior.

Comparing the two results of pre and post-sensing, we
find that each requires a different BG to ensure the worst-
case sensing condition. It is possible to use a memory
test that covers both BGs to ensure covering the worst-case
condition. But to reduce test time, a single worst-case BG
is needed, and therefore we should identify whether pre-
sensing or post-sensing is more dominant.

4 Impact of twisting

BL twisting is used to reduce the influence of BL cou-
pling on the behavior of the memory, by shielding parts
of a BL from neighboring BLs. There are many types
of BL twisting schemes used in the industry. Figure 4
compares the untwisted BL scheme with other important
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Figure 4. Analyzed BL organizations: (a) solid BLs, (b) single BL twist, (c) triple BL twist, and (d) complex BL twist.

twisted BL organizations: a. the solid BLs (no twist), b.
the single BL twist, and c. the triple BL twist [Aoki88].
These BL organizations are known to be effective at re-
ducing crosstalk between adjacent BLs and they have all
been used in commercially produced memory components
[Redeker02]. Note how BL twisting modifies the type of
BLs simultaneously accessed, making cells on both BT and
BC to be accessed at the same time with a given WL rather
than cells connected only to BT or BC. In Section 3, we an-
alyzed the impact of solid BLs on the behavior, and in this
section, we discuss the impact of single and triple twisting
on the behavior.

Single twist

Close consideration of the impact of the single twist on
memory behavior shows that the single twist fails in com-
pletely eliminating pre-sense BL coupling but succeeds in
eliminating post-sense coupling. The net effect is that the
single twist results in making pre-sense coupling more sig-
nificant than post-sense coupling on the faulty behavior of
the memory. In the following, a more detailed discussion
of this point is given.

For pre-sense coupling, Figure 5 shows the pre-sense
voltage development on BTm and BCm as a result of a
logic 1 stored in both neighboring cells. Since the accessed
cell on BCt has a logic 1, a small upward voltage differen-
tial of V,, develops on BCt during pre-sensing, which in
turn results in pulling BTm up by V,. As a result of BL
twisting, the amount of V;, developing on BTm is almost
one half of that in the case of solid BLs®. The same situa-
tion takes place with BCb, where an up voltage differential
of V. induces an up voltage differential of V; on BCm. In
conclusion, the single twist cuts the amount of pre-sense
BL coupling by almost one half, where the remaining cou-
pling effect requires a worst-case BG of Z,, 7,24, (i.e.,
Cell 1 on BCt contains Z and Cell 1 on BCb contains x).

31t is actually slightly higher than one half as a result of second-order
coupling which is not considered in this discussion
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Figure 5. Pre-sense voltage development for a single twist.

For post-sense coupling, Figure 6 shows the voltage de-
velopment on BTm and BCm as a result of a logic 1 stored
in both neighboring cells. During post-sensing, and since
the accessed cell on BCt has a logic 1, the top sense ampli-
fier pulls the voltage on BCt up by an amount of V,;;, which
induces an up differential voltage of V,2 on BTm. At the
same time, the top sense amplifier pulls the voltage on BTt
down by an amount of V}; resulting in a down voltage of
V42 on BTm. Since V5 and V2 are equal and opposite to
each other, they nullify each other leaving a zero net cou-
pling voltage on BTm. The same situation takes place with
the bottom sense amplifier, which pulls BCb down by V,;
inducing V.2 on BCm, and pulls BTb up by V;; inducing
Vi on BCm. V2 and Vs nullify each other leaving a zero
net coupling voltage on BCm. In conclusion, the single BL
twist totally eliminates post-sense coupling effects.

BCt li‘_‘ Val—~ VbI™~a
npn
BTt Vb~ Val—~
Vb2~a Va2~ BTm
< Ve~ Va2 po

BCb Vel~ VdInw
e i
BTb VdIn~ Vel—~
WL1

Figure 6. Post-sense voltage development for a single twist.
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Triple twist

Close consideration of the impact of the triple twist on the
memory behavior reveals that the triple twist succeeds in
completely eliminating the influence of BL coupling, both
pre-sense and post-sense coupling. This means that one
cannot evaluate the impact of the triple twist on the faulty
behavior of the memory by theoretically analyzing the ef-
fect of BL coupling, and therefore electrical simulation
here becomes necessary to evaluate the faulty behavior.

This can be understood by noticing that the triple twist
splits the BL into four equal parts, such that one half of
any coupling effect is induced onto BTm while the other
half is induced onto BCm. Since only a voltage differential
between BTm and BCm is able to influence the behavior of
the memory, then a common change (whether increasing or
decreasing) in the voltage of BTm and BCm has no impact
on the behavior. In other words, the triple twist transforms
the differential mode noise into common mode noise for
which the sense amplifier is insensitive

As an example, Figure 7 shows the pre-sense coupling
voltage development on BTm and BCm as a result of
a logic 1 stored in both neighboring cells. During pre-
sensing, and since the accessed cell on BCt has a logic 1,
an up voltage of V,, develops on BCt, which in turn results
in pulling BCm up by V4; and in pulling BTm up by Vi
at the same time. Both V}; and Vj2 are equal and therefore
do not result in a differential voltage developing between
BTm and BCm. The same situation takes place with BCb,
where an up voltage V. induces an up voltage of V;; on
BCm and an up voltage of Vz2 on BTm. Since both Vg
and Vg2 are equal, they do not result in a differential volt-
age developing between BTm and BCm.

BCt li‘_‘ Va7

o
BTt Va_—~

vdL~ Vbl Vb2~ BTm

< 2 Va2~ BCm
BCb Ve~

ey
BTb

WLI1

Figure 7. Pre-sense voltage development for a triple twist.

S Analysis results

This section presents the results of the simulation analy-
sis of the three different BL organizations shown in Fig-
ure 4 and discusses their impact of the faulty behavior.
The simulation employs the concepts of result planes and
the cell sense voltage (V) curves previously used to ana-
lyze the faulty behavior of DRAMs in general [Al-Ars02],

and to evaluate the impact of BL coupling in particular
[Al-Ars04].

Consider the defective DRAM cell shown in Figure 8§,
where a resistive open ([2,,) between BT (true bit line)
and the pass transistor limits the ability to control and ob-
serve the voltage across the cell capacitor (V.). The open
is injected into Cell 1 and simulated as part of the reduced
memory model shown in Figure 1. The reasons for choos-
ing this specific cell defect to analyze BL coupling include
the following.

1. This defect models a strap connection between the drain of
the pass transistor and the cell capacitor that is difficult to
manufacture and may have resistive values that are higher
than normal [Adler95].

2. Gradually increasing the resistive value of this defect results
in the gradual reduction of the differential BL signal needed
for proper sensing. Therefore, this defect is ideal for ana-
lyzing the impact of BL coupling on the faulty behavior.

3. The relative simplicity of the defect model and the required
fault analysis.

1

| —
Rop
WLI1

ve(
BT T

Figure 8. Open injected into Cell 1.

Figure 9 shows three result planes for the three BL or-
ganizations discussed in this paper: a. solid BLs, b. single
twist and c. triple twist. The x-axis of the result plane
represents the value of the voltage within the cell V., while
the y-axis represents the value of the defect resistance IZ,,,.
Each result plane shows 4 different V., curves, one for
each of the four possible BGs: 020, 120, Oz1 and 1x1.
The V., curve is the cell-sense threshold voltage, which is
the cell voltage at which the sense amplifier distinguishes
a 0 from a 1. This means that if a read operation is per-
formed when V., > V,, then the sense amplifier detects a
logic 1, while V. < V_, results in sensing a logic 0. There-
fore, the leftmost V¢ curve in any of the result planes is
associated with the worst-case BG for detecting a 0, while
the rightmost Vs curve is associated with the worst-case
BG for detecting a 1.

Figure 9(a) presents the 4 BGs associated with the solid
BL organization, where no twisting is used. The figure
shows that the worst-case BG for detecting a 0 in the de-
fective cell is 020, while the worst-case BG for detecting a
1 inthe cellis 1x1. In other words, a worst-case BG of xxx
is needed, which means that the post-sense coupling effect
is prevalent for the simulated memory model according to
Section 3.
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Figure 9. V. curves with different BGs for the (a) solid BL organization, (b) single twist, and (c) triple twist.

Figure 9(b) shows the 4 BGs associated with the sin-
gle twist BL organization, which according to the analyt-
ical evaluation presented in Section 4 should only be af-
fected by pre-sense BL coupling. The figure shows that
the worst-case BG for detecting a 0 in the cell is 120, while
the worst-case BG for detecting a 1 in the cell is Oz1. In
other words, a worst-case BG of Zxx is needed, which
indeed matches that of a pre-sense coupling effect. This
means that by introducing the single twist into the model,
post-sense coupling effects (prevalent before introducing
the twist, as indicated by Figure 9(a)) have been neutral-
ized, which makes pre-sense coupling effects become the
more prevalent sort of BL coupling.

Figure 9(c) shows the 4 BGs associated with the triple
twist BL organization, which according to the analytical
evaluation presented in Section 4 should totally eliminate
pre-sense as well as post-sense BL coupling effects. The
figure shows that the worst-case BG for detecting a O in
the cell is 020, while the worst-case BG for detecting a 1 is
121, which indicates an existing post-sense coupling effect
on the defective cell. Although this may seem to be con-
tradictory with the analytical evaluation of Section 4, it can
actually be explained by the fact that Section 4 only took
into consideration first-order BL coupling effects caused
by BL to BL coupling capacitances. It is important to note,
however, that second-order BL coupling exists in the form
of BL to “line” to BL coupling (BL to WL to BL, for ex-
ample), which is negligible when compared to the direct
first-order BL to BL coupling. But in the absence of first-
order coupling, second-order coupling becomes the major
factor in the faulty behavior. This is also indicated by the
fact that the V., curves of Figure 9(c) are located closer
together than those of Figure 9(a), which means that the
post-sense coupling effect with the triple twist represents a
fraction of the full post-sense coupling effect without any
twists.

In the case of the triple twist, analytical evaluation of
second-order BL coupling effects on the behavior is overly
complex, and electrical simulation can provide consider-
able insight into the faulty behavior of a defective memory.
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6 Conclusions

This paper analyzed the effects of BL twisting on the faulty
behavior of DRAMs. Three well-known BL organizations
have been presented and analyzed: solid BLs, single twists
and triple twists. Two different types of BL coupling were
described (pre-sense and post-sense coupling), and the way
BL twisting influences these two coupling effects was an-
alyzed. The single twist eliminates post-sense coupling
which makes pre-sense coupling the more prominent fac-
tor, while the triple twist eliminates pre-sense and post-
sense first-order coupling which makes second-order cou-
pling become prominent. The analytical evaluation of BL
twisting was validated by electrical simulation and shown
to correspond well with the analytical results. Fault analy-
sis based on electrical simulation can provide great insights
into the faulty behavior, and reduces the complexity of an-
alyzing the second-order coupling promoted by the triple
twist.
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