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Description

Field of Disclosure

[0001] Disclosed embodiments are directed to magne-
toresistive random access memory (MRAM). More par-
ticularly, exemplary embodiments are directed to inte-
grated MRAM modules comprising memory elements
such as MRAM last-level cache, MRAM main memory,
and memory controller.

Background

[0002] Performance and energy efficiency of process-
ing systems can be improved with efficient designs for
memory subsystems. Conventional architectures for
memory subsystems include a combination of non-vola-
tile memory, such as static random access memory
(SRAM), and volatile memory, such as dynamic random
access memory (DRAM). SRAM and DRAM technolo-
gies are well known in the art.
[0003] SRAM cells are usually faster, but also larger
than DRAM cells. Despite their expensive area consump-
tion, SRAMs find a place on-chip in register files and
caches, because of their higher speed and performance
characteristics. However, SRAM cells tend to be leaky
in nature and with shrinking device technology, the leak-
age problem of SRAM cells is exacerbated.
[0004] DRAM cells on the other hand, offer the advan-
tages of small size or high density, at the cost of lower
speeds. DRAM is conventionally used in main memory
which can be located off-chip. DRAM is also lower cost,
and can lend itself well to stacked architectures for cre-
ating large low-cost off-chip storage solutions. However,
DRAM also suffers from limited scalability with shrinking
device technology, especially in sub 10nm range. Anoth-
er well recognized disadvantage of DRAMs is their vol-
atile nature, which requires constant refreshing, and thus
incurring undesirable costs associated with refresh pow-
er.
[0005] Accordingly, conventional memory subsystem
designs which employ performance-oriented SRAMs for
on-chip caches and density-oriented DRAMs for off-chip
memory suffer from limitations. Recent trends in process-
ing system designs are placing high demands on on-chip
last-level cache (LLC). Thus, SRAM LLCs are tending to
occupy large areas on-chip, where the available real es-
tate is constantly shrinking with ever-increasing compo-
nents and shrinking overall surface area. On the other
hand, applications with higher data access requirements
are also placing additional stress on off-chip DRAM em-
ployed in main memory. However, DRAM is not well suit-
ed for delivering such higher bandwidth, as discussed
above. Furthermore, off-chip interconnects between on-
chip processors and off-chip memory, are also stressed
more severely to meet increasing demands on bandwidth
and this is also leads to increased power consumption.
[0006] Accordingly, there is a need in the art for mem-

ory subsystem designs which overcome the aforemen-
tioned problems associated with conventional designs.

SUMMARY

[0007] Exemplary embodiments of the invention are
directed to systems and method for integrated MRAM
modules comprising memory elements such as MRAM
last-level cache and MRAM main memory.
[0008] For example, an exemplary embodiment is di-
rected to an integrated circuit comprising: a processor;
a magnetoresistive random access memory (MRAM)
module comprising a MRAM last level cache and a
MRAM main memory, and an interface coupling the proc-
essor and the MRAM module.
[0009] Another exemplary embodiment is directed to
a method of forming an integrated circuit, the method
comprising: forming a processing chip without a last level
cache on a first package, and forming a MRAM module
comprising a MRAM last level cache and a MRAM main
memory in a second package.
[0010] Another exemplary embodiment is directed to
a system comprising: a processing means without a last
level cache formed on a first package, and a magnetore-
sistive random access memory (MRAM) memory means
comprising a last level cache and a main memory formed
in a second package.
[0011] Yet another exemplary embodiment is directed
to a method of forming an integrated circuit, the method
comprising: step for forming a processing chip without a
last level cache on a first package, and step for forming
a MRAM module comprising a MRAM last level cache
and a MRAM main memory in a second package.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings are presented to
aid in the description of embodiments of the invention
and are provided solely for illustration of the embodi-
ments and not limitation thereof.

FIG. 1 illustrates an integrated circuit comprising
conventional processing system 100.
FIG. 2 illustrates an integrated circuit comprising ex-
emplary processing system 200 and memory mod-
ule 218 configured according to exemplary embod-
iments.
FIG. 3 is a schematic illustration of exemplary
processing system 300 comprising exemplary
MRAM module 318.
FIGS. 4A-C illustrate physical implementations of
exemplary MRAM modules.
FIG. 5 illustrates a flow diagram for a method of form-
ing an integrated circuit comprising a processor and
MRAM module according to exemplary embodi-
ments.
FIG. 6 illustrates an exemplary wireless communi-
cation system 600 in which an embodiment of the
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disclosure may be advantageously employed.

DETAILED DESCRIPTION

[0013] Aspects of the invention are disclosed in the
following description and related drawings directed to
specific embodiments of the invention. Alternate embod-
iments may be devised without departing from the scope
of the invention. Additionally, well-known elements of the
invention will not be described in detail or will be omitted
so as not to obscure the relevant details of the invention.
[0014] The word "exemplary" is used herein to mean
"serving as an example, instance, or illustration." Any
embodiment described herein as "exemplary" is not nec-
essarily to be construed as preferred or advantageous
over other embodiments. Likewise, the term "embodi-
ments of the invention" does not require that all embod-
iments of the invention include the discussed feature,
advantage or mode of operation.
[0015] The terminology used herein is for the purpose
of describing particular embodiments only and is not in-
tended to be limiting of embodiments of the invention. As
used herein, the singular forms "a", "an" and "the" are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further un-
derstood that the terms "comprises", "comprising,", "in-
cludes" and/or "including", when used herein, specify the
presence of stated features, integers, steps, operations,
elements, and/or components, but do not preclude the
presence or addition of one or more other features, inte-
gers, steps, operations, elements, components, and/or
groups thereof.
[0016] Further, many embodiments are described in
terms of sequences of actions to be performed by, for
example, elements of a computing device. It will be rec-
ognized that various actions described herein can be per-
formed by specific circuits (e.g., application specific in-
tegrated circuits (ASICs)), by program instructions being
executed by one or more processors, or by a combination
of both. Additionally, these sequence of actions de-
scribed herein can be considered to be embodied entirely
within any form of computer readable storage medium
having stored therein a corresponding set of computer
instructions that upon execution would cause an associ-
ated processor to perform the functionality described
herein. Thus, the various aspects of the invention may
be embodied in a number of different forms, all of which
have been contemplated to be within the scope of the
claimed subject matter. In addition, for each of the em-
bodiments described herein, the corresponding form of
any such embodiments may be described herein as, for
example, "logic configured to" perform the described ac-
tion.
[0017] Exemplary embodiments recognize the prob-
lems associated with conventional memory architectures
comprising on-chip caches designed with SRAMs, off-
chip memory designed with DRAMs with expensive and
power hungry interconnects between on-chip processing

components and off-chip memory. Embodiments allevi-
ate these problems with exemplary Magnetoresistive
Random Access Memory (MRAM) modules which will be
described in further detail herein.
[0018] MRAM is a non-volatile memory technology,
which features high speed as well as small size and low
cost. In contrast to conventional RAM technologies such
as SRAM and DRAM, which store data as electric charg-
es or current flows, MRAM uses magnetic elements. In
MRAM, a magnetic tunnel junction (MTJ) storage ele-
ment can be formed from two magnetic layers, each of
which can hold a magnetic field, separated by a tunnel
barrier layer, or the like. One of the two magnetic layers,
commonly referred to as "fixed layer", is set to a particular
polarity. The polarity of the other magnetic layer, com-
monly referred to as "free layer" is free to change to match
that of an external field that can be applied. A change in
the polarity of the free layer will change the resistance of
the MTJ storage element. Accordingly, when the polari-
ties of the two magnetic layers are aligned, a low resist-
ance state exists, which can be designated as a first logic
state, such as logic "0". When the polarities are not
aligned, a high resistance state exists, which can be des-
ignated as a second logic state, such as logic "1". In this
manner, MRAM can binary data based on relative polar-
ities of the two magnetic layers. For a read operation,
current can be passed through the MTJ storage element
and the electrical resistance can be measured to deter-
mine if the value stored is a "0" or a "1". For a write op-
eration, data can be written by propagating a current to
establish the magnetic fields. One of ordinary skill in the
art will understand further implementation and variations
that are associated with MRAM.
[0019] It is seen that MRAM has several desirable
characteristics that make it a candidate for a universal
memory. The desirable characteristics include high
speed, high density or small bitcell size, low power con-
sumption, and no degradation over time. Variations of
conventional MRAM may further improve on such desir-
able aspects. For example, spin transfer torque MRAM
(STT-MRAM) uses electrons that become spin-polarized
as the electrons pass through a thin film which functions
as a spin filter. STT-MRAMs are seen to be more scalable
than conventional MRAM and may also feature simpler
circuit designs. STT-MRAM is also known as Spin Trans-
fer Torque RAM (STT-RAM), Spin Torque Transfer Mag-
netization Switching RAM (Spin-RAM), and Spin Mo-
mentum Transfer (SMTRAM).
[0020] Exemplary embodiments will be described with
reference to MRAM. However, it will be understood that
this description is illustrative and not intended as a limi-
tation. Accordingly, it will be understood that embodi-
ments may be extended to any suitable variation of
MRAM technology, such as STT-MRAM without depart-
ing from the scope of this disclosure.
[0021] Moreover, it will be understood that the terms
"integrated circuit," "chip," "package," "die," etc may be
used interchangeably with reference to embodiments. A
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reference to a component "on-chip" may indicate that the
component is integrated on the same chip as a processor,
application processor (AP), processing core, etc., which
do not include main memory. Correspondingly, an "off-
chip" component may refer to a component which is not
integrated on-chip. A reference to a "package" can gen-
erally indicate one or more semiconductor dies which
may be packaged together using system-in-package
(SiP), three-dimensional (3D) through-silicon-via (TSV),
and/or other technologies. References to "monolithic"
packages or dies may be used to convey integration or
fabrication of components as a unified block, on a chip,
die, or package.
[0022] With reference now to FIG. 1 an integrated cir-
cuit comprising conventional processing system 100 is
illustrated. As shown, processing system 100 may in-
clude processing chip 116 on which processing elements
may be integrated and memory chip 118 which may be
dedicated to memory. More specifically, application proc-
essor (AP) or processing chip 116 may include on-chip
elements, such as one or more processors or central
processing units (CPU) 102a-d, one or more shared sec-
ond level or L2 caches 104a-b, a network such as a net-
work-on-chip (NoC) 106 comprising interconnects cou-
pling L2 caches 104a-b to one or more third/last level or
L3 caches 108a-b (which may be designed from non-
volatile memory such as SRAM). L3 caches 108a-b can
be coupled to one or more memory controllers 110a-b
as shown. The operation of these on-chip elements in
processing chip 116 is well known in the art, and for the
sake of brevity, a detailed explanation of their architec-
ture and operation will not be undertaken here. Process-
ing chip 116 may interface with main memory 112 (which
may be formed from volatile memory such as DRAM).
Main memory 112 may be integrated on memory chip
118. Accordingly, main memory 112 is off-chip, or in other
words, integrated on a chip or die that is different from
processing chip 116. Interface 114 comprises intercon-
nects and other components to interface processing chip
116 with memory chip 118. US 2012/155160 A1 disclos-
es an integrated circuit consisting of a first chip and a
plurality of memory chips, where the first chip contains a
processor and memory controller and one of the memory
chips contains MRAM memory devices. JP 2006 338513
A discloses a processor and memory controller on the
same chip and the MRAM module separately therefrom.
EP 1 739 748 A2 discloses an apparatus comprising a
magnetically shielded MRAM chip. Conventional
processing system 100 suffers from the aforementioned
drawbacks of utilizing SRAM and DRAM technologies,
as well as the limitations of interfaces such as interface
114. Exemplary embodiments which overcome these
drawbacks and limitations of conventional processing
system 100 will now be described.
[0023] With reference to FIG. 2, an integrated circuit
comprising exemplary processing system 200 is illustrat-
ed. Exemplary processing system 200 differs from con-
ventional processing system 100 in several ways. For

example, exemplary processing system 200 redefines
interface 214 between processing chip 216 and memory
module 218. Exemplary processing system 200 is also
directed to memory module 218 comprised entirely of the
same or similar memory cells. For example, in one em-
bodiment, memory module 218 may be formed entirely
of MRAM cells. Further, memory module 218 may be
fabricated as a monolithic die or a monolithic package,
wherein a package can comprise a single die or multiple
dies coupled together using advanced packaging tech-
nologies such as SiP and/or 3D TSV. More particularly,
memory module 218 may comprise one or more last level
or L3 caches 208a-b, one or more memory controllers
210a-b, and main memory 212 formed as a unified block,
and wherein all the memory cells of L3 caches 208a-b
and main memory 212 are MRAM cells. In other words,
the SRAM cells used in conventional L3 caches 108a-b
and the DRAM cells used in conventional main memory
112 are all replaced by MRAM cells in memory module
218. Once again, operational details of the various
above-mentioned functional and memory elements of ex-
emplary processing system 200 will be omitted here as
skilled persons will be able to design exemplary process-
ing system 200 according to particular need without de-
parting from the scope of the exemplary embodiments.
[0024] Further aspects of exemplary processing sys-
tem 200 will now be described. In one related aspect, it
will be seen that in comparison to interface 114 of con-
ventional processing system 100, the complexity of ex-
emplary interface 214 can be significantly reduced. For
example, interface 214 can be simplified to only include
interconnects and components related to network NoC
206 configured to interface L2 caches 204a-b with L3
caches 208a-b, in contrast to the complex interface 114
required to interface processing chip 116 with memory
chip 118.
[0025] In another related aspect, in contrast to conven-
tional techniques, exemplary implementations can sup-
port increased flexibility, for example with regard to ex-
pansion of LLCs. In an example, it can be seen that ad-
ditional LLCs such as a 16MB L3 cache can be integrated
in memory module 218 which comprises a 4GB main
memory 212, with only a marginal increase in terms of
area and hardware. Thus, flexibility in memory architec-
ture and design can be achieved, to suit particular needs.
On the other hand, conventional implementations cannot
offer similar flexibility. For example, a similar addition of
a 16MB L3 cache in processing chip 112 will incur a sig-
nificant explosion of die area, because the size of a die
on which processing chip 116 is integrated will be largely
tailored to the size of on-chip memory elements such as
L2 caches 104a-b and L3 caches 110a-b. Accordingly,
addition of a 16MB LLC cannot be achieved with the
same ease on conventional processor chip 116 because
such addition, if at all possible, would require a significant
redesign of processor chip 116, whereas such addition
would merely entail a marginal increase in area which
can be easily absorbed into an existing die in the case
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of exemplary memory 218. Further detailed implemen-
tation and advantageous aspects of exemplary process-
ing systems with MRAM based memory modules (here-
after "MRAM module") will now be provided.
[0026] With reference now to FIG. 3, there is shown a
schematic illustration of exemplary processing system
300. As shown, application processor (AP) can be fabri-
cated on a first die or package, processing chip 316,
which can include processing elements and on-chip
caches, but exclude a last level cache (LLC). Intercon-
nect or cache bus 314 may couple AP 316 to MRAM
module 318. In the illustrated embodiment, an efficient
integration of the components of MRAM module 318 can
be achieved. As shown, main memory comprising MRAM
arrays 312 may be formed in a stacked configuration
comprising two or more main memory stacks. One or
more MRAM LLCs 308a-b can be likewise divided into
two or more LLC stacks and formed as extensions of the
main memory stacks. Logic blocks 310a-b can comprise
memory controllers and access logic to access MRAM
main memory 312. Additional cache control logic 320a-
b may also be included for accessing MRAM L3 caches
308a-b.
[0027] Accordingly, aspects of MRAM module 318 in
exemplary processing system 300 can be directed to sim-
plified fabrication of MRAM module 318 by designing
LLCs with incremental fabrication processes and re-
sources overlaid on main memory design. Additional as-
pects of this embodiment can relate to handling memory
page operations entirely inside MRAM module 318 be-
cause last level caches and main memory, which are
conventionally utilized for memory page operations, are
both present inside the unified structure of MRAM module
318 with integrated logic 310a-b and 320a-b. The partic-
ularly illustrated stacked structure in FIG. 3 can also fa-
cilitate aggressive prefetching between MRAM LLCs
308a-b and MRAM main memory 312. Moreover, mem-
ory buses or other communication infrastructure between
MRAM LLCs 308a-b and MRAM main memory 312 need
not comply with JEDEC standards, and a designer may
choose non-JEDEC implementations. It can also be seen
that both, based on the scalable nature of MRAM cells
themselves, as well as, the exemplary architecture of
MRAM module 318, embodiments advantageously lend
themselves to improved scalability, in comparison to con-
ventional processing system 100.
[0028] Referring to FIGS. 4A-C, physical implementa-
tions of exemplary MRAM modules are schematically il-
lustrated. As shown in FIG. 4A, MRAM module 418a can
be implemented as a two-dimensional (2D) design. Logic
layer 410a (which may include both memory controller
logic as well as cache controller logic) and MRAM LLC
408a can be laid out along outer edges of MRAM main
memory 418a formed in a center portion.
[0029] FIG. 4B illustrates an alternative physical im-
plementation for MRAM module 418b as a three-dimen-
sional (3D) homogenous architecture. Logic layer 410b
may be designed on a logic layer plane and one or more

layers of MRAM main memory 412b may be formed on
main memory planes parallel to the logic layer plane.
MRAM LLCs 408b may be formed alongside each layer
of MRAM main memory 412b on the same planes as
MRAM main memory 412b, for ease of fabrication and
design.
[0030] FIG. 4C illustrates yet another physical imple-
mentation for MRAM module 418c as a 3D heterogene-
ous architecture. Logic layer 410c and MRAM LLCs 408c
may be designed on a heterogenous plane and one or
more layers of MRAM main memory 412b may be formed
on main memory planes parallel to the heterogenous
plane. In this architecture, logic layer 410c and MRAM
LLCs 408c may be tacked on or added to existing MRAM
main memory block 412b in order to form MRAM module
418c.
[0031] Accordingly, based on particular design needs,
a designer may choose a suitable implementation from
various physical implementations which may include, but
not be limited to, structures such as MRAM modules
418a-c. Moreover, as previously noted, embodiments
may be extended to other memory cell technologies,
such as STT-MRAM, without departing from the scope
of the above-described embodiments.
[0032] Accordingly, it is seen that exemplary embodi-
ments can overcome drawbacks of conventional
processing systems by redefining the boundary between
processing elements and memory cells, and forming a
unified memory module with improved interface with
processing elements. The unified memory module may
include LLCs, memory controller and cache controller
logic, and main memory, wherein the LLCs and main
memory may be formed from MRAM or STT-MRAM, thus
overcoming problems associated with conventional
SRAM/DRAM combinations for LLCs and main memory.
[0033] It will be appreciated that embodiments include
various methods for performing the processes, functions
and/or algorithms disclosed herein. For example, as il-
lustrated in FIG. 5, an embodiment can include a method
of forming an integrated circuit (e.g. exemplary process-
ing system 200), the method comprising: forming a
processing chip without a last level cache on a first pack-
age - Block 502; and forming an MRAM module compris-
ing a MRAM last level cache and a MRAM main memory
in a second package - Block 504. Some embodiments
can further include coupling the first package and the
second package with an interface - Block 506. Addition-
ally, embodiments can also include forming memory con-
troller and cache controller logic in the second package.
[0034] Those of skill in the art will appreciate that in-
formation and signals may be represented using any of
a variety of different technologies and techniques. For
example, data, instructions, commands, information, sig-
nals, bits, symbols, and chips that may be referenced
throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic
fields or particles, optical fields or particles, or any com-
bination thereof.
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[0035] Further, those of skill in the art will appreciate
that the various illustrative logical blocks, modules, cir-
cuits, and algorithm steps described in connection with
the embodiments disclosed herein may be implemented
as electronic hardware, computer software, or combina-
tions of both. To clearly illustrate this interchangeability
of hardware and software, various illustrative compo-
nents, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality.
Whether such functionality is implemented as hardware
or software depends upon the particular application and
design constraints imposed on the overall system. Skilled
artisans may implement the described functionality in
varying ways for each particular application, but such im-
plementation decisions should not be interpreted as
causing a departure from the scope of the present inven-
tion.
[0036] The methods, sequences and/or algorithms de-
scribed in connection with the embodiments disclosed
herein may be embodied directly in hardware, in a soft-
ware module executed by a processor, or in a combina-
tion of the two. A software module may reside in RAM
memory, flash memory, ROM memory, EPROM memo-
ry, EEPROM memory, registers, hard disk, a removable
disk, a CD-ROM, or any other form of storage medium
known in the art. An exemplary storage medium is cou-
pled to the processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium may be
integral to the processor.
[0037] Accordingly, an embodiment of the invention
can include a computer readable media embodying a
method for forming a MRAM module comprising a MRAM
last level cache and a MRAM main memory, the MRAM
module fabricated as a monolithic package. Accordingly,
the invention is not limited to illustrated examples and
any means for performing the functionality described
herein are included in embodiments of the invention.
[0038] FIG. 6 illustrates an exemplary wireless com-
munication system 600 in which an embodiment of the
disclosure may be advantageously employed. For pur-
poses of illustration, FIG. 6 shows three remote units
620, 630, and 650 and two base stations 640. In FIG. 6,
remote unit 620 is shown as a mobile telephone, remote
unit 630 is shown as a portable computer, and remote
unit 650 is shown as a fixed location remote unit in a
wireless local loop system. For example, the remote units
may be mobile phones, hand-held personal communica-
tion systems (PCS) units, portable data units such as
personal data assistants, GPS enabled devices, naviga-
tion devices, settop boxes, music players, video players,
entertainment units, fixed location data units such as me-
ter reading equipment, or any other device that stores or
retrieves data or computer instructions, or any combina-
tion thereof. Although FIG. 6 illustrates remote units ac-
cording to the teachings of the disclosure, the disclosure
is not limited to these exemplary illustrated units. Em-
bodiments of the disclosure may be suitably employed

in any device which includes active integrated circuitry
including memory and on-chip circuitry for test and char-
acterization.
[0039] The foregoing disclosed devices and methods
are typically designed and are configured into GDSII and
GERBER computer files, stored on a computer readable
media. These files are in turn provided to fabrication han-
dlers who fabricate devices based on these files. The
resulting products are semiconductor wafers that are
then cut into semiconductor die and packaged into a sem-
iconductor chip. The chips are then employed in devices
described above.
[0040] While the foregoing disclosure shows illustra-
tive embodiments of the invention, it should be noted that
various changes and modifications could be made herein
without departing from the scope of the invention as de-
fined by the appended claims. The functions, steps
and/or actions of the method claims in accordance with
the embodiments of the invention described herein need
not be performed in any particular order. Furthermore,
although elements of the invention may be described or
claimed in the singular, the plural is contemplated unless
limitation to the singular is explicitly stated.

Claims

1. An integrated circuit (200) comprising:

a processor (202a, 202b, 202c, 202d)
a magnetoresistive random access memory
(MRAM) module (218,318), comprising a
MRAM last level cache (208a, 208b, 308a,
308b) and a MRAM main memory (212, 312);
characterised in that the processor (202a,
202b, 202c, 202d) is integrated on a first chip
(216) and the MRAM module is integrated on a
second chip (218) with an interface (214) be-
tween the first chip (216) and second chip (218),
the interface (214) configured to couple the proc-
essor (202a, 202b, 202c, 202d) and the MRAM
module (218, 318).

2. The integrated circuit of claim 1, wherein the MRAM
module further comprises memory controller logic.

3. The integrated circuit of claim 1, wherein the MRAM
module is fabricated as a monolithic package.

4. The integrated circuit of claim 1, wherein the MRAM
module is fabricated as a plurality of packages.

5. The integrated circuit of claim 1, wherein the MRAM
last level cache and the MRAM main memory com-
prise Spin Transfer Torque MRAM (STT-MRAM) bit
cells.

6. The integrated circuit of claim 1, wherein the MRAM
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main memory is divided into two or more main mem-
ory stacks, and wherein the MRAM last level cache
is divided into two or more last level cache stacks,
and wherein the two or more last level cache stacks
are formed as extensions of the two or more main
memory stacks.

7. The integrated circuit of claim 1, wherein the MRAM
module is formed as a two-dimensional (2D) archi-
tecture comprising the MRAM main memory in a
center portion, and the MRAM last level cache
formed in a first outer edge of the MRAM main mem-
ory.

8. The integrated circuit of claim 7, further comprising
a logic layer formed in a second outer edge of the
MRAM main memory.

9. The integrated circuit of claim 1, wherein the MRAM
module is formed as a three-dimensional (3D) ho-
mogenous architecture comprising the MRAM main
memory formed on one or more main memory
planes, and the MRAM last level cache is integrated
on the one or more main memory planes.

10. The integrated circuit of claim 7, further comprising
a logic layer formed in a logic layer plane parallel to
the one or more main memory planes.

11. The integrated circuit of claim 1, wherein the MRAM
module is formed as a three-dimensional (3D) het-
erogenous architecture comprising the MRAM main
memory formed on one or more main memory
planes, and the MRAM last level cache and a logic
layer are integrated on a heterogenous plane parallel
to the or more main memory planes.

12. The integrated circuit of claim 1, integrated into a
device, selected from the group consisting of a set
top box, music player, video player, entertainment
unit, navigation device, communications device, per-
sonal digital assistant (PDA), fixed location data unit,
and a computer.

13. A method of forming an integrated circuit (200), the
method comprising:

integrating a processor (202a, 202b, 202c,
202d); and
integrating a MRAM module (218, 318)compris-
ing a MRAM last level cache (208a, 208b, 308a,
308b) and a MRAM main memory (212, 312);
characterised by integrating the processor
(202a, 202b, 202c, 202d) on a first chip (216)
and the MRAM module (218, 318) comprising a
MRAM last level cache (208a, 208b, 308a,
308b) and a MRAM main memory (212, 312) on
a second chip (218); and forming an interface

(214) between the first chip (216) and the sec-
ond chip (218), the interface (214) coupling the
processor (202a, 202b, 202c, 202d) and the
MRAM module (218, 318).

14. The method of claim 13, further comprising integrat-
ing a memory controller and cache controller logic
on the second chip.

15. The method of claim 13, wherein the MRAM last level
cache and the MRAM main memory comprise Spin
Transfer Torque MRAM (STT-MRAM) bit cells.

Patentansprüche

1. Eine integrierte Schaltung (200), die Folgendes auf-
weist:

einen Prozessor (202a, 202b, 202c, 202d),
ein magnetoresistives Direktzugriffsspeicher-
bzw. MRAM-Modul (218, 318) (MRAM = mag-
netoresistive random access memory), das ei-
nen MRAM-Zwischenspeicher der letzten Ebe-
ne bzw. MRAM-Last-Level-Cache (208a, 208b,
308a, 308b) und einen MRAM-Hauptspeicher
(212, 312) aufweist;
dadurch gekennzeichnet, dass der Prozessor
(202a, 202b, 202c, 202d) auf einem ersten Chip
(216) integriert ist und das MRAM-Modul auf ei-
nem zweiten Chip (218) integriert ist, mit einer
Schnittstelle (214) zwischen dem ersten Chip
(216) und dem zweiten Chip (218), wobei die
Schnittstelle (214) konfiguriert ist, um den Pro-
zessor (202a, 202b, 202c, 202d) und das
MRAM-Modul (218, 318) zu koppeln.

2. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul weiter Speichersteuervorrichtungs-
bzw. -controllerlogik aufweist.

3. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul als eine monolithische bzw. einstücki-
ge Einheit hergestellt wird.

4. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul als eine Vielzahl von Einheiten her-
gestellt wird.

5. Integrierte Schaltung nach Anspruch 1, wobei der
MRAM-Last-Level-Cache und der MRAM-Haupt-
speicher SST-MRAM-Bitzellen (SST = Spin Transfer
Torque) aufweisen.

6. Integrierte Schaltung nach Anspruch 1, wobei der
MRAM-Hauptspeicher in zwei oder mehr Hauptspei-
cherstapel aufgeteilt ist, und wobei der MRAM-Last-
Level-Cache in zwei oder mehrere Last-Level-Ca-
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che-Stapel aufgeteilt ist, und wobei die zwei oder
mehr Last-Level-Cache-Stapel als Erweiterungen
der zwei oder mehr Hauptspeicherstapel ausgebil-
det sind.

7. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul als eine zweidimensionale bzw. 2D-
Architektur ausgebildet ist, die den MRAM-Haupt-
speicher in einem Mittelteil aufweist, und der MRAM-
Last-Level-Cache in einer ersten Außenkante des
MRAM-Hauptspeichers ausgebildet ist.

8. Integrierte Schaltung nach Anspruch 7, die weiter
eine Logikschicht aufweist, die in einer zweiten Au-
ßenkante des MRAM-Hauptspeichers ausgebildet
ist.

9. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul als eine homogene, dreidimensionale
bzw. 3D-Architektur ausgebildet ist, die den MRAM-
Hauptspeicher aufweist, der auf einer oder mehre-
ren Hauptspeicherebenen ausgebildet ist, und der
MRAM-Last-Level-Cache auf der einen oder den
mehreren Hauptspeicherebenen integriert ist.

10. Integrierte Schaltung nach Anspruch 7, die weiter
eine Logikschicht aufweist, die in einer Logikschicht-
ebene parallel zu der einen oder den mehreren
Hauptspeicherebenen ausgebildet ist.

11. Integrierte Schaltung nach Anspruch 1, wobei das
MRAM-Modul als eine heterogene, dreidimensiona-
le bzw. 3D-Architektur ausgebildet ist, die den
MRAM-Hauptspeicher aufweist, der auf einer oder
mehreren Hauptspeicherebenen ausgebildet ist,
und der MRAM-Last-Level-Cache und eine Logik-
schicht auf einer heterogenen Ebene parallel zu der
einen oder den mehreren Hauptspeicherebenen in-
tegriert sind.

12. Integrierte Schaltung nach Anspruch 1, die in eine
Einrichtung integriert ist, die aus der Gruppe ausge-
wählt ist, die aus Folgendem besteht: einer SetTop-
Box, einer Musikabspielvorrichtung, einer Videoab-
spielvorrichtung, einer Unterhaltungseinheit, einer
Navigationseinrichtung, einer Kommunikationsein-
richtung, einem persönlichen, digitalen Assistenten
bzw. PDA, einer Dateneinheit mit festem Standort
und einem Computer.

13. Ein Verfahren zum Bilden einer integrierten Schal-
tung (200), wobei das Verfahren Folgendes auf-
weist:

Integrieren eines Prozessors (202a, 202b, 202c,
202d); und
Integrieren eines MRAM-Moduls (218, 318), das
einen MRAM-Zwischenspeicher der letzten

Ebene bzw. einen MRAM-Last-Level-Cache
(208a, 208b, 308a, 308b) und einen MRAM-
Hauptspeicher (212, 312) aufweist;
gekennzeichnet durch Integrieren des Pro-
zessors (202a, 202b, 202c, 202d) auf einem ers-
ten Chip (216) und dadurch, dass das MRAM-
Modul (218, 318) einen MRAM-Last-Level-Ca-
che (208a, 208b, 308a, 308b) und einen MRAM-
Hauptspeicher (212, 312) auf einem zweiten
Chip (218) aufweist; und Bilden einer Schnitt-
stelle (214) zwischen dem ersten Chip (216) und
dem zweiten Chip (218), wobei die Schnittstelle
(214) den Prozessor (202a, 202b, 202c, 202d)
und das MRAM-Modul (218, 318) koppelt.

14. Verfahren nach Anspruch 13, das weiter Integrieren
einer Speichercontroller- und Cachecontrollerlogik
auf dem zweiten Chip aufweist.

15. Verfahren nach Anspruch 13, wobei der MRAM-
Last-Level-Cache und der MRAM-Hauptspeicher
SST-MRAM-Bitzellen (SST = Spin Transfer Torque)
aufweisen.

Revendications

1. Un circuit intégré (200) comprenant :

un processeur (202a, 202b, 202c, 202d),
un module de mémoire vive magnétique
(MRAM) (218, 318), comprenant une mémoire
tampon de dernier niveau MRAM (208a, 208b,
308a, 308b) et une mémoire principale MRAM
(212, 312),
caractérisé en ce que le processeur (202a,
202b, 202c, 202d) est intégré sur une première
puce (216) et le module MRAM est intégré sur
une deuxième puce (218) avec une interface
(214) entre la première puce (216) et la deuxiè-
me puce (218), l’interface (214) étant configurée
de façon à coupler le processeur (202a, 202b,
202c, 202d) et le module MRAM (218, 318).

2. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM comprend en outre une logique de con-
trôleur de mémoire.

3. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM est fabriqué sous la forme d’un boîtier
monobloc.

4. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM est fabriqué sous la forme d’une pluralité
de boîtiers.

5. Le circuit intégré selon la Revendication 1, où la mé-
moire tampon de dernier niveau MRAM et la mémoi-
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re principale MRAM comprennent des cellules binai-
res de couple de transfert de spin MRAM (STT-
MRAM).

6. Le circuit intégré selon la Revendication 1, où la mé-
moire principale MRAM est divisée en deux ou plus
piles de mémoire principale et où la mémoire tampon
de dernier niveau MRAM est divisée en deux ou plus
piles de mémoire tampon de dernier niveau, et où
les deux ou plus piles de mémoire tampon de dernier
niveau sont formées sous la forme d’extensions des
deux ou plus piles de mémoire principale.

7. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM est formé sous la forme une architecture
bidimensionnelle (2D) comprenant la mémoire prin-
cipale MRAM dans une partie centrale et la mémoire
tampon de dernier niveau MRAM formée dans un
premier bord extérieur de la mémoire principale
MRAM.

8. Le circuit intégré selon la Revendication 7, compre-
nant en outre une couche logique formée dans un
deuxième bord extérieur de la mémoire principale
MRAM.

9. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM est formé sous la forme d’un architecture
homogène tridimensionnelle (3D) comprenant la
mémoire principale MRAM formée sur un ou plu-
sieurs plans de mémoire principale, et la mémoire
tampon de dernier niveau MRAM est intégrée sur
les un ou plusieurs plans de mémoire principale.

10. Le circuit intégré selon la Revendication 7, compre-
nant en outre une couche logique formée dans un
plan de couche logique parallèle aux un ou plusieurs
plans de mémoire principale.

11. Le circuit intégré selon la Revendication 1, où le mo-
dule MRAM est formé sous la forme d’une architec-
ture hétérogène tridimensionnelle (3D) comprenant
la mémoire principale MRAM formée sur un ou plu-
sieurs plans de mémoire principale, et la mémoire
tampon de dernier niveau MRAM et une couche lo-
gique sont intégrées sur un plan hétérogène paral-
lèle aux un ou plusieurs plans de mémoire principale.

12. Le circuit intégré selon la Revendication 1, intégré à
un dispositif sélectionné dans le groupe se compo-
sant d’un décodeur, d’un lecteur de musique, d’un
lecteur vidéo, d’une unité de divertissement, d’un
dispositif de navigation, d’un dispositif de communi-
cation, d’un assistant numérique personnel (PDA),
d’une unité de données à emplacement fixe et d’un
ordinateur.

13. Un procédé de formation d’un circuit intégré (200),

le procédé comprenant :

l’intégration d’un processeur (202a, 202b, 202c,
202d), et
l’intégration d’un module MRAM (218, 318)
comprenant une mémoire tampon de dernier ni-
veau MRAM (208a, 208b, 308a, 308b) et une
mémoire principale MRAM (212, 312),
caractérisé par l’intégration du processeur
(202a, 202b, 202c, 202d) sur une première puce
(216) et le module MRAM (218, 318) compre-
nant une mémoire tampon de dernier niveau
MRAM (208a, 208b, 308a, 308b) et une mémoi-
re principale MRAM (212, 312) sur une deuxiè-
me puce (218), et la formation d’une interface
(214) entre la première puce (216) et la deuxiè-
me puce (218), l’interface (214) couplant le pro-
cesseur (202a, 202b, 202c, 202d) et le module
MRAM (218, 318).

14. Le procédé selon la Revendication 13, comprenant
en outre l’intégration d’un contrôleur de mémoire et
d’une logique de contrôleur de mémoire tampon sur
la deuxième puce.

15. Le procédé selon la Revendication 13, où la mémoire
tampon de dernier niveau MRAM et la mémoire prin-
cipale MRAM comprennent des cellules binaires de
couple de transfert de spin MRAM (STT-MRAM).
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