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DATA PROCESSING SYSTEM HAVING A MEMORY WITH
A LOW POWER OPERATING MODE AND METHOD THEREFOR

Field of the Invention

This invention relates generally to data processing
systems, and more particularly, to a data processing system
having a memory with a low power operating mode.

Background of the Invention

Data processing systems, such as microcontrollers,
commonly use on-board memory. There are various types of
memory used on-board a microcontroller, including both volatile
and nonvolatile memory. One type of volatile memory that is
used in high speed applications, such as when the
microcontroller is used in a workstation, is static random

access memory (SRAM). Compared to other types of on-board

memory, a SRAM can operate at relatively high access speeds.
However, high speed operation generally requires high power
consumption, which is undesirable for applications such as
battery powered computers, where low power consumption may
be more important than high speed operation.

To reduce power consumption in prior art data processing
systems having an on-board SRAM, the on-board SRAM may be
disabled when it is not being used. However, an access to the
SRAM requires that it be re-enabled before the access can occur,
which requires the data processing system to wait until the
SRAM is re-enabled. Also, lower power consumption has been
achieved in a SRAM by operating the SRAM at a lower clock
frequency. However, lowering the clock frequency at which the
SRAM operates also affects the operation of the entire data
processing system.
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Summary of the Invention

Accordingly, there is provided, in one form, a
semiconductor memory having a memory array, an address
decoder, and control circuitry. The memory array has a plurality
of memory cells arranged in rows and columns, each memory cell
coupled to a word line and to a bit line. The address decoder is
coupled to the memory array and accesses a memory cell of the
memory array in response to an address signal. The control
circuitry is coupled to the address decoder and causes the
memory cell to be accessed within a first predetermined time in
response to a control signal being in a first predetermined logic
state. The control circuitry causes the memory cell to be
accessed within a second predetermined time in response to the
control signal being in a second predetermined logic state.

Also, there is provided, in another form, a method for
accessing the memory array. These and other features and
advantages will be more clearly understood from the following
detailed description taken in conjunction with the accompanying
drawings.

Brief Description of the Drawings

FIG. 1 illustrates in block diagram form, a data processing
system in accordance with one embodiment of the present |
invention.

FIG. 2 illustrates in block diagram form, the static random
access memory of FIG. 1 in accordance with one embodiment of
the present invention.

FIG. 3 ililustrates in block diagram form, the bus interface
unit of FIG. 2 in accordance with one of embodiment the present
invention.
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FIG. 4 illustrates in block diagram form, the control
register of FIG. 3 in accordance with one embodiment of the
present invention.

FIG. 5 illustrates a timing diagram of various signals of
the static random access memory of FIG. 2 during a one cycle
access mode.

FIG. 6 illustrates a timing diagram of various signals of
the static random access memory of FIG. 2 during a two cycle
access mode.

Description of a Preferred Embodiment

Generally, the present invention provides a low power
operating mode for an on-board memory in a data processing
system. This is accomplished by providing a programmable
control bit for switching from a one clock cycle access mode to
a two clock Cycle access mode. During two cycle mode, only the
bus interface unit (BIU) for the memory is active during each bus
transation. During the first cycle of the two cycle access, the
address is compared to determine if the address is a valid SRAM
address. If the address is valid, the address decoders are
enabled, or activated, and a data transfer is completed on the
next cycle. [f the address is not valid, the address decoders are
not enabled and the memory array remains in a quiescent state
consuming minimum power. During one cycle mode, the SRAM
decodes every address so that it can respond in one cycle to a
valid address.

The present invention can be more fully described with
reference to FIG. 1 - 6. The terms "assert" and "negate" will be
used when referring to the rendering of a signal, status bit, or
similar apparatus into its logically true or logically false state,
respectively. If the logically true state is a digital logic level
one, the logically false state will be a digital logic level zero.
And if the logically true state is a digital logic level zero, the
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logically false state will be a digital logic level one. The term
"bus" will be used to refer to a plurality of signals -which may be
used to transfer one or more various types of information, such
as data, addresses, control, or status.

FIG. 1 illustrates in block diagram form, a data processing
system 10 in accordance with one embodiment of the present
invention. Data processing system 10 can be implemented as a
single integrated circuit called a microcontroller. Data.
processing system 10 has various on-board peripherals which
are bi-directionally coupled by way of an information bus 22.
The particular embodiment of data processing system 10
illustrated in FIG. 1 has a central processing unit (CPU) 12, timer
circuitry 14, static random access memory (SRAM) 18, other
circuitry 16, and system integration unit 20, which are all bi-
directionally coupled to information bus 22. Other circuitry 16
may include, for example, a read only memory (ROM), an analog-
to-digital converter, serial circuitry, or an electrically erasable
programmable read only memory (EEPROM).

System integration unit 20 can receive and transmit
signals external to data processing system 10 by way of
integrated circuit pins 38. Integrated circuit pins 38 may
optionally be coupled to an external bus 40. CPU 12 may
optionally receive and transmit signals external to data
processing system 10 by way of integrated circuit pins 32.
Timer circuitry 14 can receive and transmit signals external to
data processing system 10 by way of integrated circuit pins 34.

The embodiment of data processing system 10 which is
shown in FIG. 1 illustrates one particular microcontroller within
a family of microcontrollers. Because microcontrollers in the
same family generally have a plurality of differing on-board
peripherals, FIG. 1 provides only one embodiment of data
processing system 10. Alternate embodiments of data
processing system 10 may have fewer, more, or different on-
board peripherals than those illustrated in FIG. 1.



10

15

20

25

30

35

5

FIG. 2 illustrates in block diagram form, static random
access memory 18 of FIG. 1 in accordance with one embodiment
of the present invention. SRAM 18 includes bus interface unit
(BIU) 41, address decoders 42, row select circuits 45, column
logic/sense amplifiers 46, and memory array 43.

BIU 41 is coupled to information bus 22 in order to allow
SRAM 18 to communicate with other portions of circuitry in data
processing system 10. For example, BIU 41 may receive address
and data signals from CPU 12 across information bus 22, and BIU
41 may transfer data signals back to CPU 12 across information
bus 22. BIU 41 transfers address signals to address decoders 42.
BIU 41 is also bi-directionally coupled to column logic/sense
amplifiers 46 for transferring data signals to and from column
logic/sense amplifiers 46. BIU 41 also provides an address
decode enable signal 47 for enabling or disabling address
decoders 42. Address decode enable signal 47 will be discussed
later in more detail in the discussion of FIG. 3.

Memory array 43 is a conventional SRAM array and includes
an array of SRAM cells arranged in rows and columns. Each SRAM
cell is coupled to a word line and to a bit line pair. The word
lines are connected to row select circuits 45, and the bit line
pairs are connected to column logic/sense amplifiers 46. When
accessing memory array 43, a predetermined number of address
signals are provided to address decoders 42. The predetermined
number of address signals includes a row address portion and a
column address portion. The row address portion is provided to
the row select circuit 45 and the column address portion is
provided to column logic/sense amplifiers 46. The row address
is used to select a particular word line and the column address
is used to select a particular bit line pair. The particular
number of address signals or amount of decoding is not
important for purposes of describing the invention, and may be
different in other embodiments. Also, in other embodiments,
memory array 43 may be subdivided into sections or blocks.
Included in SRAM 18, but not shown, are bit line loads, write
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drivers, bit line precharge and equalization circuitry. A memory
cell located at the intersection of a selected word line and bit

~ line pair may be accessed for either a read cycle or a write

cycle. A representative memory cell 44 is shown connected to a
word line labeled "WL", and to a bit line pair labeled "BL" and
"BL*'. Note that an asterisk (*) after a signal or line name
indicates that the signal or line is a logical complement of a
signal or line having the same name but lacking the asterisk (*).

During a read cycle of SRAM 18, a valid address selects a
memory cell to be. accessed, for example memory cell 44.
information is provided by memory cell 44 to bit line pair
BL/BL*, in the form of a differential voltage across the bit line
pair. Sense amplifiers in column logic/sense amplifiers 46
senses and amplifiers the differential voltage and provides the
differential voltage to BIU 41.

During a write cycle of SRAM 18, the operation is
essentially reversed. Data is provided to column logic/sense
amplifiers 46 by BIU 41. A selected bit line pair, for example bit
line pair BL/BL*, receives the data in the form of a differential
voltage, and provides the differential voltage to a memory cell
that is coupled to the selected word line and bit line pair.

SRAM 18 has two modes of operation which are
programmable by a user, a normal, or one cycle mode, and a low
power, or two cycle mode. During the one cycle mode, address
decode enable signal 47 is asserted to enable the address
decoders on each transaction from information bus 22, so that an
access of memory array 43 occurs in one clock cycle to allow
high speed operation.

During the two cycle mode, an access of SRAM 18 requires
two clock cycles. Address decode enable signal 47 is asserted in
the next clock cycle after a valid address is received from
information bus 22. In two cycle mode, since the address
decoders are only enabled when a valid address is received,
power consumption is reduced as compared to the one cycle mode
of operation. Note that in the illustrated embodiment, during
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low power mode, an access to memory array 43 occurs in two
clock cycles. In other embodiments, an access to memory array
43 may occur in a predetermined time that is different than two
clock cycles. Also, in the illustrated embodiment, memory array
43 is an SRAM array. In other embodiments, memory array 43
may be any other type of volatile or nonvolatiie memory array,
including but not limited to, dynamic random access memory
(DRAM), read only memory (ROM), programmable read only
memory (PROM), and electrically erasable programmable read
only memory (EEPROM)

FIG. 3 illustrates in block diagram form, BIU 41 of FIG. 2 in
accordance with one embodiment of the present invention. BIU
41 includes address latches 51 and 52, multiplexer 54, address
comparator 53, state machine 55, control registers 49, and
counter 56. Address latch 51 has input terminals coupled to
information bus 22, an input terminal for receiving control
signal C3, and output terminals coupled to address latch 52,
multiplexer 54, and address comparator 53. Also, address laich
52 has an input terminal for receiving control signal C1, and
output terminals connected to multiplexer 54. Address
comparator 53 has input terminals for receiving an address from
address latch 51, an input terminal for receiving control signal
C4, and an output terminal for providing an address match signal
labeled "MATCH". State machine 55 has an input terminal
connected to address comparator 53 for receiving match signal
MATCH, an input terminal connected to control registers 49, and
an output terminal connected to address decoders 42 for
providing decode enable signal 47. Control registers 49 has an
input terminal connected to counter 56, and an output terminal
for providing control bit 57 of control registers 49 to state
machine 55 and to multiplexer 54. Counter 56 has an input
terminal for receiving match signal MATCH from address
comparator 53, an input terminal for receivin'g a transfer start
signal labeled "TRANSFER START", and an output terminal
connected to control registers 49. Control signals C1, C3, and C4
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are numbered to correspond to the phase of the clock signal
shown in the timing diagrams of FIG. 5 and FIG. 6. FIG. 5 and 6
will be discussed later. '

BIU 41 functions to interface memory array 43 to
information bus 22. Address latch 51 receives an address from
information bus 22 on each clock cycle and provides the address
to address latch 52. The address is also provided to address
comparator 53 and to multiplexer 54 based on timing
information provided by control signals C1, C3, and C4
respectively. Address comparator 53 provides a match signal to
state machine 55. Control information is, also provided to state
machine 55 by control bit 57. Another input to multiplexer 54 is
provided by address latch 52.

In one cycle mode, control bit 57 is programmed by the
user to provide a logic zero to state machine 55 and to
multiplexer 54. The output of address latch 51 is provided to
address decoders 42 on every clock cycle via multiplexer 54.
Also, address decoder 42 (FIG. 2) is enabled during each clock
cycle by decode enable signal 47 from state machine 55. This
allows memory array 43 to transfer data to or from BIU 41 in the
same cycle that a valid address is received.

In two cycle mode, control bit 57 is programmed by the
user to provide a logic one to state machine 55 and to
multiplexer 54. The output of second address latch 52 is
provided to address decoders 42 on every clock cycle via
multiplexer 54. Address decoders 42 are disabled by decode
enable signal 47 from state machine 55. On each clock cycle,
address comparator 53 determines if the address it receives is a
valid address for accessing memory array 43 for a read or a
write operation. When a valid address is received, match signal
MATCH is asserted by address comparator 53 and provided to
state machine 55. During a subsequent cycle, state machine 55
asserts decode enable signal 47. Decode enable signal 47 causes
address decoders 42 to be enabled, thus accessing the memory
array for a read or a write operation. Data is then transferred
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between BIU 41 and memory array 43. If a valid address is not
received, decode enable signal 47 is negated. The address
decoders then remain disabled, or inactive, to reduce the power
consumption of data processing system 10.

Counter 56 monitors transfer start signal TRANSFER
START from information bus 22 as well as match signal MATCH
from address comparator 53. Based on this information, the
counter can automatically assert or negate the control bit 57 to
automatically change from two cycle mode to one cycle mode or
back.

Counter 56, as shown in FIG. 3, provides an automatic,
self-monitoring mechanism to switch SRAM 18 from one cycle
mode to two cycle mode and back to one cycle mode. Counter 56
monitors transfer start signal TRANSFER START from
information bus 22 and match signal MATCH from address
comparator 53 to determine the number of information bus 22
transactions which target SRAM 18. If counter 56 determines
that the number of consecutive SRAM 18 accesses falls below a
predetermined value, SRAM 18 automatically switches to two
cycle mode for reduced power consumption. While in two cycle
mode, SRAM 18 may automatically switch to single cycle mode if
counter 56 determines that the number of consecutive SRAM 18
accesses rises above the predetermined value. The
predetermined value may be defined as either a fixed number of
consecutive SRAM 18 accesses or as a ratio of SRAM 18 accesses
compared with a fixed number of past information bus 22
transactions.

In an alternative implementation, match signal MATCH
from address comparator 53 could simply cause counter 56 to
put SRAM 18 into one cycle mode for a predetermined number of
assertions of transfer start signal TRANSFER START from
information bus 22. The predetermined number of cycles could
be programmed via a data transfer on information bus 22. Also,
in other embodiments, state machine 55 may be another type of
control logic such as a programmable logic array.
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FIG. 4 illustrates in block diagram form, control registers
49 of FIG. 3 in accordance with one embodiment of the present
invention. Control registers 49 includes 32 control bits. In
other embodiments, control registers 49 may include more or
fewer control bits. Control bit 57 is programmable by the user
to provide a predetermined control value, and controls whether
memory array 43 is accessed in one clock cycle or two clock
cycles. When control bit 57 is asserted, SRAM 18 operates in
two cycle mode. When control bit 57 is negated, SRAM 18
operates in one cycle mode. In other embodiments, control bit 57
may include more that one control bit. _

FIG. 5 illustrates a timing diagram of various signals of
SRAM 18 of FIG. 2 during one cycle, or normal access mode. Note
that the clock signal is divided into four phases per cycle for
reference, and each phase is labeled uniquely by "T" followed by a
number. Note also that the various signals of FIG. 5 are not
drawn to scale.

A transaction on information bus 22, that is directed to
SRAM 18, begins at time T3. Address information and transfer
start signal TRANSFER START are supplied at time T3. Address
latch 51 captures addresses from information bus 22 during time
T3 in response to control signal C3. During time T4, in response
to receiving control signal C4, address comparator 53 begins
decoding the address held in address latch 51 to determine if the
address is valid for accessing SRAM 18. The address information
held in address latch 51 is also passed through multiplexer 54 to
address decoder 42. Address decoder 42 decodes rows and
columns in memory array 43 during time T4. If the address is
valid, and a read operation is required, the sense amplifiers in
column logic/sense amplifiers 46 transfer data from memory
array 43 to BIU 41 during times T5 and T6. BIU 41 relays data
onto information bus 22 during time T7 if address comparator 53
determines that the information bus 22 transaction targets
SRAM 18.



10

15

20

25

30

35 -

11

If address comparator 53 determines that the information
bus 22 transaction does not target SRAM 18, BIU 41 does not
transfer data onto information bus 22. Note that the address
held in address latch 51 is decoded by address decoder 42 during
time T4, even though the transaction may not have been targeting
SRAM 18. This is because address comparator 53 does not have

time to determine ownership of the information bus 22

transaction, and still be able to allow an access of SRAM 18 in
one clock cycle. Therefore, the rows and columns of memory
array 43 are decoded on every active bus cycle so that SRAM 18
is able to respond by the end of the cycle. Decoding each address
allows high speed operation of SRAM 18 at the cost of increased
power consumption.

FIG. 6 illustrates a timing diagram of various signals of .
SRAM 18 of FIG. 2 during a two cycle, or low power access mode.
Note that the clock signal illustrated in FIG. 6 is divided into
four phases per cycle for reference, and the phases are labeled
uniquely by "T" and a number. Note also that the various signals
in FIG. 6 are not drawn to scale.

In two cycle mode, the beginning of the information bus 22
transaction is the same as for a one cycle mode access. Address
information from information bus 22 is held at time T3 in
address latch 51. The address in address latch 51 is decoded by
address comparator 53 during time T4 to determine ownership of
the transaction. Address comparator 53 generates match signal
MATCH, which is provided to state machine 55 and counter 56 at
the end of time T4, if the address in address latch 51 is valid for
accessing SRAM 18. The address information in address latch 51
is passed to address latch 52 during time T5 for future use.
When match signal MATCH is asserted by address comparator 53,
decode enable signal 47 is asserted by state machine 55. The
address stored in address latch 52 is passed through muitiplexer
54 to address decoders 42 for row and column decoding at time
T8. At times T9 and T10 data is transferred between column
logic/sense amplifiers 46 and BIU 18. If a read operation is
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required, BIU 18 drives data onto information bus 22 at time
T11.

if match signal MATCH is not asserted at the end of time
T4 by address comparator 53, state machine 55 does not assert
decode enable signal 47, and the address information stored in
address latch 52 is not passed to address decoder 42 for row and
column decoding. Address decoder 42, row select 45, and column
logic/sense amplifiers 46 are not enabled and remain in a low
power quiescent state, thus reducing the power consumption of
data processing system 10. '

Note that the presence of two address latches, address
latches 51 and 52, allow for "pipelining" of sequential
transactions to SRAM 18.

By providing a user controlled or automatically controlled
two cycle access mode for on-board memory in a data processing
system, significant power savings may be derived. The
additional clock cycle allows address comparator 53 to
determine ownership of an information bus 22 transaction while
holding address decoder 42, row select 45, column logic/sense
amplifiers 46, and memory array 43 in a low power quiescent
state until this circuitry is really needed.

While the invention has been described in the context of a
preferred embodiment, it will be apparent .to those skilled in the
art that the present invention may be modified in numerous ways
and may assume many embodiments other than that specifically
set out and described above. Accordingly, it is intended by the
appended claims to cover all modifications of the invention
which fall within the true spirit and scope of the invention.
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Claims
What is claimed is:

1. A semiconductor memory (18), comprising:

a memory array (43) having a plurality of memory
cells (44) arranged in rows and columns, each
memory cell (44) coupled to a word line and to.
a bit line;

an address decoder (42), coupled to the memory array
(43), the address decoder (42) accessing a
memory cell (44) of the memory array (43) in
response to an address signal; and

control circuitry (41), coupled to the address decoder
(42), the control circuitry (41) causing the
memory cell (44) to be accessed within a first
predetermined time in response to a control
signal being in a first predetermined logic
state, and the control circuitry (41) causing the
memory cell (44) to be accessed within a
second predetermined time in response to the
control signal being in a second predetermined
logic state.

2. The semiconductor memory (18) of claim 1, wherein the
control signal is a control bit (§7) in a control register
(49). |

3. The semiconductor memory (18) of claim 1, wherein the
first predetermined time is one clock cycle, and the second
predetermined time is two clock cycles.
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A data processing system (10) having a central processing
unit (12) and an information bus (22), comprising:

a memory array (43) having a plurality of memory
cells, each memory cell (44) of the plurality of
memory cells coupled to a word line and to a bit
line, the memory array (43) providing data in
response to receiving an address signal;

an address decoder (42), coupled to the memory array
(43), for providing the address signal;

a storage element (57), coupled to the information
bus (22), for storing a control value; and

control circuitry (41), coupled to the memory array
(43) and to the storage element (57), the
control circuitry (41) causing the memory array
(43)to be accessed within a first predetermined
number of clock cycles in response to the
control value being a first predetermined value,
and the control circuitry (41) causing the
memory array (43) to be accessed within a
second predetermined number of clock cycles in
response to the control value being a second
predetermined value.

The data processing system (10) of claim 4, wherein the
storage element (57) is a portion of a control register (49).
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control circuitry (41) comprises:
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an address latch (51) for receiving the address signal
during a first clock cycle;

a muitiplexer (54), coupled to the address latch (51),
for receiving the address signal during the first
clock cycle when the control bit (57) is the
first predetermined value, and for receiving the
address signal during a second clock cycle when
the control bit (567) is the second predetermined
value; :

a compare circuit (53), coupled to the address latch

(61), the compare circuit (53) receiving the
address signal to determine if the address
signal is valid, and in response to determining
the address signal is valid, the compare circuit
(63) providing an address valid signal in a first
logic state, and in response to the compare
circuit (53) determining the address signal is
invalid, the compare circuit (53) providing the
address valid signal in a second logic state; and

control logic (55) for receiving the control bit (57)

and the address valid signal, and in response to
the control bit (57) being the first
predetermined value, the control logic (55)
enabling the address decoders (42) during the
first clock cycle, and in response to the control
bit being in the second predetermined value, the
control logic (55) enabling the address decoders
during the second clock cycle.
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The data processing system (10) of claim 6, wherein the
control circuitry (41) further comprises a counter (56),
coupled to the compare circuit (53) and to the control logic
(55), the counter disabling the address decoders (42) in
response to receiving a predetermined number of
consecutive address valid signals in the second logic state.

The data processing system (10) of claim 6, wherein the
control bit (567) is user programmable. |

In a data processing system (10) having a memory array
(43), a method for accessing the memory array (43)
comprising the steps of:
receiving a plurality of address signals during a first
clock cycle;
comparing at least a portion of the plurality of
address signals to a predetermined address
value and providing a match signal of a first
logic state in response to the at least a portion
of the plurality of address signals matching the
predetermined address value;
providing a control value to a control logic circuit;
if the control value has a first value, enabling an
address decoder (42) to decode the plurality of
address signals during a second clock cycle; and
if the control value has a second value, enabling an
address decoder (42) to decode the plurality of
address signals during the first clock cycle.

The method of claim 9, further comprising the steps of:
incrementing a counter (56) during each clock cycle
that the match signal is received having a

second logic state; and

disabling the address decoder (42) after a -
predetermined number of consecutive match
signals of the second logic state are received.



