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(57) Abstract: Described is an apparatus for improving read and write margins. The apparatus comprises: a sourceline; a first
bitline; a column of resistive memory cells, each resistive memory cell of the column coupled at one end to the sourceline and
coupled to the first bitline at another end; and a second bitline in parallel to the first bitline, the second bitline to decouple read and
write operations on the bitline for the resistive memory cell. Described is also an apparatus which comprises: a sourceline; a bitline;
a column of resistive memory cells, each resistive memory cell in the column coupled at one end to the sourceline and coupled to the
bitline at another end; and sourceline write drivers coupled to the bitline and the sourceline, wherein the sourceline write drivers are
distributed along the column of resistive memory cells.
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APPARATUS FOR IMPROVING READ

AND WRITE OPERATIONS OF A NONVOLATILE MEMORY

BACKGROUND

[0001] On chip embedded MRAM (magnetic random access memory) with non-volatility
can enable energy and computational efficiency with memory density exceeding high density
SRAM (static random access memory). However, leading STT-MRAM (Spin-Torque Transfer
Magnetic Random Access Memory) integrated with advanced CMOS (e.g., 14nm and smaller
CMOS process technology nodes) suffer from high voltage and high current-density problems
during the programming (i.e., writing operation) of a bit-cell.

[0002] For example, STT-MRAM integrated with advanced CMOS process technology
exhibits insufficient drive current which is caused by intrinsic high resistance of the MRAM
device during a write operation from anti-parallel to parallel state. STT-MRAM integrated with
advanced CMOS process technology also exhibits high write error rates and/or low speed
switching (e.g., exceeding 20ns) in MTJ based MRAM due to the insufficient drive current.
STT-MRAM integrated with advanced CMOS process technology also exhibits reliability issues
due to overdriving of bits near the write driving circuitry. These and other problems are

expected to grow as CMOS process scales to lower metal pitches (e.g., Metal-0 pitches).

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The embodiments of the disclosure will be understood more fully from the
detailed description given below and from the accompanying drawings of various embodiments
of the disclosure, which, however, should not be taken to limit the disclosure to the specific
embodiments, but are for explanation and understanding only.

[0004] Figs. 1A-B illustrate columns of an MRAM (magnetic random access memory)
array which produce high stress on the bit-cells nearer to the driving end and high write error rate
for the bit-cells farther from the driving end.

[0005] Fig. 2 illustrates a column of a memory array with resistive memory cells and
with embedded write drivers, according to one embodiment of the disclosure.

[0006] Fig. 3A illustrates a circuit of a column of a memory array with resistive memory
cells and with embedded write drivers on an alternate BitLine (BL) and regular BL. and/or
Sourcel.ine (SL.), according to one embodiment of the disclosure.

[0007] Fig. 3B illustrates a circuit of a column of a memory array with resistive memory
cells and with various designs of write drivers on an alternate BL. and regular BL. and/or SL,,

according to one embodiment of the disclosure.
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[0008] Fig. 4A illustrates a circuit of a column of a memory array with embedded write
drivers on a regular BL. and/or SL, according to one embodiment of the disclosure.

[0009] Fig. 4B illustrates a circuit of a column of a memory array with resistive memory
cells and with various designs of write drivers on a regular BL. and/or SL., according to one
embodiment of the disclosure.

[0010] Fig. 5 illustrates a plot with normalized data showing improved write current for
all memory cells in a column using the discussed embodiments.

[0011] Fig. 6 illustrates a cross-section of a layout with embedded MTJ (magnetic tunnel
junction) based write driver, according to one embodiment of the disclosure.

[0012] Fig. 7 is a smart device or a computer system or an SoC (System-on-Chip) with a

memory array with write drivers on BL. and SL, according to one embodiment of the disclosure.

DETAILED DESCRIPTION
[0013] Figs. 1A-B illustrate columns of an MRAM (Magnetic Random Access Memory)

array which produce high stress on the bits nearer to the driving end and high write error rate for
the bits farther from the driving end. Fig. 1A illustrates a column 100 of an MRAM array having
a write driver to drive BitLine (BL) signal path for a plurality of MTJ (Magnetic Tunnel
Junction) based bit-cells i.e., Cell[0] to Cell[N], where ‘N’ is an integer greater than 1. Each bit-
cell includes an MTJ device with its free ferromagnetic layer (i.e., layer with bi-directional
arrow) coupled to BL, the fixed ferromagnetic layer (i.e., layer with unidirectional arrow)
coupled to a transistor e.g., n-type transistor (also called select transistor), and gate terminal of
the transistor coupled to a word-line (WL).

[0014] For example, Cell[0] has MTJO device coupled in series with n-type transistor
MNO such that the drain terminal of MNO is coupled to the fixed ferromagnetic layer, source
terminal of MNO is coupled to select-line or Sourceline (SL) signal path, and gate terminal is
coupled to word-line WL[0]. Likewise, Cell[N] has MTIN device coupled in series with n-type
transistor MNN such that the drain terminal of MNN is coupled to the fixed ferromagnetic layer,
source terminal of MNN is coupled to SL signal path, and gate terminal is coupled to word-line
WL[N].

[0015] The read and write current paths for each bit-cell are identical, resulting in many
design trade-offs. For example, during read operation, a higher resistance of MTJ device is
desired than during write operation. However, having the same current paths for passing read
and write currents discourages from having different resistances for read and write operations.
To write a logical high to a bit-cell, SL is raised relative to BL,, and to write a logical low to a bit-

cell, SL is lowered relative to the BL.. To read from a bit-cell, SL is set to logical low and MTJ
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device resistance is sensed using weak current (e.g., 1/8" of write current). All bit-cells in the
same column share the same BL. and SL. In Fig. 1A, WL[0] is selected and WL for the other bit-
cells is set to logical low i.e., ground. The resulting current path is shown by the dotted arrow
path which produces high stress on Cell[0].

[0016] The bit-cells may have large write current (e.g., greater than 100pA) and large
voltage (e.g., greater than 0.7V) requirements of M'TJ devices. The bit-cells may have high write
error rates and/or low speed switching (e.g., exceeding 20ns) in M'TJ based MRAM. The bit-
cells may also have reliability issues due to tunneling current in MTJs. For example, insulator
layer in the MTJ device is a barrier (e.g., 1KQ to 10KQ) which resists flow of large current, and
lower current flow causes higher write errors.

[0017] Fig. 1B illustrates a column 120 of the MRAM array in which the last Cell[N] is
selected by WL[N]. In this example, WL[N] is logical high while WLs for other bit-cells is
logical low. To avoid write errors on Cell[N], the write driver has to drive a large current to
compensate for the IR (current*resistance) drop caused by parasitic resistances on both BL. and
SL signal paths. The current path is shown by the dotted bold line. In this example, high current
is used to reduce write errors for bit-cells farther from the driving side. However, bit-cells near
to the driving side experience high stress because of the high current used to reduce write errors.
[0018] As CMOS process nodes shrink, and higher memory densities are desired,
MRAMs are formed using more of the lower metal layers in the process. Lower metal layers
provide smaller pitches than higher metal layers, and thus allow for more compact MRAMSs.
However, lower metal layers have high IR (i.e., current times resistance) drop. Higher IR drop
causes high write error rates and/or low speed switching for low drive current. To improve write
error rates and to speed up the switching process, high drive current can be used, but such current
may cause reliability issues due to overdriving of bit-cells near the write driving circuitry.

[0019] The embodiments, allow improving the drive current to the MTJ device based bit-
cells without causing high stress to the M'TJ device based bit-cells while lowering write error
rate. The above technical effects are non-limiting technical effects. Other technical effects can
be derived from the embodiments.

[0020] In the following description, numerous details are discussed to provide a more
thorough explanation of embodiments of the present disclosure. It will be apparent, however, to
one skilled in the art, that embodiments of the present disclosure may be practiced without these
specific details. In other instances, well-known structures and devices are shown in block
diagram form, rather than in detail, in order to avoid obscuring embodiments of the present

disclosure.
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[0021] Note that in the corresponding drawings of the embodiments, signals are
represented with lines. Some lines may be thicker, to indicate more major constituent signal
paths, and/or have arrows at one or more ends, to indicate primary information flow direction.
Such indications are not intended to be limiting. Rather, the lines are used in connection with
one or more exemplary embodiments to facilitate easier understanding of a circuit or a logical
unit. Any represented signal, as dictated by design needs or preferences, may actually comprise
one or more signals that may travel in either direction and may be implemented with any suitable
type of signal scheme.

[0022] Throughout the specification, and in the claims, the term "connected" means a
direct electrical connection between the things that are connected, without any intermediary
devices. The term "coupled” means either a direct electrical connection between the things that
are connected or an indirect connection through one or more passive or active intermediary
devices. The term "circuit" means one or more passive and/or active components that are
arranged to cooperate with one another to provide a desired function. The term "signal” means at

nn

least one current signal, voltage signal or data/clock signal. The meaning of "a," "an,"” and "the"
include plural references. The meaning of "in" includes "in" and "on".

[0023] The term “scaling” generally refers to converting a design (schematic and layout)
from one process technology to another more advanced process technology. The term “scaling”
generally also refers to downsizing layout and devices within the same technology node. The
term ““scaling” may also refer to adjusting (e.g., slow down) of a signal frequency relative to

kN1

another parameter, for example, power supply level. The terms “substantially,” “close,”

kY7

“approximately,” “near,” and “about,” generally refer to being within +/- 20% of a target value.
[0024] Unless otherwise specified the use of the ordinal adjectives “first,” “second,” and
“third,” etc., to describe a common object, merely indicate that different instances of like objects
are being referred to, and are not intended to imply that the objects so described must be in a
given sequence, either temporally, spatially, in ranking or in any other manner.

[0025] For purposes of the embodiments, the transistors are metal oxide semiconductor
(MOS) transistors, which include drain, source, gate, and bulk terminals. The transistors also
include Tri-Gate and FinFet transistors, Gate All Around Cylindrical Transistors or other devices
implementing transistor functionality like carbon nano tubes or spintronic devices. Source and
drain terminals may be identical terminals and are interchangeably used herein. Those skilled in
the art will appreciate that other transistors, for example, Bi-polar junction transistors—BJT
PNP/NPN, BiCMOS, CMOS, eFET, etc., may be used without departing from the scope of the
disclosure. The term “MN” indicates an n-type transistor (e.g., NMOS, NPN BIT, etc.) and the

term “MP” indicates a p-type transistor (e.g., PMOS, PNP BT, etc.).
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[0026] Fig. 2 illustrates a column 200 of a memory array with resistive memory cells and
with embedded write drivers, according to one embodiment of the disclosure. In one
embodiment, column 200 comprises Write Driver 201, plurality of memory bit-cells (e.g., Bit-
cell-0 to Bit-cell-N, where ‘N’ is an integer and ‘i’ is an integer smaller than ‘N’), L.ocal Write
Drivers (e.g., 202-1 to 202-M, where ‘M’ is an integer) distributed within column 200, and End
Driver 203.

[0027] In one embodiment, Write Driver 201 comprises a first driver to drive BL. and a
second driver to drive the SL. In one embodiment, the first driver comprises a p-type transistor
coupled to the BL such that its drain terminal is coupled to the BL, its source terminal is coupled
to power supply (Vcc), and its gate terminal is controllable by a write control signal. In one
embodiment, the write control signal is a Write ‘0’ active low control signal. In one
embodiment, the second driver comprises a p-type transistor coupled to the SL such that its drain
terminal is coupled to the SL,, its source terminal is coupled to power supply (Vcc), and its gate
terminal is controllable by a write control signal. In one embodiment, the write control signal is
a Write ‘1’ active low control signal. In other embodiments, other types of write drivers may be
used that are controllable by appropriate write control signals used for writing a zero (i.e., logical
low) or a one (i.e., logical high).

[0028] In one embodiment, the resistive memory cells include a resistive element which
is one of; MTJ device; phase change memory (PCM) device; resistive RAM (ReRAM);
conductive bridging RAM (CBRAM). So as not to obscure the embodiments, the disclosure is
described with reference to MTJ as the resistive element. However, the embodiments can be
used for any type of resistive device. In one embodiment, each bit-cell of the memory cells
includes an MTJ device coupled in series with a select transistor MN such that the free magnetic
layer of the MTJ device is coupled to BL. and the fixed magnetic layer of M'TJ is coupled to a
source/drain terminal of MN. In this embodiment, drain/source terminal of MN is coupled to SL
while gate terminal of MN is coupled to WL. In the embodiment of column 200, “N+1"" number
of bit-cells are shown in a column and one of the bit-cell-i is shown with its structure having
MTIi device and MNi transistor, where ‘i’ is an integer between ‘0’ and ‘N.’

[0029] In one embodiment, Local Write Drivers (i.e., Local Write Driver 202-1 and 202-
M) are distributed evenly throughout column 200. In one embodiment, each of the L.ocal Write
Drivers (i.e., Local Write Driver 202-1 and 202-M) comprise a SL driver. In one embodiment,
each of the Local Write Drivers (i.e., LLocal Write Driver 202-1 and 202-M) comprise a BL.
driver. In one embodiment, each of the Local Write Drivers (i.e., Local Write Driver 202-1 and
202-M) comprise both a BL. driver and SL. driver. In one embodiment, BL. and SL. drivers are

operable to be enabled by a write enable (WREN) signal. In one embodiment, the Local Write
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Drivers (i.e., Local Write Driver 202-1 and 202-M) are embedded in column 200 without
disrupting the memory cell array layout, thus leading to significant area savings.

[0030] In one embodiment, End Driver 203 comprises Vcc write drivers that are located
at the end of column 200. In one embodiment, the Vcc write drivers are self-triggered in that
they behave as keepers to reduce the series resistance of the BL. and/or SL..

[0031] Fig. 3A illustrates a circuit 300 of a column of a memory array with embedded
write drivers on an alternate BL. and regular BL. and/or SL, according to one embodiment of the
disclosure. Itis pointed out that those elements of Fig. 3A having the same reference numbers
(or names) as the elements of any other figure can operate or function in any manner similar to
that described, but are not limited to such.

[0032] Circuit 300 shows a column of resistive memory cells in a memory array. Here,
the memory cells are indicated by memory cell-i (MTJ<i> coupled to MN<i>), memory cell-j
(MTlJ<j> coupled to MN<;j>), and memory cell-k (MTI<k> coupled to MN<k>), where ‘i,” ‘j,’
and ‘k’ are integers such that ‘k’ is greater than ‘j,” and ‘j’ is greater than ‘i.” In one
embodiment, each of the select transistors are controllable by a respective WL. For example,
MNK<i> is controllable by Wl<i>, MN<;j> is controllable by WI.<j>, and MN<k> is controllable
by WL<k>.

[0033] In one embodiment, circuit 300 includes a first BL (i.e., normal BL), dedicated
BL (also called Auxiliary BL or second BL), and SL. In one embodiment, each of the BLs and
SL are driven by respective Write Drivers shown in write Driver 301. In one embodiment, each
of the resistive memory cells is coupled to the first BL. and the SL.. For example, source/drain
terminal of select transistor of the memory cell is coupled to the SL and the free magnetic layer
of the MTIJ device is coupled to the first BL.

[0034] In one embodiment, Write Driver 301 comprises a first driver having a p-type
transistor MPw1 coupled to the first BL. such that its drain terminal is coupled to the first BL, its
source terminal is coupled to power supply (Vcc), and its gate terminal is controllable by a write
control signal. In this embodiment, the write control signal is a Write ‘0’ active low control
signal.

[0035] In one embodiment, the second driver of Write Driver 301 includes a p-type
transistor MPw2 coupled to the SL such that its drain terminal is coupled to the SL,, its source
terminal is coupled to power supply (Vcce), and its gate terminal is controllable by a write control
signal. In this embodiment, the write control signal is a Write ‘1’ active low control signal.
[0036] In one embodiment, Write Driver 301 comprises a third driver having a p-type
transistor MPw3 coupled to the second BL (i.e., Auxiliary BL) such that its drain terminal is

coupled to the second BL,, its source terminal is coupled to power supply (Vcc), and its gate



WO 2015/065462 PCT/US2013/067892

terminal is controllable by a write control signal. In this embodiment, the write control signal is
an active low control signal (e.g., WriteQ OR Read signals). In other embodiments, other types
of write drivers may be used that are controllable by appropriate write control signals used for
writing a zero (i.e., logical low) or a one (i.e., logical high). In one embodiment, the third driver
has a weak strength since it may not need to drive write current to the MTJs. In one
embodiment, the third driver is only used for applying a select signal.

[0037] In one embodiment, circuit 300 includes an End Driver 203 coupled to the end of
the column. In one embodiment, End Driver 203 are Vcc write drivers which are self-triggered
in that they behave as keepers to reduce the series resistance of the first B, and/or SL.. In one
embodiment, End Driver 203 includes a first NAND (NAND1) gate, a first transistor MPk1, a
second NAND (NAND?2) gate, and a second transistor MPk2.

[0038] In one embodiment, first NAND gate has a first input coupled to Write Active
High Control signal and a second input coupled to a drain terminal of first transistor MPk1(i.e.,
p-type). In one embodiment, Write Active High Control signal is an active high undifferentiated
write control signal. In this embodiment, differentiation ‘0’ (and respectively differentiation ‘1°)
comes from selected BL. (and respectively selected SL). In one embodiment, output of first
NAND gate is coupled to the gate terminal of first transistor MPk1. In one embodiment, source
terminal of first transistor MPk1 is coupled to power supply (Vcc). In one embodiment, drain
terminal of first transistor MPk1 is coupled to first BL.

[0039] In one embodiment, second NAND gate has a first input coupled to Write Active
High Control signal and a second input coupled to a drain terminal of second transistor MPk2
(i.e., p-type). In one embodiment, Write Active High Control signal is an active high
undifferentiated write control signal. In this embodiment, differentiation ‘0’ (and respectively
differentiation ‘1°) comes from selected BL (and respectively selected SL). In one embodiment,
output of second NAND gate is coupled to the gate terminal of second transistor MPk2. In one
embodiment, source terminal of second transistor MPk2 is coupled to power supply (Vcc). In
one embodiment, drain terminal of MPk2 is coupled to SL..

[0040] In one embodiment, when BL. (and respectively SL) is driven for a Write ‘0’
(respectively Write ‘1°) then NANDI1 (respectively NAND?2) turns on MPk1 (respectively
MPk2). In such an embodiment, the latter transistors enhance current drive to the first BL. and
SL. In one embodiment, End Driver 203 (also referred as the far-end driver) behaves as keeper.
In one embodiment, End Driver 203 may be triggered by the near-end drivers to strengthen the
write operation at the array far-end. In one embodiment, when a p-type device is used as access
device for the memory cell, then BL. and SL polarities are opposite to the polarities discussed in

various embodiments (which are described with reference to n-type access transistors of memory
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cells). In such an embodiment, first and second NAND gates may be replaced with first and
second NOR gates (not shown).

[0041] In one embodiment, SL drivers (i.e., SL driver-i to SL driver-N) are distributed
throughout the column of memory cells. In one embodiment, each SL. driver comprises an MTJ
device coupled to a n-type transistor such that the free magnetic layer of M'TJ device is coupled
to the second BL. and the fixed magnetic layer of M'TJ device is coupled to the gate terminal of
the n-type transistor.

[0042] In one embodiment, to write a logical high to a bit-cell (e.g., memory cell-j),
WL<j> is selected which turns on MN<;j> (i.e., MN<;j> is selected) and first BL. is lowered
relative to the SL.. The MTJ device (i.e., MTJ<j>) of the selected bit-cell writes high-resistance
state because the write current flows from the fixed magnetic layer (also called pinned layer) to
the free magnetic layer, and then flows to the first BL.. High-resistance state is achieved when
the magnetic direction of the two magnets is un-aligned relative to one another.

[0043] In this embodiment, MPw]1 of write driver 301 is turned off and MPw2 of write
driver 301 is turned on which couples Vcc to SL. In one embodiment, the distributed local BL.
write drivers (e.g., BL. local driver-i and BL local driver-N) are turned on because the n-type
transistors of those drivers are turned on by the high SL. In such an embodiment, the first BL. is
pulled low by the local BL write drivers.

[0044] The pulling low of the first BL. through its entire length (i.e., from the start of the
column at the Write Driver 301 end to the far end of the array) reduces resistance of the first BL.
for all memory cells coupled to the first BL.. This lower resistance of the first B, improves the
process of writing a one to the memory cell. In this embodiment, when writing a logical high to
a bit-cell, Auxiliary BL (i.e., second BL) is floating or grounded because third p-type transistor
MPw3 of the Write Driver 301 is turned off. In this embodiment, by driving Vss to first BL.in a
regular and distributed way, write margin is increased. In one embodiment, End Driver 203
causes Vcc to be driven on SL which further strengthens the high level on SL. In this
embodiment, output of NAND?2 is a logical low which turns on MPk2 which then couples Vcc to
SL. During this time, MPk1 is off due to the first BL. being low.

[0045] In one embodiment, to write a logical low to a bit-cell (e.g., memory cell-j),
WL<j> is selected which turns on MN<j> (i.e., MN<;j> is selected), and first BL is raised relative
to SL. The MTI device (i.e., MTI<j>) of the selected bit-cell writes low-resistance state because
the write current flows from the free magnetic layer to the fixed magnetic layer (also called
pinned layer), and then goes through MN<j> to the SL.. Low-resistance state is achieved when
the magnetic direction of the two magnets is aligned relative to one another. In this embodiment,

SL is set to ground level.
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[0046] In this embodiment, MPw1 and MPw?3 of write driver 301 are turned on, and
MPw2 of Write Driver 301 is turned off, In this embodiment, Auxiliary BL and first BL. are
pulled high. In this embodiment, local SL drivers (e.g., SL local driver-i and SL local driver-N)
are turned on because the free magnetic layers of the respective M'TJ devices of the local SL
drivers is coupled to Vcc which causes the n-type transistors coupled to the MTJ devices to turn
on thus causing SL to be pulled low. In this embodiment, by driving Vcc to first and second BLs
and Vss on SL, write margin is increased. One reason for improving write margin is that
parasitic series resistance is mitigated. In one embodiment, End Driver 203 causes Vcce to be
driven on the first BL. which further strengthens the high level on the first BL.. In this
embodiment, output of NANDI is a logical low which turns on MPk1 which then couples Vcc to
the first BL.. During this time, MPk2 is off.

[0047] To read from a bit-cell (e.g., memory cell-j), WL<j> is selected which turns on
MN<;j> (i.e., MN<j> is selected), SL is set to logical low and first and second BLs are raised
relative to S and MTJ device resistance is sensed using weak current (e.g., 1/8" of write
current). In this embodiment, MPw3 of Write Driver 301 is turned on which drive a high to the
second BL.. In this embodiment, MPw2 of Write Driver 301 is off. In one embodiment, high
second BL turns on the n-type transistors of the SL local drivers which cause the SL. to couple to
ground by the SL local drivers. By driving Vss on SL during read operation, resistance of SL is
reduced and read margin is increased. In one embodiment, during read operation, End Driver
203 is disabled so as not to interfere with the read operation.

[0048] While the embodiments are described with a resistive memory cell having a
transistor (e.g., MN<i>) with a source terminal coupled to the SL, and a gate terminal coupled to
a WL; and a resistive element (e.g., MTJ<i>) with one end coupled to the first BL., and another
end coupled to the drain terminal of the transistor, the resistive element can be coupled to a
diode. For example, in one embodiment, the transistor is diode connected such that the drain
terminal of the transistor is coupled to the gate terminal of the transistor. In such an
embodiment, WL is not connected to the gate terminal of the transistor. In one embodiment, the
transistor is replaced with a two-terminal diode (e.g., parasitic or actual diode). In such an
embodiment, WL is not connected to the two-terminal diode of the transistor.

[0049] Fig. 3B illustrates a circuit 320 of a column of a memory array with various
designs of write drivers on an alternate BL. and regular BL. and/or SL, according to one
embodiment of the disclosure. It is pointed out that those elements of Fig. 3B having the same
reference numbers (or names) as the elements of any other figure can operate or function in any

manner similar to that described, but are not limited to such.
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[0050] In this embodiment, alternative designs for SL local driver 321 and BL local
driver 322 are described. In one embodiment, SI. local driver 321 may comprise driver 321a or
driver 321b. In one embodiment, driver 321a is similar to the SL driver discussed with reference
to Fig. 3A. Referring back to Fig. 3B, in one embodiment, driver 321a comprises an n-type
transistor MN1 and an MTJ device. In one embodiment, drain terminal of MN1 is coupled to SL.
and source terminal of MN1 is coupled to ground, and gate terminal of MNT1 is coupled to fixed
layer of the MTJ device. In one embodiment, free magnetic layer of MTJ device is coupled to
the second BL (also referred to as the Auxiliary BL). In one embodiment, MN1 of 321a can be
replaced with a p-type device (not shown) with a drain terminal coupled to SL and source
terminal coupled to power supply, and gate terminal coupled to MTJ.

[0051] In one embodiment, driver 321b comprises a first n-type transistor MN1, a second
n-type transistor MN2, and an MTJ device. In one embodiment, drain terminal of MN1 is
coupled to SL and source terminal of MN1 is coupled to drain terminal of MN2, and gate
terminal of MN1 is coupled to fixed layer of the MTJ device. In one embodiment, free magnetic
layer of M'TJ device is coupled to the second BL (also referred to as the Auxiliary BL). In one
embodiment, source terminal of MN2 is coupled to ground, and gate terminal of MN2 is coupled
to write enable signal (WREN). In this embodiment, SL. driver 321b is enabled during write only
i.e., when WREN is logically high.

[0052] In one embodiment, BL local driver 322 comprises driver 322a or driver 322b, In
one embodiment, driver 322a is similar to the BL. driver discussed with reference to Fig, 3A.
Referring back to Fig. 3B, in one embodiment, driver 322a includes an n-type transistor MN1
with its source terminal coupled to ground, drain terminal coupled to the first BL., and gate
terminal coupled to SL.. In one embodiment, driver 322b comprises a first n-type transistor MN1
and a second n-type transistor MN2 coupled in series with MN1. In this embodiment, drain
terminal of MN1 is coupled to the first BL, source terminal of MNT1 if coupled to drain terminal
of MIN2, and gate terminal of MN1 is coupled to SL.. In one embodiment, gate terminal of MIN2
is coupled to WREN and source terminal of MIN2 is coupled to ground. In this embodiment, BL.
driver 322b is enabled during write only i.e., when WREN is logically high.

[0053] In one embodiment, MN1 of 322a can be replaced with a p-type device (not
shown) with a drain terminal coupled to the first BL. and source terminal coupled to power
supply, and gate terminal coupled to SL.

[0054] Fig. 4A illustrates a circuit 400 of a column of a memory array with embedded
write drivers on a regular BL. and/or SL., according to one embodiment of the disclosure. It is
pointed out that those elements of Fig. 4A having the same reference numbers (or names) as the

elements of any other figure can operate or function in any manner similar to that described, but
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are not limited to such. Fig. 4A is described with reference to Fig. 3A. So as not to obscure the
embodiments, differences between Fig. 4A and Fig. 3A are discussed.

[0055] In this embodiment, Auxiliary BL is removed and free magnetic layers of the SL
drivers (SL local driver-i to SL local driver —N) are coupled to BL.. In this embodiment, write
driver 401 does not include MPw?3 for driving the Auxiliary BL..

[0056] In one embodiment, to write a logical high to a bit-cell (e.g., memory cell-j),
WL<;j> is selected which turns on MN<j> (i.e., MN<;j> is selected) and BL is lowered relative to
the SL.. The MTIJ device (i.e., MTI<j>) of the selected bit-cell writes high-resistance state
because the write current flows from the fixed magnetic layer (also called pinned layer) to the
free magnetic layer, and then flows to BL.. High-resistance state is achieved when the magnetic
direction of the two magnets is un-aligned relative to one another.

[0057] In this embodiment, MPw]1 of write driver 401 is turned off and MPw2 of write
driver 401 is turned on which couples Vcc to SL. In one embodiment, the distributed local BL.
write drivers (e.g., BL. local driver-i and BL local driver-N) are turned on because the n-type
transistors of those drivers are turned on by the high SL.. In such an embodiment, BL. is pulled
low by the local BL write drivers.

[0058] The pulling low of BL through its entire length (i.e., from the start of the column
at the write driver 401 end to the far end of the array) reduces resistance of BL for all memory
cells coupled to BL.. 'This lower resistance of BL. improves the process of writing a one to the
memory cell. In one embodiment, End Driver 203 causes Vcc to be driven on SL. which further
strengthens the high level on SL. In this embodiment, output of NAND?2 is a logical low which
turns on MPk2 which then couples Vcc to SL. During this time, MPk1 is off. In this
embodiment, by driving Vss to BL,, write margin is increased.

[0059] In one embodiment, to write a logical low to a bit-cell (e.g., memory cell-j),
WL<j> is selected which turns on MN<;j> (i.e., MN<;j> is selected), and BL is raised relative to
SL. The MTIJ device (i.e., MTI<j>) of the selected bit-cell writes low-resistance state because
the write current flows from the free magnetic layer to the fixed magnetic layer (also called
pinned layer), and then goes through MN<j> to the SL.. Low-resistance state is achieved when
the magnetic direction of the two magnets is aligned relative to one another. In this embodiment,
SL is set to ground level.

[0060] In this embodiment, MPw1 of write driver 401 is turned on, and MPw?2 of write
driver 401 is turned off. In this embodiment, BL is pulled high. In this embodiment, local SL
drivers (e.g., SL. local driver-i and SL local driver-N) are turned on because the free magnetic
layers of the respective MTJ devices of the local SL drivers are coupled to Vcc which causes the

n-type transistors coupled to the M'TJ devices to turn on thus causing SL to be pulled low. In one
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embodiment, End Driver 203 causes Vcc to be driven on BL which further strengthens the high
level on BL.. In this embodiment, output of NANDI1 is a logical low which turns on MPk1 which
then couples Vee to BL.. During this time, MPk2 is off. In this embodiment, by driving Vcc to
BL and Vss on SL, write margin is increased.

[0061] To read from a bit-cell (e.g., memory cell-j), WL<j> is selected which turns on
MN<;j> (i.e., MN<j> is selected), SL is set to logical low and BL is raised relative to SL and
MTI device resistance is sensed using weak current (e.g., 1/8" of write current). In one
embodiment, BL is raised to Vread voltage. Typically, Vread is not high enough (~100mV) to
reliably turn on SL local drivers. In one embodiment, WREN gating signal is used for reading.
In such an embodiment, SL is grounded by other means not shown here.

[0062] While the embodiments are described with a resistive memory cell having a
transistor (e.g., MN<i>) with a source terminal coupled to the SI, and a gate terminal coupled to
a WL; and a resistive element (e.g., MTJ<i>) with one end coupled to the BL., and another end
coupled to the drain terminal of the transistor, the resistive element can be coupled to a diode.
For example, in one embodiment, the transistor is diode connected such that the drain terminal of
the transistor is coupled to the gate terminal of the transistor. In such an embodiment, WL is not
connected to the gate terminal of the transistor. In one embodiment, the transistor is replaced
with a two-terminal diode (e.g., parasitic or actual diode). In such an embodiment, WL is not
connected to the two-terminal diode of the transistor.

[0063] Fig. 4B illustrates a circuit 420 of a column of a memory array with various
designs of write drivers on a regular BL. and/or SL., according to one embodiment of the
disclosure. Itis pointed out that those elements of Fig. 4B having the same reference numbers
(or names) as the elements of any other figure can operate or function in any manner similar to
that described, but are not limited to such.

[0064] In this embodiment, alternative designs for SL local driver 421 and BL. local
driver 422 are described. In one embodiment, SI. local driver 421 may comprise driver 421a or
driver 421b. In one embodiment, driver 421a is similar to the SL driver discussed with reference
to Fig. 4A. Referring back to Fig. 4B, in one embodiment, driver 421a comprises an n-type
transistor MN1 and an MTJ device. In one embodiment, drain terminal of MN1 is coupled to SL.
and source terminal of MN1 is coupled to ground, and gate terminal of MNT1 is coupled to fixed
layer of the MTJ device. In one embodiment, free magnetic layer of MTJ device is coupled to
BL. In one embodiment, MN1 of 421a can be replaced with a p-type device (not shown) with a
drain terminal coupled to SL. and source terminal coupled to power supply, and gate terminal

coupled to MTJ.
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[0065] In one embodiment, driver 421b comprises a first n-type transistor MN1, a second
n-type transistor MN2, and an MTJ device. In one embodiment, drain terminal of MN1 is
coupled to SI. and source terminal of MN1 is coupled to drain terminal of MN2, and gate
terminal of MN1 is coupled to fixed layer of the MTJ device. In one embodiment, free magnetic
layer of M'TJ device is coupled to BL. In one embodiment, source terminal of MN2 is coupled to
ground, and gate terminal of MN2 is coupled to write enable signal (WREN). In this
embodiment, SL driver 421b is enabled during write only i.e., when WREN is logically high.
[0066] In one embodiment, BL. local driver 422 comprises driver 422a or driver 422b, In
one embodiment, driver 422a is similar to the BL. driver discussed with reference to Fig, 4A.
Referring back to Fig. 4B, in one embodiment, driver 422a includes an n-type transistor MN1
with its source terminal coupled to ground, drain terminal coupled to B1,, and gate terminal
coupled to SL. In one embodiment, driver 422b comprises a first n-type transistor MN1 and a
second n-type transistor MN2 coupled in series with MN1. In this embodiment, drain terminal
of MNI is coupled to BL,, source terminal of MN1 is coupled to drain terminal of MN2, and gate
terminal of MN1 is coupled to SL. In one embodiment, gate terminal of MN2 is coupled to
WREN and source terminal of MIN2 is coupled to ground. In this embodiment, BL driver 422b
is enabled during write only i.e., when WREN is logically high.

[0067] In one embodiment, MN1 of 422a can be replaced with a p-type device (not
shown) with a drain terminal coupled to BL. and source terminal coupled to power supply, and
gate terminal coupled to SL.

[0068] Fig. 5 illustrates a plot 500 with normalized data showing improved write current
for all memory cells in a column using the discussed embodiments. It is pointed out that those
elements of Fig. 5 having the same reference numbers (or names) as the elements of any other
figure can operate or function in any manner similar to that described, but are not limited to such.
[0069] Here, x-axis is a column of memory cells from bit-cell O to 511, and the y-axis is
write current (normalized). Plot 500 includes two sets of data. The first set of data is on the top
which shows a nearly constant write zero current when SL is grounded. The embodiments allow
SL to be grounded (to Vss) using the distributed SI. local drivers along the column of memory
cells. The second set of data is on the bottom which shows a nearly constant write one current
when BL is grounded. The embodiments allow BL to be grounded (to Vss) using the distributed
BL local drivers along the column of memory cells. BL. and SL series resistances may be
asymmetric. For example, series resistance of SI. may be greater than series resistance of BL.. In
one such embodiment, more SI. local drivers are added than their BL. counterparts to account for

higher SL series resistance. In one embodiment, where BL. has higher series resistance than SL.,
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more BL local drivers may be added than SL counterparts to account for higher BL. series
resistance.

[0070] Fig. 6 illustrates a cross-section 600 of a layout with embedded MTJ (magnetic
tunnel junction) based write driver, according to one embodiment of the disclosure. It is pointed
out that those elements of Fig. 6 having the same reference numbers (or names) as the elements
of any other figure can operate or function in any manner similar to that described, but are not
limited to such.

[0071] The cross section shows process layers—substrate, poly, and metal layers, for
example, metal zero (M0), metal one (M1), metal two (M2), metal three (M3), and metal four
(M4). In this embodiment, SL. is on MO and BL is on M4. M4 being a higher metal has lower
resistivity than MO. In this embodiment, MTJs for the bit cell and the SL local driver is formed
in the region between M1 and M3.

[0072] In one embodiment, SL. local drivers are embedded in the array of bit-cells
without disruption of the memory array i.e., BL. and SL are not disrupted. In this embodiment,
actual MTJs instead of vias are used to convey BL select signals to the SI. local write drivers.
One technical effect of such an embodiment is that there is no need to disrupt the array of MTJs
resulting in a more compact layout than traditional layouts. If vias are used instead of MTlJs,
large gaps between neighboring bit-cells may be formed causing the overall layout to expand
instead of compacting.

[0073] Fig. 7 is a smart device or a computer system or an SoC (System-on-Chip) 1600
with a memory array with embedded drivers on the BL(s) and/or SL signal path, according to
one embodiment of the disclosure. It is pointed out that those elements of Fig. 7 having the same
reference numbers (or names) as the elements of any other figure can operate or function in any
manner similar to that described, but are not limited to such.

[0074] Fig. 7 illustrates a block diagram of an embodiment of a mobile device in which
flat surface interface connectors could be used. In one embodiment, computing device 1600
represents a mobile computing device, such as a computing tablet, a mobile phone or smart-
phone, a wireless-enabled e-reader, or other wireless mobile device. It will be understood that
certain components are shown generally, and not all components of such a device are shown in
computing device 1600.

[0075] In one embodiment, computing device 1600 includes a first processor 1610 with a
memory array with embedded drivers on the B1(s) and SL signal path, according to the
embodiments discussed. Other blocks of the computing device 1600 may also include a memory
array with embedded drivers on the BL(s) and SL signal path as discussed on various

embodiments. The various embodiments of the present disclosure may also comprise a network
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interface within 1670 such as a wireless interface so that a system embodiment may be
incorporated into a wireless device, for example, cell phone or personal digital assistant.

[0076] In one embodiment, processor 1610 (and/or processor 1690) can include one or
more physical devices, such as microprocessors, application processors, microcontrollers,
programmable logic devices, or other processing means. In one embodiment, process 1690 is
optional. The processing operations performed by processor 1610 include the execution of an
operating platform or operating system on which applications and/or device functions are
executed. The processing operations include operations related to I/O (input/output) with a
human user or with other devices, operations related to power management, and/or operations
related to connecting the computing device 1600 to another device. The processing operations
may also include operations related to audio I/O and/or display [/O.

[0077] In one embodiment, computing device 1600 includes audio subsystem 1620,
which represents hardware (e.g., audio hardware and audio circuits) and software (e.g., drivers,
codecs) components associated with providing audio functions to the computing device. Audio
functions can include speaker and/or headphone output, as well as microphone input. Devices
for such functions can be integrated into computing device 1600, or connected to the computing
device 1600. In one embodiment, a user interacts with the computing device 1600 by providing
audio commands that are received and processed by processor 1610.

[0078] Display subsystem 1630 represents hardware (e.g., display devices) and software
(e.g., drivers) components that provide a visual and/or tactile display for a user to interact with
the computing device 1600. Display subsystem 1630 includes display interface 1632, which
includes the particular screen or hardware device used to provide a display to a user. In one
embodiment, display interface 1632 includes logic separate from processor 1610 to perform at
least some processing related to the display. In one embodiment, display subsystem 1630
includes a touch screen (or touch pad) device that provides both output and input to a user.
[0079] I/O controller 1640 represents hardware devices and software components related
to interaction with a user. I/O controller 1640 is operable to manage hardware that is part of
audio subsystem 1620 and/or display subsystem 1630. Additionally, I/O controller 1640
illustrates a connection point for additional devices that connect to computing device 1600
through which a user might interact with the system. For example, devices that can be attached
to the computing device 1600 might include microphone devices, speaker or stereo systems,
video systems or other display devices, keyboard or keypad devices, or other I/O devices for use
with specific applications such as card readers or other devices.

[0080] As mentioned above, I/O controller 1640 can interact with audio subsystem 1620

and/or display subsystem 1630. For example, input through a microphone or other audio device
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can provide input or commands for one or more applications or functions of the computing
device 1600. Additionally, audio output can be provided instead of, or in addition to display
output. In another example, if display subsystem 1630 includes a touch screen, the display
device also acts as an input device, which can be at least partially managed by I/O controller
1640. There can also be additional buttons or switches on the computing device 1600 to provide
I/O functions managed by I/O controller 1640.

[0081] In one embodiment, I[/O controller 1640 manages devices such as accelerometers,
cameras, light sensors or other environmental sensors, or other hardware that can be included in
the computing device 1600. The input can be part of direct user interaction, as well as providing
environmental input to the system to influence its operations (such as filtering for noise,
adjusting displays for brightness detection, applying a flash for a camera, or other features).
[0082] In one embodiment, computing device 1600 includes power management 1650
that manages battery power usage, charging of the battery, and features related to power saving
operation. Memory subsystem 1660 includes memory devices for storing information in
computing device 1600. Memory can include nonvolatile (state does not change if power to the
memory device is interrupted) and/or volatile (state is indeterminate if power to the memory
device is interrupted) memory devices. Memory subsystem 1660 can store application data, user
data, music, photos, documents, or other data, as well as system data (whether long-term or
temporary) related to the execution of the applications and functions of the computing device
1600.

[0083] Elements of embodiments are also provided as a machine-readable medium (e.g.,
memory 1660) for storing the computer-executable instructions (e.g., instructions to implement
any other processes discussed herein). The machine-readable medium (e.g., memory 1660) may
include, but is not limited to, flash memory, optical disks, CD-ROMs, DVD ROMs, RAMs,
EPROMs, EEPROMSs, magnetic or optical cards, phase change memory (PCM), or other types of
machine-readable media suitable for storing electronic or computer-executable instructions. For
example, embodiments of the disclosure may be downloaded as a computer program (e.g.,
BIOS) which may be transferred from a remote computer (e.g., a server) to a requesting
computer (e.g., a client) by way of data signals via a communication link (e.g., a modem or
network connection).

[0084] Connectivity 1670 includes hardware devices (e.g., wireless and/or wired
connectors and communication hardware) and software components (e.g., drivers, protocol
stacks) to enable the computing device 1600 to communicate with external devices. The
computing device 1600 could be separate devices, such as other computing devices, wireless

access points or base stations, as well as peripherals such as headsets, printers, or other devices.
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[0085] Connectivity 1670 can include multiple different types of connectivity. To
generalize, the computing device 1600 is illustrated with cellular connectivity 1672 and wireless
connectivity 1674. Cellular connectivity 1672 refers generally to cellular network connectivity
provided by wireless carriers, such as provided via GSM (global system for mobile
communications) or variations or derivatives, CDMA (code division multiple access) or
variations or derivatives, TDM (time division multiplexing) or variations or derivatives, or other
cellular service standards. Wireless connectivity (or wireless interface) 1674 refers to wireless
connectivity that is not cellular, and can include personal area networks (such as Bluetooth, Near
Field, etc.), local area networks (such as Wi-Fi), and/or wide area networks (such as WiMax), or
other wireless communication.

[0086] Peripheral connections 1680 include hardware interfaces and connectors, as well
as software components (e.g., drivers, protocol stacks) to make peripheral connections. It will be
understood that the computing device 1600 could both be a peripheral device ("to" 1682) to other
computing devices, as well as have peripheral devices ("from" 1684) connected to it. The
computing device 1600 commonly has a "docking" connector to connect to other computing
devices for purposes such as managing (e.g., downloading and/or uploading, changing,
synchronizing) content on computing device 1600. Additionally, a docking connector can allow
computing device 1600 to connect to certain peripherals that allow the computing device 1600 to
control content output, for example, to audiovisual or other systems.

[0087] In addition to a proprietary docking connector or other proprietary connection
hardware, the computing device 1600 can make peripheral connections 1680 via common or
standards-based connectors. Common types can include a Universal Serial Bus (USB) connector
(which can include any of a number of different hardware interfaces), DisplayPort including
MiniDisplayPort (MDP), High Definition Multimedia Interface (HDMI), Firewire, or other
types.

[0088] Reference in the specification to "an embodiment,

"wen "wen

one embodiment,” "some
embodiments,” or "other embodiments” means that a particular feature, structure, or
characteristic described in connection with the embodiments is included in at least some

embodiments, but not necessarily all embodiments. The various appearances of "an

"wen

embodiment,” "one embodiment," or "some embodiments" are not necessarily all referring to the

same embodiments. If the specification states a component, feature, structure, or characteristic

"wen

"may," "might," or "could" be included, that particular component, feature, structure, or

non

characteristic is not required to be included. If the specification or claim refers to "a" or "an"

element, that does not mean there is only one of the elements. If the specification or claims refer
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to "an additional” element, that does not preclude there being more than one of the additional
element.

[0089] Furthermore, the particular features, structures, functions, or characteristics may
be combined in any suitable manner in one or more embodiments. For example, a first
embodiment may be combined with a second embodiment anywhere the particular features,
structures, functions, or characteristics associated with the two embodiments are not mutually
exclusive.

[0090] While the disclosure has been described in conjunction with specific
embodiments thereof, many alternatives, modifications and variations of such embodiments will
be apparent to those of ordinary skill in the art in light of the foregoing description. For
example, other memory architectures e.g., Dynamic RAM (DRAM) may use the embodiments
discussed. The embodiments of the disclosure are intended to embrace all such alternatives,
modifications, and variations as to fall within the broad scope of the appended claims.

[0091] In addition, well known power/ground connections to integrated circuit (IC) chips
and other components may or may not be shown within the presented figures, for simplicity of
illustration and discussion, and so as not to obscure the disclosure. Further, arrangements may
be shown in block diagram form in order to avoid obscuring the disclosure, and also in view of
the fact that specifics with respect to implementation of such block diagram arrangements are
highly dependent upon the platform within which the present disclosure is to be implemented
(i.e., such specifics should be well within purview of one skilled in the art). Where specific
details (e.g., circuits) are set forth in order to describe example embodiments of the disclosure, it
should be apparent to one skilled in the art that the disclosure can be practiced without, or with
variation of, these specific details. The description is thus to be regarded as illustrative instead of
limiting.

[0092] The following examples pertain to further embodiments. Specifics in the
examples may be used anywhere in one or more embodiments. All optional features of the
apparatus described herein may also be implemented with respect to a method or process.
[0093] For example, an apparatus is provided which comprises: a sourceline; a first
bitline; a column of resistive memory cells, each resistive memory cell of the column coupled at
one end to the sourceline and coupled to the first bitline at another end; and a second bitline in
parallel to the first bitline, the second bitline to decouple read and write operations on the bitline
for the resistive memory cell. In one embodiment, the apparatus further comprises: sourceline
write drivers coupled to the second bitline, wherein the sourceline write drivers are distributed

along the column of resistive memory cells.
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[0094] In one embodiment, each of the sourceline write drivers comprises: a transistor
coupled to the sourceline and ground or power supply; and a resistive element with one end
coupled to the second bitline, and another end coupled to a gate terminal of the transistor. In one
embodiment, each of the sourceline write drivers comprises: a first transistor coupled to the
sourceline and another node; a second transistor coupled to the other node and ground or power
supply, the second transistor controllable by write enable; and a resistive element with one end
coupled to the second bitline, and another end coupled to a gate terminal of the first transistor.
[0095] In one embodiment, the resistive element is at least one of: magnetic tunnel
junction (MTJ) device; phase change memory (PCM) device; resistive ram (ReRAM);
conductive bridging ram (CBRAM). In one embodiment, the transistor is an n-type transistor.
In one embodiment, the apparatus further comprises: bitline write drivers coupled to the first
bitline, wherein the bitline write drivers are distributed along the column of resistive memory
cells. In one embodiment, each of the bitline write drivers comprises a transistor coupled to the
first bitline and ground or power supply such that a gate terminal of the transistor is coupled to
the sourceline. In one embodiment, each of the bitline write drivers comprises: a first transistor
coupled to the bitline and another node, wherein a gate terminal of the first transistor is coupled
to the sourceline; and a second transistor coupled to the other node and ground or power supply,
wherein a gate terminal of the second transistor is controllable by write enable.

[0096] In one embodiment, each of the resistive memory cells includes: a transistor with
a source terminal coupled to the sourceline, and a gate terminal coupled to a wordline or a drain
terminal of the transistor; and a resistive element with one end coupled to the first bitline, and
another end coupled to the drain terminal of the transistor. In one embodiment, the resistive
element is at least one of: magnetic tunnel junction (MTJ) device; phase change memory (PCM)
device; resistive ram (ReRAM); conductive bridging ram (CBRAM). In one embodiment, the
transistor is an n-type transistor.

[0097] In one embodiment, the apparatus further comprises: a pair of write drivers at an
end of a column of memory cells, the pair of drivers coupled to the first bitline and the
sourceline. In one embodiment, the pair of write drivers comprises: a first NAND gate having a
first input coupled to a write control signal, and a second input coupled to the first bitline; and a
first transistor with a source terminal coupled to a power supply node, a drain terminal coupled
to the first bitline and second input of the first NAND gate, and a gate terminal controllable by
an output of the first NAND gate.

[0098] In one embodiment, the pair of write drivers is far-end drivers and behaves as
keepers. In one embodiment, the pair of write drivers may be triggered by the near-end drivers

to strengthen the write operation at the array far-end. In one embodiment, when a p-type device
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is used as access device for the memory cell, then BL. and SL polarities are opposite to the
polarities discussed in various embodiments (which are described with reference to n-type access
transistors of memory cells). In such an embodiment, first and second NAND gates may be
replaced with first and second NOR gates.

[0099] In one embodiment, the pair of write drivers further comprises: a second NAND
gate having a first input coupled to the write control signal, and a second input coupled to the
sourceline; and a second transistor with a source terminal coupled to the power supply node, a
drain terminal coupled to the sourceline and second input of the second NAND gate, and a gate
terminal controllable by an output of the second NAND gate. In one embodiment, the first and
second transistors are p-type transistors.

[00100] In another example, an apparatus is provided which comprises: a sourceline; a
bitline; a column of resistive memory cells, each resistive memory cell in the column coupled at
one end to the sourceline and coupled to the bitline at another end; and sourceline write drivers
coupled to the bitline and the sourceline, wherein the sourceline write drivers are distributed
along the column of resistive memory cells. In one embodiment, each of the sourceline write
drivers comprises: a transistor coupled to the sourceline and ground or power supply; and a
resistive element with one end coupled to the bitline, and another end coupled to a gate terminal
of the transistor.

[00101] In one embodiment, each of the sourceline write drivers comprises: a first
transistor coupled to the sourceline and another node; a second transistor coupled to the other
node and ground or power supply, the second transistor controllable by write enable; and a
resistive element with one end coupled to the bitline, and another end coupled to a gate terminal
of the first transistor. In one embodiment, the apparatus further comprises: bitline write drivers
coupled to the bitline, wherein the bitline write drivers are distributed along the column of
resistive memory cells.

[00102] In one embodiment, each of the bitline write drivers comprises a transistor
coupled to the bitline and ground such that a gate terminal of the transistor is coupled to the
sourceline. In one embodiment, each of the bitline write drivers comprises: a first transistor
coupled to the bitline and another node, wherein a gate terminal of the first transistor is coupled
to the sourceline; and a second transistor coupled to the other node and ground, wherein a gate
terminal of the second transistor is controllable by write enable.

[00103] In one embodiment, each of the resistive memory cell includes: a transistor with a
source terminal coupled to the sourceline, and a gate terminal coupled to a wordline; and a
resistive element with one end coupled to the first bitline, and another end coupled to a drain

terminal of the transistor.
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[00104] In another example, an apparatus is provided which comprises: a sourceline; a
bitline; a column of resistive memory cells, each resistive memory cell in the column coupled at
one end to the sourceline and coupled to the bitline at another end; and bitline write drivers
coupled to the bitline and the sourceline, wherein the bitline write drivers are distributed along
the column of resistive memory cells. In one embodiment, each of the bitline write drivers
comprises a transistor coupled to the bitline and ground such that a gate terminal of the transistor
is coupled to the sourceline.

[00105] In one embodiment, each of the bitline write drivers comprises: a first transistor
coupled to the bitline and another node, wherein a gate terminal of the first transistor is coupled
to the sourceline; and a second transistor coupled to the other node and ground or power supply,
wherein a gate terminal of the second transistor is controllable by write enable. In one
embodiment, the apparatus further comprises: sourceline write drivers coupled to the bitline,
wherein the sourceline write drivers are distributed along the column of resistive memory cells.
[00106] In one embodiment, each of the sourceline write drivers comprises: a transistor
coupled to the sourceline and ground; and a resistive element with one end coupled to the bitline,
and another end coupled to a gate terminal of the transistor. In one embodiment, wherein each of
the sourceline write drivers comprises: a first transistor coupled to the sourceline and another
node; a second transistor coupled to the other node and ground, the second transistor controllable
by write enable; and a resistive element with one end coupled to the bitline, and another end
coupled to a gate terminal of the first transistor.

[00107] In another example, a system is provided which comprises: a processor; a
memory coupled to the processor, the memory according to the apparatus discussed here; and a
wireless interface for allowing the processor to communicate with another device.

[00108] An abstract is provided that will allow the reader to ascertain the nature and gist
of the technical disclosure. The abstract is submitted with the understanding that it will not be
used to limit the scope or meaning of the claims. The following claims are hereby incorporated

into the detailed description, with each claim standing on its own as a separate embodiment.
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CLAIMS

We claim:

1. An apparatus comprising:
a sourceline;
a first bitline;
a column of resistive memory cells, each resistive memory cell of the column coupled at
one end to the sourceline and coupled to the first bitline at another end; and
a second bitline in parallel to the first bitline, the second bitline to decouple read and

write operations on the bitline for the resistive memory cell.

2. The apparatus of claim 1 further comprises:
sourceline write drivers coupled to the second bitline, wherein the sourceline write

drivers are distributed along the column of resistive memory cells.

3. The apparatus of claim 2, wherein each of the sourceline write drivers comprises:
a transistor coupled to the sourceline and ground or power supply; and
a resistive element with one end coupled to the second bitline, and another end coupled to

a gate terminal of the transistor.

4. The apparatus of claim 2, wherein each of the sourceline write drivers comprises:
a first transistor coupled to the sourceline and another node;
a second transistor coupled to the other node and ground or power supply, the second
transistor controllable by write enable; and
a resistive element with one end coupled to the second bitline, and another end coupled to

a gate terminal of the first transistor.
5. The apparatus of claim 3, wherein the resistive element is at least one of:
magnetic tunnel junction (MTJ) device;
phase change memory (PCM) device; or
resistive ram (ReRAM); conductive bridging ram (CBRAM).

6. The apparatus of claim 3, wherein the transistor is an n-type transistor.

7. The apparatus of claim 2 further comprises:
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10.

11.

12.

13.

14.

bitline write drivers coupled to the first bitline, wherein the bitline write drivers are

distributed along the column of resistive memory cells.

The apparatus of claim 7, wherein each of the bitline write drivers comprises a transistor
coupled to the first bitline and ground or power supply such that a gate terminal of the

transistor is coupled to the sourceline.

The apparatus of claim 7, wherein each of the bitline write drivers comprises:

a first transistor coupled to the bitline and another node, wherein a gate terminal of the
first transistor is coupled to the sourceline; and

a second transistor coupled to the other node and ground or power supply, wherein a gate

terminal of the second transistor is controllable by write enable.

The apparatus of claim 1, wherein each of the resistive memory cells includes:

a transistor with a source terminal coupled to the sourceline, and a gate terminal coupled
to a wordline or a drain terminal of the transistor; and

a resistive element with one end coupled to the first bitline, and another end coupled to

the drain terminal of the transistor.

The apparatus of claim 10, wherein the resistive element is at least one of:
magnetic tunnel junction (MTJ) device;

phase change memory (PCM) device; or

resistive ram (ReRAM); conductive bridging ram (CBRAM).

The apparatus of claim 10, wherein the transistor is an n-type transistor.

The apparatus of claim 1 further comprises:

a pair of write drivers at an end of a column of memory cells, the pair of drivers coupled
to the first bitline and the sourceline.

The apparatus of claim 13, wherein the pair of write drivers comprises:

a first NAND gate having a first input coupled to a write control signal, and a second

input coupled to the first bitline; and
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15.

16.

17.

18.

19.

20.

a first transistor with a source terminal coupled to a power supply node, a drain terminal
coupled to the first bitline and second input of the first NAND gate, and a gate terminal
controllable by an output of the first NAND gate.

The apparatus of claim 14, wherein the pair of write drivers further comprises:

a second NAND gate having a first input coupled to the write control signal, and a second
input coupled to the sourceline; and

a second transistor with a source terminal coupled to the power supply node, a drain
terminal coupled to the sourceline and second input of the second NAND gate, and a gate

terminal controllable by an output of the second NAND gate.

The apparatus of claim 15, wherein the first and second transistors are p-type transistors.

An apparatus comprising:

a sourceline;

a bitline;

a column of resistive memory cells, each resistive memory cell in the column coupled at
one end to the sourceline and coupled to the bitline at another end; and

sourceline write drivers coupled to the bitline and the sourceline, wherein the sourceline

write drivers are distributed along the column of resistive memory cells.

The apparatus of claim 17, wherein each of the sourceline write drivers comprises:
a transistor coupled to the sourceline and ground or power supply; and
a resistive element with one end coupled to the bitline, and another end coupled to a gate

terminal of the transistor.

The apparatus of claim 17, wherein each of the sourceline write drivers comprises:

a first transistor coupled to the sourceline and another node;

a second transistor coupled to the other node and ground or power supply, the second
transistor controllable by write enable; and

a resistive element with one end coupled to the bitline, and another end coupled to a gate

terminal of the first transistor.

The apparatus of claim 17 further comprises:
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21.

22,

23.

24,

25.

26.

bitline write drivers coupled to the bitline, wherein the bitline write drivers are distributed

along the column of resistive memory cells.

The apparatus of claim 20, wherein each of the bitline write drivers comprises a transistor
coupled to the bitline and ground or power supply such that a gate terminal of the transistor is

coupled to the sourceline.

The apparatus of claim 20, wherein each of the bitline write drivers comprises:

a first transistor coupled to the bitline and another node, wherein a gate terminal of the
first transistor is coupled to the sourceline; and

a second transistor coupled to the other node and ground or power supply, wherein a gate

terminal of the second transistor is controllable by write enable.

The apparatus of claim 17, wherein each of the resistive memory cell includes:

a transistor with a source terminal coupled to the sourceline, and a gate terminal coupled
to a wordline; and

a resistive element with one end coupled to the first bitline, and another end coupled to a

drain terminal of the transistor.

An apparatus comprising:

a sourceline;

a bitline;

a column of resistive memory cells, each resistive memory cell in the column coupled at
one end to the sourceline and coupled to the bitline at another end; and

bitline write drivers coupled to the bitline and the sourceline, wherein the bitline write

drivers are distributed along the column of resistive memory cells.

The apparatus of claim 24, wherein each of the bitline write drivers comprises a transistor
coupled to the bitline and ground or power supply such that a gate terminal of the transistor is

coupled to the sourceline.
The apparatus of claim 24, wherein each of the bitline write drivers comprises:

a first transistor coupled to the bitline and another node, wherein a gate terminal of the

first transistor is coupled to the sourceline; and
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27.

28.

29.

30.

31.

32.

a second transistor coupled to the other node and ground or power supply, wherein a gate

terminal of the second transistor is controllable by write enable.

The apparatus of claim 24 further comprises:
sourceline write drivers coupled to the bitline, wherein the sourceline write drivers are

distributed along the column of resistive memory cells.

The apparatus of claim 27, wherein each of the sourceline write drivers comprises:
a transistor coupled to the sourceline and ground or power supply; and
a resistive element with one end coupled to the bitline, and another end coupled to a gate

terminal of the transistor.

The apparatus of claim 27, wherein each of the sourceline write drivers comprises:

a first transistor coupled to the sourceline and another node;

a second transistor coupled to the other node and ground or power supply, the second
transistor controllable by write enable; and

a resistive element with one end coupled to the bitline, and another end coupled to a gate

terminal of the first transistor.

A system comprising:

a processor;

a memory coupled to the processor, the memory according to any one of apparatus claims
1 to 16; and

a wireless interface for allowing the processor to communicate with another device.

A system comprising:

a processor;

a memory coupled to the processor, the memory according to any one of apparatus claims
17 to 23; and

a wireless interface for allowing the processor to communicate with another device.

A system comprising:

a processor;

a memory coupled to the processor, the memory according to any one of apparatus claims
24 10 29; and

a wireless interface for allowing the processor to communicate with another device.
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