United States Patent [

Dye

00 0

US005184320A
Patent Number: 5,184,320
Feb. 2, 1993

Date of Patent:

(]
[45]

[54]

CACHED RANDOM ACCESS MEMORY
DEVICE AND SYSTEM

[75] Inventor: Thomas A. Dye, Cedar Park, Tex.
[73] Assignee: Texas Instruments Incorporated,
Dallas, Tex.
[21] Appl. No.: 484,446
[22]) Filed: Feb. 21, 1990
Related U.S. Application Data
[63] Continuation of Ser. No. 155,668, Feb. 12, 1988, aban-
doned.
[51]1 Int. CLS ... G11C 15/04; GO6F 12/00

[52] US. CL occorermnnserneeesrsensen. 365/89; 395/425;
365/189.07; 365/189.05; 364/DIG. 1;

364/243.41

[S8] Field of Search ................ 365/49, 189.01, 189.07,

365/230.03, 230.09, 189.05; 395/425

FOREIGN PATENT DOCUMENTS
0095033 1171983 European Pat. Off. .............. 365/49

OTHER PUBLICATIONS

Goodman, et al., “The Use of Static Column RAM as a
Memory Hierarchy”, IEEE, 1984, pp. 167-174. .

Primary Examiner—Alyssa H. Bowler
Attorney, Agent, or Firm—Lawrence J. Bassuk; Robby
T. Holland; Richard L. Donaldson

157] ABSTRACT

A device for reducing access time to RAM arrays,
especially DRAMs, by including fast access cache
rows, e.g., four rows, to store data from accessed rows
of the array, where data can then be accessed without
precharging, row decoding sensing, and other cycling
usually required to access the DRAM. Address regis-
ters, comparators, and MRU/LRU register and other
cache control logic may be included in the device. The
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1 2 .
CACHED RANDOM ACCESS MEMORY DEVICE BRIEF DESCRIPTION OF THE DRAWING
AND SYSTEM FIGURES

This application is a continuation of application Ser. 3
No. 07/155,668, filed Feb. 12, 1988, now abandoned.

TECHNICAL FIELD OF THE INVENTION

The present invention pertains to random access
memory devices, and particularly dynamic random
access memory devices (DRAM) with the capability
for on-chip cache memories.

BACKGROUND OF THE INVENTION

High density memory devices, for example DRAMs, 15

require relatively long access times to retrieve informa-
tion bits from a specified location. For example as the
number of memory cells per device increases, as for
example from 32K bits to 64K bits to 1M bits and be-
yond, the required access time becomes longer and the
individual access time becomes more critical due to the
increased number of accesses required from a large
memory device. In the prior art, cache memory systems
have been developed to store segments of the informa-
tion from a large memory device or system used in
mainframes or minicomputers into a smaller faster mem-
ory device or system which has faster access time.
Then, to retrieve a specific information bit which is
located in the cache memory, requires a short access
time, while an information bit not located in the cache
memory requires a longer time 10 access from the main
memory device.

However, cache memory systems have, heretofore,
been seldom applied to microcomputer systems or to
single chip memory arrays for several reasons. Firstly,
the memory capacity of main memories in these devices
was not sufficiently large to warrant cache memory use.
Further, contro} of cache memory systems was felt to
require unjustified occupation of processor capabilities
in smaller systems. Further, the employment of cache
memory systems was not flexible enough for employ-
ment in the microcomputer environment. Further, use
of cache memory was too costly for the benefit in speed
which their use provided to microcomputer systems.

SUMMARY OF THE INVENTION

The instant invention provides for a cache memory
system to be employed with a random access memory
array wherein the system has the capability of locating
the RAM array, the cache memory, a major portion of
the control and the monitoring functions on one chip.

The invention further provides for an economical
package which can be advantageously employed in
today’s microcomputer systems.

The invention further provides for a system which
allows for flexibility in incorporation into a range of
computer systems.

The invention further provides for fast transfer of
data between the main memory array and the cache
memory by completely parallel transfer of data.

The invention further provides for standardization of
cache memory architecture and functions while allow-
ing the system designer to customize decision steps to
the specific systems.

These advantages and others are embodied in the
invention as fully described by the following figures and
description.
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FIG. 1 is a block diagram of the cache memory sys-
tem applied to a 64K DRAM array.

FIGS. 2A-2C are portions of a flow diagram for the
operation of the preferred embodiment.

FIG. 3 is a timing diagram for a read or write opera-
tion of the preferred embodiment when the cache is hit.

FIG. 4 is a timing diagram for a read or write through
operation of the preferred embodiment when the cache
is missed.

FIG. § is a timing diagram for a read or write back
operation of the preferred embodiment when the cache
is missed and the cache has been written to.

FIG. 6 is a timing diagram for a read or write opera-
tion of the preferred embodiment when the cache is
missed and the cache row has not been written to.

FIG. 7 is a block diagram of a data processing system
utilizing a cached RAM.

DETAILED DESCRIPTION OF THE
INVENTION AND THE PREFERRED
EMBODIMENT

Referring to FIG. 1, there is provided a DRAM array
12 of known configuration having, for example, 256
rows of 256 memory cells (not shown) arranged in
columns resulting in a 64K device. As is known in the
art, a DRAM array is commonly read or written to by
transferring the signal from each memory cell in a speci-
fied row simultaneously to a bank of sense amplifiers
associated with the array where the individual signals
are sensed, amplified and latched. Then a specified col-
umn of the signal stored in the sense/amplify row is
input to (write) or output (read) by known means from
the system. Typically, for.a 64K DRAM, for example,
the access time encompassing this read or write cycle is
approximately 120 nanoseconds. Also, typically a
DRAM array requires a refresh mode during which the
memory cells are “refreshed” by applying a refresh
voltage across the capacitive element of the cell. Typi-
caily, also, the DRAM array will include, on-chip, a
timing and control circuit 21 which receives inputs
from an outboard source, such as a microprocessor, and
in a known manner, controls the access to specified row
and column addresses in the array, read out or write to
these addresses, the refresh cycle of the CDRAM, and
data output. The inputs typically include Row Address
Strobe ), Column Address Strobe (CAS), Write

Refresh (REF), and an Output Enable Signal
TR/QE), although it is pointed out that a Refresh
(REF) is not required because a refresh may be initiated
by a CAS signal change of state before RAS signal
change of state, as is well known in the art. Although
FIG. 1 (and FIG. 7) depicts a REF pin input, these pins
are not required. The operation and control of a mem-
ory array and particularly a DRAM is well known as
described, for example in U.S. Pat. No. 4,081,701, as-
signed to Texas Instruments, Incorporated and incorpo-
rated herein by reference. The operation and control of
a2 DRAM array, as well known, do not form a part of
the instant invention except as the operation and control
is modified to accommodate cache operation as fully
explained below.

Associated with the array in the instant invention are
a number, in this case four, of cache memory lines 13,
14, 15, and 16 each having one row of memory cells (not
shown). In this example for a 64K DRAM there would
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be typically 256 memory cells in each row. The cache
memory lines are each in communication with the
DRAM array via a parallel, two-way loader 17 having,
in this example, 256 channels. The loader is also in par-
allel communication in a known manner with a column
decode line 34. The column decode line is in communi-
cation with an input/output buffer and contro] 18
which holds the input or cutput temporarily and con-
trols the communication of these signals with the sys-
tems off-chip via an output pin DQ.

Registers 26, 27, 28, and 29 are uniquely associated
with one each of the cache memory lines 13 through 16
having a storage capability to store a row address repre-
senting a row address of the DRAM array.

The registers 26-29 are each in communication with,
in this case, one of four comparators 22, 23, 24, and 25
and with a row address buffer 20. The comparators
22-28 function to compare an input row address with
the row address stored in the registers 26-29. The com-
parators 22-25, in turn, are in communication with a
Most Recently Used/Least Recently Used (hereinafter
MRU/LRU) register 35 and, by a controlled addressing
method such as multiplexed bus line or multiple buses,
are also in communication with the cache memory lines.
The row buffer 20 and the column buffer 19 are con-
nected under control of the timing and control circuitry
21 to input pins (typically A0-A7) for input of a row
and column address from an off-chip source such as a
microprocessor. The column buffer 19 is in communica-
tion with the column decoder line 34 and the sense-
amplify bank (not shown) of the DRAM array.

Also in communication with each of the four registers
26-29 is one of the four flag registers 30, 31, 32, and 33.
These registers can be merely two-state registers used
to latch and store whether the cache line associated has
been changed by a write cycle from an external source
to a cache line (i.e., data in the cache line differs from
that stored in the corresponding row of the array.).

FIG. 7 illustrates a block diagram of a data processing
system employing a cached RAM. A processor 100,
which may be a microprocessor, a data control chip or
other system processor is in communication via, ¢.g., a
bus 110 for communicating control signals (e.g.. CAS,
RAS, W, TR/QE, and REF), Addressing signals
(A0-A7), data signals (DO-DN) and other signals not
shown, 10 a cached DRAM 10.

The operation of the cached RAM array will now be
explained. Referring now to FIG. 2A-2C and FIGS.
3-6, all operations of the system are initiated by a
change of state of the RAS signal from the processor to
cause the row address or some representation of the
row address to be latched on the RAM device. Note
that the flow diagram indicates all actions accomplished
by the data processor in the preferred embodiment by
the symbol “*” placed in the box describing that action.
However the instant invention is not limited to the
division of operations indicated in the preferred em-
bodiment since some operations may be performed
either by the memory device or by the associated pro-
cessor or may be performed by both elements of the
system in cooperations. After latching of the row ad-
dress, the RAM device performs the comparison of the
latched address with the addresses sorted in the regis-
ters 26-29. The RAM device then indicates a “‘miss” to
%;sgroccssor by change of state of the signal on the

pin if the latched row address does not appear in
the registers as illustrated by the state of the pinin
FIGS. 46, of a “hit™ if the latched row address does
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4

appear in the registers by the state of the MISS pin
staying high as illustrated in FIG. 3.

The desired state of the operation is, of course, that
the cache is “hit”. In the case of a cache “hit”, referring
now specifically to FIG. 3 and the “yes” branch of the
“hit” decision block in FIG. 2A, the MISS signal will
remain high signaling the processor that the row desired
is stored in the cache. The processor will then bring
CAS low and signal a read or write action by bringing
W low for write or keeping W high for read. In the case
of a read, the processor will also send TR/QE low to
enable the output. At CAS low, the RAM will Jatch the
column address from the AD-A7 pins, read the data
from the designated column of the “hit” row of the
cache, and output the data. The RAM alsc will update
the MRU to indicate the most recently used cache row.
In the case of write, as shown by the flow chart branch
FIG. 2B, the processor will take W low, at which time
the RAM latches the column address from the address
pins (CAS low) and reads the input data from the pro-
cessor on the DQ pin(s), the %GE signal remaining
high. The RAM then writes the data to the least re-
cently used or otherwise selected cache row, updates
the MRU, and sets the M bit flag. The M bit flag indi-
cates that the cache row has been written to and is
therefore different than the associated row in the array.

The operation in the hit mode is, of course, very time
saving since the RAM row does not have to be ac-
cessed, no precharge time, typically required in access-
ing a DRAM array, is needed, no row decode is re-
quired, and sensing time is saved. The ratio of hit opera-
tions to miss operations depends upon a number of fac-
tors including number of cache rows, the data strategy
of the processor and operating system, and the software
in use. For a four row cache as illustrated by the pre-
ferred embodiment, hit ratios well in excess of 80% are
generally obtained.

In the case of & miss, the operation of the system will
be explained with reference again to FIGS. 2A-2C and
FIGS. 4-6. On discovering a miss, the RAM indicates
that situation by causing the MISS signal at the MISS
pin to go low, for example. It will be understood that
the system could make this indication by bringing the
signal on the MISS pin from low to high or the system
could be modified to indicate a hit by a change of state
of the signal on an output pin, which would then appro-
priately be called the HIT pin, perhaps. Upon notice of
the miss, the processing system has the opportunity to
make a decision based upon any strategy which would
be desirably implemented to improve the functioning
and access time parameters of the system. The system
will determine whether to “read/write back”, wherein
the row of the array desired to be accessed is transferred
to a cache row so that future access from that row will
result in a hit, or to “read/write through” wherein the
RAM array is accessed in the conventional manner and
the array row is not transferred to the cache.

The processor, in the preferred embodiment operates
to indicate a decision to read/write through by issuing
a CAS low signal to the RAM as illustrated in the
“through™ branch of the “back/through™ decision
block of FIG. 2A in in FIG. 4, which is the timing
diagram for a read or write through operation. The
processor also issues a read or write order to the RAM
by a change of state on the W pin. The RAM latches the
column address, returns to high, and reads or
writes the data from or to the RAM array in a normal

Silicon Motion Inc. Ex. 1014, Page 9
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read or write such is well known in a typical DRAM
operation.

The read/write back operation will be explained with
reference to the “back™ branch of the “back/through”
decision block shown in FIG. 2C and the timing dia-
grams of FIGS. 5 and 6. Upon receiving the MISS low
signal, the processor will cause the W%E signal to go
low and the RAS signal to go high and then return to
low. As seen in FIG. 6, the%WgE signal will then be
returned to high. The RAM thus is triggered to a read
or write back operation. The RAM then determines
internally whether the “M" bit is set for the LRU row.
If the “M” bit is not set, indicating that the correspond-
ing cache and RAM rows are still identical, the RAM
latches the valid row address from the address pins and
transfers the RAM row at that address to the least re-
cently used cache row. The timing diagram for this
operation is shown in FIG. 6. The RAM then returns
the MISS pin signal to high, at which time the processor
returns RAS to high, then low, and issues CAS low. The
RAM then continues the operation in the same manner
as a read or write when the cache is hit. This part of the
operation was explained above.

The operation when the “M” bit is set is shown at the
YES branch of FIG. 2C and the timing diagram is at
FIG. 5. The RAM determines that the “M" bit is set and
proceeds to transfer the data from the least recently
used cache row to the RAM array row at the address
contained in the register for that cache row. (The pro-
cessor then takes the RAS signal high.) The RAM keeps
the MTSS signal low, signaling the processor that an-
other transfer is required. A normal precharge as is
known in the operation of a DRAM can then be accom-
plished, afier which the processor takes low
and issues a RAS low signal. The signal is then
returned high. At the low, the RAM latches the
valid row address at the address pins and transfers the
addressed row from the RAM array to the cache row
vacated by write back. Further the RAM updates the
MRU/LRU register to put a new row in the MRU
location, clears the “M" bit and then returns the MISS
signal to high. The processor brings the RAS signal to
high and then back to low and then brings the CAS
signal to low. The operation is then continued in the
same manner as for a cache hit as was previously ex-
plained.

The operation of the preferred embodiment of the
invention has been described. By this embodiment, a
main memory, a cache memory, timing and control
logic, and status registers may be configured on one
device or in one chip without sacrificing undue device
space, allowing considerable flexibility of employment
by the system configurer, and allowing great advantage
in data access time. However the invention is not lim-
ited in scope to the embodiment described, inasmuch as
numerous modifications are invisioned which are within
the scope of the instant invention. For example, as men-
tioned before, elements and functions of the cached
RAM of the preferred embodiment may be omitted
from the device to be included on a separate device or
omitted entirely. THE MRU/LRU register, the row
address registers, or the comparators may each of all be
configured separately, as examples. Also the elements
of the preferred embodiment cached RAM may be
modified. For example, the cache memory may be con-
figured in more or less than four rows. The memory
cells comprising the cache rows may be known four or
six transistor SRAM type cells, DRAM type cells, or

20

25

45

50

55

60

65

any data holding cells capable of meeting the access
requirements of the system. The main memory array,
although described in operation as a DRAM array may
be other types of array such as an SRAM array. The
registers described with reference to the preferred em-
bodiment may be any type of device capable of associat-
ing an address or representative of that address. The
comparators as described may be replaced in operation
by a single comparator which is shared by techniques
such as multiplexing of data. Further, the operation of
the preferred embodiment may be much altered while
remaining within the scope of the invention. Exemplary
of these are the alterations which follow. Registers may
be associated with each of the main memory array rows
to register which of the rows of the array are stored in
the cache and the address of the cache row used for that
storage instead of a register associated with each cache
row, as shown. And of course, the timing and control
signals may be modified as was alluded to previously in
the description of the operation of the invention. Fur-
ther modification of the embodiment is contemplated
which fall within the scope of the invention as covered
by the appended claims.

What is claimed is:

1. An integrated circuit memory device having an on
chip cache memory, comprising:

& memory array to store data, having memory cells
operatively arranged in rows and columns, ad-
dressable through row address signals and column
address signals;
plurality of cache memory lines coupled to the
memory array to store data, each cache memory
line having its memory cclls arranged in a row
corresponding to a memory array row,;

a circuit connected to the memory array and to the
cache memory line that is responsive to the mem-
ory address signals to determine cache hits and
cache misses, the circuit including;

a register, coupled to the memory array to store row
address signals;

& comparator, coupled to the register and coupled to
the plurality of cache memory lines, to determine
cache hits and misses by comparing a received row
address signal with a prior received row address
signal stored in the register, a cache hit occurring
when the received row address signal matches the
stored row address signal, a cache miss occurring
when the received row address signal does not
match the stored row address signal; and

a status register connected to the register to show
whether the stored data in a cache memory line
differs from the stored data in the corresponding
memory array row.

2. An integrated circuit memory device having an on

chip cache memory, comprising:

a memory array to store data, having memory cells
operatively arranged in rows and columns, ad-
dressable through row address signals and column
address signals;

a plurality of cache memory lines coupled to the
memory array to store data, each cache memory
line having its memory cells arranged in a row
corresponding to a memory array row;

a circuit connected to the memory array and to the
cache memory line that is responsive to the mem-
ory address signals to determine cache hits and
cache misses, the circuit including;

Silicon Motion Inc. Ex. 1014, Page 10
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a register, coupled to the memory array to store row
address signals;

a comparator, coupled to the register and coupled to
the plurality of cache memory lines, to determine

match the stored row address signal; and

a register, coupled to the comparator and coupled to
the plurality of cache memory lines, to show the
Jeast recently used cache memory line.

8
periphery circuitry for accessing the dynamic mem-
ory array cells and the cache memory cells, the
periphery circuitry including:
a first register for storing a received row address

cache hits and misses by comparing a received row 3 access signal; .

address signal with a prior received row address a comparator, coupled to the first register and cou-
signal stored in the register, a cache hit occurring pled to the cache memory, for matching a received
when the received row address signal matches the row address access signal with a pre‘{lously re-
stored row address signal, a cache miss occurring ceived stored row address access signal; )
when the received row address signal does not 10 output control circuitry, coupled to the dynamic
match the stored row address signal; and memory array m.d coupled to the cache memory

a register, coupled to the comparator and coupled to array, for %utpumng'da:‘a from ; drow of the cpchc;
the plurality of cache memory lines, to show the memory when a received row address access $1gna

. matches a previously received stored row address
most recently used cache memory line. 15 access signal; and

3. An integrated circuit memory device having an on a second register, coupled to the first register, for

chip cache memory, comprising: indicating the most recently used row of cache

a memory array to store data, having memory cells memory.
operatively scanned in rows and columns, address- S. A cached dynamic random access memory chip
able through row address signals and column ad- 30 formed on a single semiconductor substrate, compris-
dress signals; ing:

a plurality of cache memory lines couples to the a dynamic memory array for holding data, having
memory array to store data, each cache memory dynamic memory cells arranged in rows of X num-
line having its memory cells arranged in a row ber of cells by columns of Y number of cells;
corresponding to a memory array row; 25  acache memory for holding data, having cache mem-

a circuit connected to the memory array and to the ory cells arranged in rows of X number of cells;
cache memory line that is responsive to the mem- a parallel loader for transferring data between a row

po -
ory address signals to determine cache hits and of dynamic memory cells and a row of cache mem-
cache misses, the circuit including; ory cells; ) _

a register, coupled to the memory array to store row 30  periphery circuitry for accessing the dynamic mem-
address signals; ory array cells and the cache memory cells, the

a comparator, coupled to the register and coupled to periphery circuitry including:
the plurality of cache memory lines, to determine a first register for storing a received row address
cache hits and misses by comparing a received row access signal; )
address signal with a prior received row address 35  a comparator, coupled to the first register and cou-
signal stored in the register, a cache hit occurring pled to the cache memory, for matching a received
when the received row address signal matches the row address access signal with 8 prelvnously re-
stored row address signal, a cache miss occurring ouﬁgedc:xt::oe? :?r‘:uiltdr:m:;upled tscl)- thl;: dynamic
when the received row address signal does not memory array and coupled to the cache memory

array, for outputting data from a row of the cache
memory when a receivéd row address access signal
matches a previously received stored row address
access signal; and

4. A cached dynamic random access memory chip 45 g second register, coupled to the first register, for
formed on a single semiconductor substrate, compris- indicating the least recently used row of cache

«

ing: memory.

a dynamic memory array for holding data, having
dynamic memory cells arranged in rows of X num-

6. The cached dynamic random access memory chip
of claim 4 wherein the periphery circuitry further in-

ber of cells by columns of Y number of cells; 50 cludes:
a cache memory for holding data, having cache mem- a third register, coupled to; the first register, for indi-
ory cells arranged in rows of X number of cells; cating whether the data stored in a row of cache
a parallel loader for transferring data between a row memory is the same as the data stored in a row of
of dynamic memory cells and a row of cache mem- the dynamic memory array corresponding to it.
ory CC"S; 55 * & & 2 @
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