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INSTRUCTION CACHE HAVING A MULTI-BIT WAY PREDICTION MASK

VA Field of the Disclosure

[0001] The present disclosure is generally directed to an instruction cache memory system.

7 Background

[0002] Advances in technology have resulted in smaller and more powerful computing devices.
For example, there currently exist a variety of portable personal computing devices,
including wireless computing devices, such as portable wireless telephones, personal
digital assistants (PDAs), and paging devices that are small, lightweight, and easily
carried by users. More specifically, portable wireless telephones, such as cellular
telephones and Internet Protocol (IP) telephones, can communicate voice and data
packets over wireless networks. TFurther, many such wireless telephones include other
types of devices that are incorporated therein. For example, wireless telephones can
also include a digital still camera, a digital video camera, a digital recorder, and an
audio file player. Also, such wireless telephones can process executable instructions,
including software applications, such as a web browser application, that can be used to
access the Internet. As such, these wireless telephones can include significant

computing capabilities.

[0003] Such computing capabilities may be enhanced via a processor that includes an
instruction cache (icache) that is configured to store (in a cache line) recently or
frequently executed program instructions. Instructions stored in the instruction cache
may be accessed by the processor more quickly than instructions accessed from a main
memory. The instruction cache includes a plurality of ways that each include a driver
that corresponds to one or more cache lines (e.g., storage locations) of the instruction
cache. To access a particular instruction stored in the instruction cache, all drivers may
be enabled (e.g., activated) to drive (via a plurality of data lines) all the ways to a
multiplexer, and the desired way may be selected by the multiplexer. However, driving
all the ways for each instruction cache access expends power to drive each way, even

though only a single way is ultimately selected.
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[0004] To reduce power consumption, way prediction techniques have been used to predict
(e.g., identify) a “next way" to be driven and thus a next cache line (e.g., instruction(s))
to be executed. By predicting the “next way” (i.e., a location of the next instruction to
be executed), only a single way needs to be driven. However, previous way prediction
techniques are susceptible to frequent misprediction (e.g., predicting an incorrect way)
which results in a performance loss and a power penalty experienced by the processor to

correct the misprediction and access the correct next way.

[0005] For example, a first technique stores the last (previous) “next way” for each cache line
(i.e., a single “next way™). Based on the single “next way”, the instruction cache
enables a single driver that corresponds to the single “next way.” When the correct way
is not driven (i.e., not provided to the multiplexer), a misprediction occurs and a second
access to the instruction cache data array is performed that drives the correct way (based
on a completed tag lookup operation or a signal provided from control logic). When
using the first technique, accuracy of predicting the correct “next way” is an issue
because predictability of a given program (e.g., multiple instructions) may be erratic.
Accordingly, the last “next way” for a cache line is not necessarily a good predictor and

frequent mispredictions occur.

[0006] A second technique assigns a confidence value to a way prediction to decide whether
the way prediction is likely to result in selecting (i.e., identifying) the correct way. If
the confidence value for a single way prediction is not high enough, all of the drivers are
enabled. A third technique stores a predicted “next way” in a branch target buffer (e.g.,
a trace cache) to be used when a branch type instruction is identified. The stored
predicted “next way” may have a high accuracy rate, but branches may not be taken
very often and thus the third technique is only useful in situations where a branch is

taken after execution of a current instruction.

L Summary

[0007] A way prediction technique for an instruction cache (icache) that utilizes a multi-bit way
prediction mask (e.g., a prediction mask value) that corresponds to a last cache line
fetched (and executed) is disclosed. The multi-bit way prediction mask may provide
“next way” predictions with respect to the last cache line fetched. The multi-bit way

prediction mask may include an n-bit vector where each bit corresponds to a way of the
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instruction cache. For example, when the instruction cache includes four ways, the
multi-bit way prediction mask may include a 4-bit value. Each of the corresponding
ways may include a driver (e.g., a line driver) that is enabled or disabled based on the
multi-bit way prediction mask. Multi-bit way prediction mask values that are each
associated with a corresponding cache location may be stored in any structure that has a
one-to-one association with the cache lines of the instruction cache. For example, the
multi-bit way prediction mask of a particular cache line may be stored in a tag array, a
register corresponding to a cache line, or as part of (e.g., at the end of) the most recently

fetched cache line.

[0008] In a particular embodiment, an apparatus includes control logic configured to selectively
set bits of a multi-bit way prediction mask based on a prediction mask value. The
control logic is associated with an instruction cache including a data array. A subset of
line drivers of the data array is enabled responsive to the multi-bit way prediction mask.

The subset of line drivers includes multiple line drivers.

[0009] In another particular embodiment, a method includes selectively setting bits of a multi-
bit way prediction mask based on a prediction mask value. The multi-bit way
prediction mask is associated with an instruction cache including a data array having a
plurality of line drivers. A subset of line drivers of the data array is enabled responsive
to the multi-bit way prediction mask. The subset of line drivers includes multiple line

drivers.

[0010] In a further particular embodiment, an apparatus includes means for selectively setting
bits of a multi-bit way prediction mask based on a prediction mask value. The multi-bit
way prediction mask is associated with an instruction cache including a data array. The
apparatus also includes means for providing the multi-bit way prediction mask to a
plurality of line drivers of the data array. Multiple line drivers of the plurality of line

drivers are enabled responsive to the multi-bit way prediction mask.

[0011] In another particular embodiment, a non-transitory computer readable medium includes
instructions that, when executed by a processor, cause the processor to selectively set
bits of a multi-bit way prediction mask according to a prediction mask value. The

multi-bit way prediction mask is associated with an instruction cache including a data



WO 2014/100632 PCT/US2013/077020

4-

array. Multiple line drivers of the data array are enabled responsive to the multi-bit way

prediction mask.

[0012] One particular advantage provided by disclosed embodiments is a way prediction
technique that reduces low power consumption, has high prediction accuracy, and
overcomes deficiencies of previous way prediction techniques. The way prediction
technique reduces or avoids mispredictions that affect both power efficiency and
processor performance. A rate of misprediction occurrence for an instruction cache may
be greatly reduced as compared to previous way prediction techniques (e.g., less than

1%).

[0013] Other aspects, advantages, and features of the present disclosure will become apparent
after review of the application, including the following sections: Brief Description of the

Drawings, Detailed Description, and the Claims.

V.  BriefDescription gf tie Drawings

[0014] FIG. 1 is a block diagram of a first illustrative embodiment of a processor system

including an instruction cache that utilizes a prediction mask;

[0015] FIG. 2 a block diagram of a second illustrative embodiment of a processor system

including an instruction cache that utilizes a prediction mask;

[0016] FIG. 3 is a flow diagram of a first illustrative embodiment of a method to perform way

prediction;

[0017] FIG. 4 is a flow diagram of a second illustrative embodiment of a method to perform

way prediction;

[0018] FIG. 5 is a flow diagram of a third illustrative embodiment of a method to perform way

prediction; and

[0019] FIG. 6 is a block diagram of a particular embodiment of a wireless communication

device including an instruction cache memory system to perform way prediction.

V. Detailed Description

[0020] FIG. 1 illustrates a first particular illustrative embodiment of a processor system 100

that includes an instruction cache 102 (e.g., an icache). The instruction cache 102 may
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be configured to store (in a cache line) recently or frequently executed program
instructions. Instructions stored in the instruction cache 102 may be accessed more
quickly than instructions accessed from another location, such as a main memory (not
shown). In a particular embodiment, the instruction cache 102 is a set-associative

cache. The instruction cache 102 includes a data array 110 and control logic 150.

[0021] The data array 110 may include a plurality of ways 120-124 that each include a
corresponding line driver 140-144. Each line driver 140-144 corresponds to a way (e.g.,
a column of the data array 110) that includes multiple cache lines (e.g., storage
locations) of the data array 110. The data array 110 may include a first way 120 having
a first line driver 140, a second way 122 having a second line driver 142, and an Nth
way 124 having an Nth line driver 144. Although three line drivers 140-144 are shown
in FIG. 1, less than three or more than three line drivers may be included in the data
array 110. In a particular embodiment, the data array 110 includes four ways. Each of
the line drivers 140-144 may be coupled to a corresponding data line (not shown) via
which each line driver 140-144 drives content (e.g., data of a cache line of the data array
110) associated with a corresponding way 120-124. For example, the line driver 140
may drive content (e.g., data, such as one or more instructions, stored at a cache line)
associated with the first way 120. In a particular embodiment, the line drivers 140-144
drive the contents of the ways 120-124 as an output of the data array 110 to a
multiplexer (not shown). The multiplexer may be responsive to the plurality of line
drivers 140-144 and may be configured to select a particular way (e.g., a desired way).

In a particular embodiment, the data array 110 may include the multiplexer.

[0022] The control logic 150 may include or have access to a prediction mask 152 (e.g., a
multi-bit way prediction mask) that provides “next way” predictions to the data array
110. The “next way” predictions may be associated with a last cache line fetched (e.g.,
a last cache line of the data array 110 that was accessed) and predict (e.g., identify) a
“next way” to be driven and thus a next cache line to be accessed (e.g., a next
instruction to be executed). By predicting one or more “next ways” (but not all of the
ways 120-124), less than all of the line drivers 140-144 of the instruction cache 102 are
driven (e.g., have corresponding drivers enabled) which results in reduced power usage
than enabling all of the drivers 140-144 to drive all of the ways 120-124. A value (e.g.,

a prediction mask value) of the prediction mask 152 may correspond to the last cache



WO 2014/100632 PCT/US2013/077020

-6-

line fetched of the instruction cache 102 to predict the one or more next ways. The
prediction mask 152 may include an n-bit vector where each bit corresponds to a
particular way of the instruction cache 102. The prediction mask 152 may be stored in a

register or a buffer.

[0023] The control logic 150 may be configured to selectively set one or more bits of the
prediction mask 152 based on (e.g., according to) a prediction mask value associated
with the last cache line fetched. The prediction mask 152 may enable (or disable) a
subset of line drivers of the data array 110, such as one or more of the drivers 140-144.
When multiple bits of the prediction mask 152 are set, a corresponding number of the
plurality of drivers 140-144 is enabled (or disabled). Fach of the plurality of drivers
140-144 may be selectively enabled (e.g., turned on or activated) or selectively disabled
(e.g., turned off or deactivated) by a particular bit of the prediction mask 152. In a
particular embodiment, the subset of line drivers is greater than one line driver (e.g., the
prediction mask 152 has multiple bits set and concurrently enables multiple line

drivers).

[0024] The control logic 150 may be configured to maintain a plurality of prediction mask
values that each correspond to a cache line of the data array 110. The plurality of
prediction mask values may be stored at one or more storage locations accessible to the
control logic 150. For example, one or more of the prediction mask values may be
stored in a tag array, a register associated with cache lines of the data array 110, as part
of the respective cache lines, or in a structure that has a one-to-one association with the
cache lines of the data array 110. When contents are loaded into a particular cache line
of the data array 110, the control logic 150 may set (e.g., initialize) a particular
prediction mask value corresponding to the particular cache line to an initial value.
Additionally, the control logic 150 may update other prediction mask values as
necessary to reflect the contents being loaded into the particular cache line. For
example, the control logic 150 may update a prediction mask value corresponding to
another cache line that identified a way associated with the previous contents of the
particular cache line as a “next way,” to indicate that the way is no longer identified as a

“next way” of the other cache line.

[0025] The control logic 150 may receive a prediction mask value associated with a cache line

of the data array 110 that was last fetched (e.g., most recently fetched). The prediction
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mask value may predict (e.g., identify) one or more ways to be accessed after the last
cache line was fetched. The one or more ways to be accessed may each correspond to a
cache line that stores one or more instructions to be executed after an instruction(s)
corresponding to the last cache line fetched. The control logic 150 may set the
prediction mask 152 based on the prediction mask value. For example, when a
particular cache line of the data array 110 is accessed, the prediction mask value
corresponding to the particular cache line may be identified and set as the value of the
prediction mask 152 to identify one or more “predicted” ways to be driven during a next
cache access after the particular cache line is accessed. The prediction mask 152 may
be provided to the data array 110 to selectively enable and/or disable one or more of the
drivers 140-144 based on the prediction mask. The drivers 140-144 that are enabled
(e.g., turned on) or disabled (e.g., turned off) as a result of the prediction mask 152 may
provide (e.g., drive) contents (e.g., instructions) of cache lines corresponding to the
enabled drivers 140-144, such as to an output multiplexer, as discussed in further detail
with respect to FIG. 2. In a particular embodiment, the instruction associated with the
last cache line fetched is executed concurrently with the prediction mask value of the

last cache line fetched being provided to the data array 110.

[0026] The control logic 150 (or other component of the instruction cache 102, such as a
multiplexer) may determine whether the contents provided via the enabled drivers 140-
144 includes one or more instruction to be executed next (e.g., after the instruction(s)
corresponding to the last cache line fetched). If the ways enabled according to the
prediction mask 152 set to the prediction mask value do not provide the one or more
instructions to be executed next (e.g., the prediction mask does not predict a correct next
way to be driven), a misprediction occurs. In a particular embodiment, the control logic
150 determines whether a misprediction occurs based on whether or not a multiplexer
selects an output of the data array 110 that corresponds to a predicted way identified by

the prediction mask 152.

[0027] The control logic 150 may also maintain the plurality of prediction mask values by
determining whether a misprediction occurred based on the prediction mask 152 (e.g., a
particular prediction mask value) being provided to the data array 110 to enable one or
more of the drivers 140-144. When the particular prediction mask value is applied to

the data array 110, the control logic 150 may determine whether a misprediction
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occurred based on the particular prediction mask value. When a determination is made
that a misprediction has occurred, one or more of the line drivers 140-144 that were not
previously enabled may subsequently be enabled to provide a correct way output to

recover from the misprediction. In a particular embodiment, all of the line drivers 140-

144 are enabled after the misprediction.

[0028] The control logic 150 may identify the correct way accessed (e.g., driven) and update,
based on the correct way, the prediction mask value that caused the misprediction. For
example, the control logic 150 may identify the correct way as a successive way after
the cache line (e.g., a way) associated with the prediction mask value is accessed. In a
particular embodiment, recovering from the misprediction may include accessing
another storage location (e.g., a main memory) other than the instruction cache 102 to
obtain an instruction to be executed after the instruction(s) associated with the last cache
line fetched. When the instruction is obtained (e.g., fetched) from the other storage
location, the instruction may be loaded (e.g., stored) into a cache line associated with a
particular way 120-124 of data array 110. The control logic 150 may identify the
particular way as a successor way and update the prediction mask value based on the
identified particular way. The control logic 150 may update the prediction mask value
that caused the misprediction by setting a bit of the prediction mask value that
corresponds to the successive cache line accessed. Accordingly, if the prediction mask
value fails to successfully predict a successive way, the prediction mask value is
updated so that, when the cache line is next accessed, the successive way is predicted as

a “next way” (e.g., a successor way).

[0029] During operation, the control logic 150 may receive an instruction address associated
with an instruction stored in a cache line (e.g., a way) of the data array 110. Based on
the instruction address, the control logic 150 may identify a particular prediction mask
value associated with the instruction address. For example, the control logic 150 may
identify the particular prediction mask value from the plurality of prediction mask
values that each correspond to a cache line of the data array 110. After the particular
prediction mask value is identified, the control logic 150 may set one or more bits of the
prediction mask 152 based on the particular prediction mask value identified so that
value of the prediction mask 152 is the same value as the particular prediction mask

value. The control logic 150 may provide the prediction mask 152 (e.g., the multi-bit
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way prediction mask) to the data array 110 (e.g., the line drivers 140-144) after the
cache line associated with the instruction address is fetched. Fach respective bit of the
prediction mask 152 that corresponds to a particular line driver 140-144 may be
received at an input of the particular line driver 140-144 to enable or disable the
particular line driver based on a value (e.g., a data value) received at the input of the

particular line driver 140-144.

[0030] The data array 110 may receive the prediction mask 152 and a subset of line drivers
140-144 of the data array 110 may be selectively enabled based on the received
prediction mask 152. For example, a particular line driver 140-144 may receive a bit of
the prediction mask 152 that corresponds to the particular line driver 140-144. The data
array 110 may provide contents (e.g., at least a portion of a cache line) of a way
corresponding to each enabled driver of the subset of line drivers 140-144 as an output
of the data array 110. The contents provided as the output of the data array 110 may
represent ways that are predicted to be a next way accessed after the cache line

associated with the instruction address is fetched.

[0031] By selectively enabling a subset of the plurality of drivers 140-144 and driving more
than one predicted way (but not all of the ways), a power benefit may be realized on
each data access of the instruction cache 102. Additionally, using the way prediction
technique described above, a misprediction should only occur once for each successor
way because, after a misprediction, a bit of the multi-bit way prediction mask 152 is

updated to identify the particular cache line as a successor.

[0032] Referring to FIG. 2, a processor system 200 that utilizes a multi-bit prediction mask is
disclosed. The processor system 200 may include a program counter 270 and the
instruction cache (icache) 102. The processor system 200 may use the instruction cache

102 to provide instructions to one or more execution units (not shown).

[0033] The program counter 270 may identify an instruction to be executed. The program
counter 270 may include an index portion 272 and a tag portion 274 associated with the
instruction to be executed. Each time an instruction is executed, the program counter
270 may be adjusted (e.g., incremented) to identify a next instruction to be executed.
The index portion 272 of the next instruction to be executed may be provided to the data

array 110 and may identify an index (e.g., a row including multiple cache lines) of the
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data array 110 associated with the next instruction to be executed. The tag portion 274
may be provided to a tag array 280 of the instruction cache 102. The tag array 280 may
use the tag portion 274 to identify a column (e.g., a way) of the data array associated
with the next instruction to be executed. Accordingly, a combination of the index
portion 272 and the tag portion 274 may uniquely identify a particular cache line of the
data array 110 storing the next instruction to be executed. In a particular embodiment,
the program counter 270 may also provide the index portion 272, the tag portion 274, or

a combination thereof to the control logic 150.

[0034] The instruction cache 102 may include the data array 110, a multiplexer 260, the control
logic 150, and the tag array 280. The data array 110 may include a plurality of ways
(e.g., four (4) ways), such as a first way, a second way, a third way, and a fourth way as
depicted in FIG. 2 for a particular row of a plurality of rows of the data cache. Fach of
the ways may be associated with a corresponding cache line 220a-d of the instruction
cache 102. The plurality of ways may be accessed during execution of a program
(executed by the processor system 200 as a series of instructions). Each of the plurality
of ways may include a driver 240a-d (e.g., a line driver) and a data line 230a-d that
corresponds to cache lines of the data array 110. For example, the first way may be
associated with a cache line A 220a and include a first driver 240a and a first data line
230a, the second way may be associated with a cache line B 220b and include a second
driver 240b and a second data line 230b, the third way may be associated with a cache
line C 220c¢ and include a third driver 240c and a third data line 230c¢, and the fourth
way may be associated with a cache line D 220d and include a fourth driver 240d and a

fourth data line 230d.

[0035] Each driver 240a-d may enable data (e.g., one or more instructions) stored in a
corresponding cache line 220a-d to be read (e.g., driven) from the data array 110 via a
corresponding data line 230a-d. The data may be provided as an output of the data array
110. For example, the drivers 240a-d may correspond to the drivers 140-144 of FIG. 1.
The data array 110 may include a set-associative instruction cache data array. In a

particular embodiment, the data array 110 is a four-way set associative cache.

[0036] The control logic 150 may set a value of the prediction mask 152. The value set for the
prediction mask 152 may correspond to a particular cache line 220a-d of the data array

110 that was last accessed. The value of the prediction mask 152 may predict (e.g.,
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identify) a “next way” (e.g., a subsequent way) with respect to the particular cache line
220a-d that was last fetched. For example, the value set for the prediction mask 152
may correspond to the cache line A 220a. The prediction mask 152 of FIG. 2 may
include four (4) bits, where each bit corresponds to a different way, and thus a different
driver 240a-d, respectively. For example, from left to right, a first bit (e.g., a most
significant bit) may correspond to the first way, a second bit may correspond to the
second way, and so on. The prediction mask 152 may indicate, based on one or more
bits being set (e.g., asserted to a logical one (1) value), one or more drivers 240a-d that
are to be enabled. For example, a subset of the drivers 240a-d (e.g., a subset of line
drivers) may be enabled (responsive to the prediction mask 152 being applied to the
data array 110) to provide content (e.g., data, such as one or more instructions stored in

the corresponding cache lines 220a-d) to the multiplexer 260.

[0037] Each cache line 220a-d may be associated with a corresponding prediction mask value
(e.g., a corresponding multi-bit prediction mask value). The corresponding prediction
mask value for a particular cache line (e.g., one of the cache lines 220a-d) may be set as
the value of a portion of the prediction mask 152 based on the particular cache line
being accessed. Fior example, when the particular cache line is accessed, the prediction
mask value corresponding to the particular cache line may be identified and set as the
value of a portion of the prediction mask 152 to identify one or more “predicted” ways
to be driven after the particular cache line. The corresponding prediction mask values
may be stored in any structure that has a one-to-one association with the cache lines of
the instruction cache 102. For example, one or more of the corresponding prediction
mask values may be stored in a tag array (e.g., the tag array 280), a register associated
with (e.g., corresponding to) the cache line 220a-d, or as part of (e.g., at the end of) a
cache line. In a particular exemplary embodiment, the cache line A 220a of the data
array 110 includes cache line A contents 222 (e.g., one or more stored instructions) and
a cache line A prediction mask value 254 (e.g., a corresponding prediction mask value).
Based on the cache line A 220a being accessed (e.g., fetched), the control logic 150 may
select the cache line A prediction mask value 254 and set the value of the prediction
mask 152 to the cache line A prediction mask value 254. The control logic 150 may
maintain and update the cache line A prediction mask value 254 as one or more
mispredictions occur or as contents are loaded into or fetched from the data array 110.

Although the cache line A prediction mask value 254 is shown as being stored as part of
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the cache line A 220a, it may be appreciated that the cache line A prediction mask value
254 may be stored as part of the tag array 280 or as part of a register associated with the

cache line A 220a.

[0038] When the processor system 200 is powered on, the control logic 150 may initialize the
value of the prediction mask 152 to an initial value (e.g., a zero (0) value such as
“00007). The control logic 150 may also initialize each prediction mask value to the
initial value. For example, upon a power-up of the processor system 200, the control
logic 150 may initialize the cache line A prediction mask value 254 to the initial value.
In a particular embodiment, when the prediction mask 152 includes all zero values,
there is no prediction and no drivers 240a-d are driven (e.g., enabled) subsequent to a
fetch of cache line A 220a. In an alternative embodiment, all drivers 240a-d are driven

when the prediction mask 152 includes all zero values.

[0039] The control logic 150 may also initialize a particular prediction mask value when
contents are loaded (e.g., a cache line fill) into a cache line corresponding to the
particular prediction mask. For example, the control logic 150 may set the cache line A
prediction mask value 254 to the initial value of “0000” when one or more instructions

are loaded (e.g., stored) at the cache line A 220a.

[0040] The control logic 150 may periodically set one or more prediction mask values to the
initial value. For example, the control logic 150 may also re-set (e.g., initialize to a zero
value) one or more prediction mask values after a time period expires (e.g., an
expiration of the time period) or after a number of cache access operations. In a
particular embodiment, each prediction mask value may be associated with a
corresponding time period, a corresponding number of cache access operations, or a
combination thereof. In another particular embodiment, the entire data array 110 may
be associated with a corresponding time period, a corresponding number of cache access
operations, or a combination thereof. For example, the number of cache access
operations may be associated with a number of cache operations (e.g., cache access
operations, such as a cache load, a cache fetch, or a combination thereof) of the data
array 110, of a particular row of the data array 110, or of a particular cache line 220a-d.
In a particular embodiment, the time period and/or the number of cache operations may
be tracked by the control logic 150. When contents are loaded into a particular cache

line, the corresponding prediction mask value of the particular cache line may be set to
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the initial value, and all other prediction mask values that identify a way corresponding
to the particular cache line as a successor cache line may be updated. For example,
when the cache line A prediction mask value 254 is “0001” (e.g., which indicates that
the fourth way associated with the cache line D 220d is a successor way) and contents
(e.g., new contents) are loaded into the cache line D 220d, a cache line D prediction
mask value may be set to the initial value and the cache line A prediction mask value
254 may be set to “0000” indicating that a way corresponding to the new contents of the
cache line D 220d has not been predicted as a “next way prediction ” after execution of

the cache line A 220a.

[0041] After contents are loaded into a particular cache line and the corresponding prediction
mask value is set to the initial value, the control logic 150 may determine (e.g., identify)
which way is accessed next (e.g., subsequent to the particular cache line as a successor
way). Upon determining the successor way, the control logic 150 may set a bit of the

corresponding prediction mask value to identify the successor way.

[0042] For example, when the contents (e.g., one or more instructions) are loaded into the
cache line A 220a of the data array 110 (and the cache line A prediction mask value 254
is initialized to “00007), the control logic 150 may determine which way is accessed.
When a way corresponding to the cache line D 220d is identified as the successor to
cache line A 220a, the control logic 150 may set the cache line A prediction mask value
254 to “0001.” Accordingly, when the cache line A is accessed and the cache line A
prediction mask value 254 is set as the value of the prediction mask 152, the driver 240d
may be selectively enabled to drive contents of the fourth way (e.g., cache line D 220d)
in anticipation of cache line D 220d being accessed after the cache line A 220a. The bit
corresponding to the fourth way of the cache line A prediction mask value 254 may
remain asserted until the contents (e.g., data) of cache line D 220d are replaced (e.g.,
evicted or removed) or until the cache line A prediction mask value 254 is re-set to the
initial value. Alternatively, the bit corresponding to the fourth way may remain asserted

until the contents (e.g., data) of cache line D 220d are invalidated.

[0043] The control logic 150 may also determine (e.g., detect) whether a misprediction occurs
as a result of the prediction mask 152 being applied to the data array 110. For example,
when the prediction mask 152 is set to a value of a particular prediction mask value

corresponding to a particular cache line 220a-d of the data array 110, the control logic
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150 may determine whether the particular prediction mask value resulted in a
misprediction. When the particular prediction mask value resulted in the misprediction,
the control logic 150 may identify the correct way to be driven (e.g., the correct driver
to be enabled) and update the particular prediction mask value based on the identified

correct way.

[0044] For example, when the prediction mask 152 is set to the cache line A prediction mask
value 254 of “00017, the driver 240d associated with the fourth way may be selectively
enabled to drive the contents of the cache line D 220d to the multiplexer 260. When the
control logic 150 determines that a misprediction occurred based on the fourth way
being driven to the multiplexer 260, the control logic 150 may identify the correct way
to be driven and update the cache line A prediction mask value 254. For example, the
control logic 150 may provide a signal to the multiplexer that identifies the correct way
to be driven or that identifies one or more ways that were not driven when the
misprediction occurred. In a particular embodiment, the third way corresponding to the
cache line C 220c is identified by the control logic 150 as the correct way and the
control logic 150 updates the cache line A prediction mask value 254 to “0011”
reflecting the determination that the third way associated with the cache line C 220c is

also a successor to the cache line A 220a.

[0045] The multiplexer 260 may select one of the outputs of the data array 110 to be provided
as an output of the instruction cache 102. The output of the instruction cache 102 may
be provided to an execution unit (not shown) associated with the processor system 200.
The multiplexer 260 may be configured to receive a way select signal as an output of
the tag array 280. Based on the way select signal, the multiplexer 260 may select one of
the outputs of the data array 110 to be provided as the output of the multiplexer 260

(e.g., the output of the instruction cache 102).

[0046] The program counter 270 may provide the tag portion 274 (associated with an
instruction to be executed next) to the tag array 280. In a particular embodiment, the tag
portion 274 may be provided to the tag array 280 in parallel with the control logic 150
applying the prediction mask 152 (associated with an instruction currently being
executed) that predicts one or more ways that may be associated with an instruction to
be executed next. In another particular embodiment, the tag portion 274 may be

provided to the tag array 280 after (e.g., in response to) a misprediction. The tag array
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280 may identify the location (e.g., a cache line or way) in the data array 110 that
includes the instruction to be executed next. The tag array 280 may provide the location
to the multiplexer 160 as the way select signal. When the prediction mask 152 results in
more than one way of the data array 110 being driven to the multiplexer 260, the
multiplexer may select a particular way based on the way select signal received from the
tag array 280. In the event that the prediction mask 152 did not enable a particular line
driver corresponding to the way identified by the way selection signal, the control logic
150 may determine that a misprediction occurred. To recover (e.g., correct) from the
misprediction, all of the drivers 240a-d may be enabled and the multiplexer 260 may
select the correct way to be provided to the execution unit. In an alternative
embodiment, the tag array 280 may provide the way select signal to the control logic
150 and the multiplexer 260. In the event of a misprediction, the control logic 150 may
recover from the misprediction by enabling a single driver 240a-d based on the way
select signal. The control logic 150 may provide an indication of the correct way to the

multiplexer 260.

[0047] During operation, a particular instruction is fetched from a particular cache line 220a-d
of the data array 110 and executed (by an execution unit). Based on the particular
instruction being fetched and/or executed, the control logic 150 identifies a prediction
mask value corresponding to the particular cache line. The control logic 150 may set
the prediction mask 152 to the prediction mask value to selectively enable one or more
drivers 240a-d of the data array 110. When the one or more drivers 240a-d are enabled,
contents of selected cache lines (e.g., one or more of the cache lines 220a-d)
corresponding to the one or more enabled drivers (e.g., one or more of the drivers 240a-

d) may be provided to the multiplexer 260.

[0048] In parallel with the prediction mask 152 being applied, the program counter 270 may
provide the tag portion 274 (associated with an instruction to be executed next) to the
tag array 280. Based on the tag portion 274, the tag array 280 may determine a location
(e.g., a way and/or a cache line) of contents of the data array 110 to be accessed after the
particular instruction. The tag array 280 may provide the location to the multiplexer

260 as the way select signal.

[0049] The multiplexer 260 may receive the way select signal and the contents of the selected

cache lines (e.g., one or more of the cache lines 220a-d) corresponding to the one or
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more drivers (e.g., one or more of the drivers 240a-d) enabled based on the prediction
mask 152. When the way identified by the way selection signal is provided to the
multiplexer 260, the multiplexer 260 selects the identified way and provides the way as
the output of the multiplexer 260. Alternatively, when the way identified by the way
selection signal is not provided to the multiplexer 260, the control logic 150 determines
that a misprediction occurred and enables one or more drivers 240a-d to provide the

correct way to the multiplexer 260.

[0050] By selectively enabling a subset of the plurality of drivers 240a-d and driving more than
one predicted way (but not all of the ways), a power benefit may be realized on each
data access of the instruction cache 102. Additionally, the processor system 200 may
maintain and update the prediction mask value for each cache line 220a-d of the data

array 110.

[0051] Referring to FIG. 3, a flow diagram of a first illustrative embodiment of a method 300
to perform way prediction associated with an instruction cache is illustrated. For
example, the instruction cache may include the instruction cache 102 of FIG. 1. In a
particular embodiment, the method 300 may be performed by the control logic 150 of
HIG. 1.

[0052] A multi-bit way prediction mask corresponding to a cache line may be set to an initial
value, at 302, and the cache line may be fetched, at 304. The multi-bit way prediction
mask may be associated with an instruction cache including a data array having a
plurality of cache lines. The value of the multi-bit way prediction mask may correspond
to a cache line included in the data array of the instruction cache. For example, the
multi-bit prediction mask may be the prediction mask 152 and the data array may be the

data array 110 of FIG. 1.

[0053] The multi-bit way prediction mask may be applied to a plurality of line drivers, at 306.
A subset of line drivers of the plurality of line drivers of the data array may be enabled
responsive to the multi-bit way prediction mask. In a particular embodiment, the subset
may include multiple line drivers (e.g., the prediction mask has multiple bits set and
concurrently enables multiple line drivers). For example, the plurality of line drivers
may include the line drivers 140-144 of FIG. 1 or the line drivers 240a-d of FIG. 2. The

multi-bit way prediction mask may be set to a value (e.g., a multi-bit prediction mask
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value corresponding to the cache line) that is stored in the data array as part of the cache

line.

[0054] A tag look-up operation may be performed, at 308. In a particular embodiment, the tag
look-up operation, at 308, may be performed in parallel (e.g., concurrently or at least
partially overlapping) with the multi-bit way prediction mask being applied to the
plurality of line drivers, at 306. For example, a tag look-up operation may be performed

using the tag array 280 of the instruction cache 102 of FIG. 2.

[0055] Bits of a multi-bit way prediction mask value corresponding to the cache line may be
selectively set, at 310. For example, one or more bits of the multi-bit way prediction
mask value may be set to update the multi-bit way prediction mask value. The one or
more bits of the multi-bit way prediction mask value may be updated based on one or
more operations that access (e.g., load data or fetch data) from the data array, as
described further with reference to FIG. 4. The updated multi-bit way prediction mask
value (e.g., the set bits) may be stored in any structure that can provide a one-to-one
association with the plurality cache lines of the instruction cache. For example, the
updated multi-bit way prediction mask value (e.g., the set bits) may be stored in a tag
array, a register associated with (e.g., corresponding to) the cache line, or as part of

(e.g., at the end of or the beginning of) the cache line.

[0056] One or more bits of the multi-bit way prediction mask value corresponding to the cache
line may be selectively set based on a cache line load operation or a cache line fetch
operation. For example, when a misprediction results, the multi-bit way prediction
mask value may be updated based on an identified successor way (e.g., a correct way)
that is accessed after the cache line corresponding to the multi-bit way prediction mask
is accessed. As another example, when data is loaded into the cache line, the multi-bit
way prediction mask value corresponding to the cache line may be set to an initial
value. Further, when data is loaded into the cache line, one or more other multi-bit way
prediction mask values that each correspond to different cache lines may be updated.
For example, when another multi-bit way prediction mask value corresponding to
another cache line identifies a way associated with the cache line as a successor way and
the contents of the identified cache line are modified, the other multi-bit way prediction
mask corresponding to the other cache line may be updated (e.g., one or more bits may

be selectively set) to indicate that the way associated with the cache line is no longer
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identified as (e.g., predicted to be) a successive way based on the data being loaded into

the cache line.

[0057] In accordance with the method 300, when a subset of line drivers is selectively enabled,
one or more predicated ways (but not all ways) may be driven and a power benefit may
be realized during a data access of the instruction cache. Additionally, using the way
prediction technique described above, a misprediction (e.g., a successor way not being
identified by the multi-bit way prediction mask 152) for the way should only occur once
because after the misprediction, a bit of the prediction mask value corresponding to the
cache line is set (e.g., updated) to identify the successor way. The updated multi-bit
way prediction mask value may be stored for use (e.g., to predict one or more ways)

after a next (e.g., subsequent) access of the cache line.

[0058] Referring to FIG. 4, a flow diagram of another illustrative embodiment of a method 400
to perform way prediction associated with an instruction cache is illustrated. The
method 400 may also monitor one or more operations performed on the instruction
cache and maintain a prediction mask value corresponding to a first cache line of the
instruction cache. For example, the instruction cache may include the instruction cache
102 of FIG. 1. In a particular embodiment, the method 400 may be performed by the
control logic 150 of FIG. 1.

[0059] First contents may be loaded into the first cache line of a data array, at 402, and a multi-
bit way prediction mask value corresponding to the first cache line may be set, at 404.
Upon loading data into the first cache line of the data array, the multi-bit way prediction
mask value corresponding to the first cache line may be set to an initial value. For
example, the first cache line may include one of the first cache lines 220a-d of FIG. 2.
In a particular embodiment, the first contents may be loaded into the cache line A 220a

and the cache line A prediction mask value 254 may be set to an initial value.

[0060] A next way may be identified and the multi-bit way prediction mask value may be
updated, at 406. The next way may be a successor way (e.g., a successive cache line) to
the first cache line and the multi-bit way prediction mask value corresponding to the
first cache line may be updated to indicate the identified next way as the successor way.

The next way may correspond to a particular cache line accessed (e.g., having contents
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fetched from or loaded into) after the first contents are loaded into the first cache line of

the data array.

[0061] After loading the first contents and updating the multi-bit way prediction mask value
corresponding to the first cache line, at 402-406, subsequent accesses to the cache may
be monitored to determine whether the first contents and the multi-bit way predication
mask value corresponding to the first cache line are affected. For example, when a
subsequent access is made to a second cache line, a determination whether the second
cache line is fetched or whether second contents are loaded into the second cache line
may be made, at 408. For example, the control logic 150 of FIG. 1 may monitor the
data array 100 by making such a determination each time the data array 110 is accessed.
When the second contents are determined to have been loaded into the second cache
line, processing advances to 418, where a determination of whether the second cache
line fetched is the first cache line is made. When the second cache line is determined, at
418, to be the first cache line, the contents of the first cache line have been modified and
the predicted next way(s) following the first cache line is likely no longer valid.
Accordingly, processing advances to 404, where the multi-bit way prediction mask
value is set. For example, the multi-bit way prediction mask value may be set to the
initial value based on the second contents being loaded into and replacing the first
contents of the first cache line. In a particular embodiment, setting the value of the
multi-bit way prediction mask value includes setting the multi-bit way prediction mask

value to an initial value (e.g., a zero value).

[0062] Alternatively, when the second cache line is instead determined, at 418, not to be the
first cache line of the array, processing advances to 416, where the multi-bit way
prediction mask value of the first cache line and/or the second cache line may be
updated. A particular prediction mask value corresponding to the second cache line is
set to the initial value and the prediction mask value of the cache may be updated based
on (e.g., to reflect) the second contents being loaded into the second cache line. For
example, the multi-bit way prediction mask corresponding to the first cache line may be
updated when the multi-bit way prediction mask value corresponding to the first cache
line includes an asserted bit that indicates the way corresponding to the second cache
line is a predicted way (e.g., a subsequent way after the first cache line is accessed).

When the multi-bit way prediction mask corresponding to the first cache line includes
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the asserted bit, the multi-bit way predication mask corresponding to the first cache line
may be updated by de-asserting (e.g., setting to a logical zero value) the asserted bit.
Accordingly, a particular bit value (e.g., associated with a way that corresponds to the
second cache line) of the multi-bit way prediction mask value corresponding to the first
cache line remains set until the contents of the second cache line are removed from the
instruction cache (e.g., removed from a cache line location). After the multi-bit way
prediction mask is updated, the method 400 advances to 408. In an alternative
embodiment, the value of the multi-bit way prediction mask value corresponding to the
first cache line is not updated when the second cache line is determined not to be the
first cache line. Rather, when the second cache line is determined, at 418, not to be the
first cache line, processing advances to 408, and the multi-bit predication mask value
corresponding to the first cache line is not updated based on data (e.g., the second

contents) being loaded into the second cache line.

[0063] When the second cache line is instead determined, at 408, to have been fetched (e.g.,
accessed), processing advances to 410, where a determination whether the second cache
line is the first cache line is made. When the second cache line is determined, at 410, to
not be the first cache line, processing advances to 408. In a particular embodiment, a
particular prediction mask value corresponding to the second cache line is provided to

the data array.

[0064] Alternatively, when the second cache line is determined, at 410, to be the first cache
line, the prediction mask value of the first cache line is applied (e.g., provided) to the
data array, at 412. The multi-bit way prediction mask value may be set as a value of a
prediction mask that is applied (e.g., provided) to a data array including a plurality of
line drivers. Application of the prediction mask to the data array (e.g., the plurality of
line drivers) selectively drives one or more ways that are predicted to be a “next way”
accessed after the first cache line is fetched (e.g., accessed). When the correct “next
way” to be accessed is not included in the one or more ways predicted to be the “next
way,” a misprediction occurs. For example, referring to FIG. 2, the cache line A
prediction mask value 254 may be set as the value of the prediction mask 152. In a
particular embodiment, the multi-bit way prediction mask value corresponding to the
first cache line is applied to the plurality of line drivers of the data array after the first

cache line is fetched (e.g., accessed). For example, applying the multi-bit way
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prediction mask to the plurality of line drivers of the data array may include the
prediction mask 152 being applied to the line drivers 140-144 of FIG. 1 or to the line
drivers 240a-d of FIG. 2. After the multi-bit way prediction mask is applied, the
method 400 advances to 414.

[0065] At 414, a determination is made whether a misprediction occurred. The misprediction
may occur when the “next way” was not driven as a result of the prediction mask being
applied to the data array to selectively enable one or more drivers of the data array. For
example, the determination may be made by the control logic 150 of FIG. 1. When the
misprediction is determined to have occurred, processing advances to 416, where the
multi-bit way prediction mask value is updated. After the misprediction, one or more
line drivers of the data array may be enabled. In a particular embodiment, all of the line
drivers are enabled. In another particular embodiment, a single line driver is enabled.
In another particular embodiment, the one or more line drivers that are enabled do not
include the line drivers previously enabled that resulted in the misprediction. A
successor way may then be selected from the data array based on a completed tag look-
up operation to identify a correct way (e.g., a correct cache line) to be driven after the
first cache line has been accessed. The control logic may determine (e.g., identify) the
successor way driven after the misprediction and update the multi-bit prediction mask
value of the first cache line based on the successor way. Accordingly, the prediction
mask value may be updated based on identification of the successor way (e.g., the
correct way) that was driven after an application of the prediction mask resulted in a
misprediction (e.g., the correct way not being driven). When the misprediction is

determined to have not occurred, processing advances to 408.

[0066] In accordance with the method 400, a multi-bit way prediction mask value for the first
cache line may be maintained and updated. The multi-bit prediction mask value may be
provided to the data array of the instruction cache as a prediction mask to selectively
enable one or more line drivers of the instruction cache. Selectively enabling (or
disabling) the one or more line drivers may operate to drive one or more predicted “next
ways” to be driven after the first cache line is accessed. The multi-bit prediction mask
value may be updated based on whether a load operation or a fetch operation is
performed on the second cache line of the data array and/or whether the second cache

line is the first cache line. By maintaining and updating the multi-bit way prediction
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mask value to selectively enable less than all of the line drivers of the instruction cache

may affect power efficiency and processor performance.

[0067] Referring to FIG. 5, a flow diagram of a third illustrative embodiment of a method 500
to perform way prediction associated with an instruction cache is illustrated. For
example, the instruction cache may include the instruction cache 102 of FIG. 1. In a
particular embodiment, the method 500 may be performed by the control logic 150 of
HIG. 1.

[0068] A multi-bit way prediction mask may be received at a data array of an instruction cache,
at 502. For example, the multi-bit way prediction mask may be the multi-bit way
prediction mask 152 and the data array may be the data array 110 of FIG. 1. A value of
the multi-bit way prediction mask may be stored in a tag array, a register, or as part of
the cache line of the instruction cache to which the multi-bit way prediction mask
corresponds. In a particular embodiment, the value of the multi-bit way prediction mask
is received from the tag array, the register, or the cache line of the instruction cache via

control logic of the instruction cache.

[0069] A subset of line drivers of the data array may be selectively enabled responsive to the
set bits of the multi-bit way prediction mask, at 504. One or more line drivers may be
selectively enabled (e.g., turned on or activated) or selectively disabled (e.g., turned off
or deactivated) by a different bit of the prediction mask. In a particular embodiment,
each asserted bit of the prediction mask causes a corresponding driver to be activated
(e.g., turned on) to drive a cache line (e.g., contents of the cache line) to a multiplexer.
The subset may be greater than a single line driver. For example, the subset may
include multiple line drivers (e.g., a plurality of line drivers). The subset of line drivers
may be included in a plurality of line drivers, such as the line drivers 140-144 of FIG. 1
or the line drivers 240a-d of I'IG. 2.

[0070] A cache line corresponding to each driver of the subset of line drivers may be provided
to a multiplexer, at 506. For example, a cache line corresponding to each enabled line
driver of the subset of line drivers may be provided to the multiplexer. A determination
may be made whether a misprediction occurred (e.g., whether a correct way was not
driven to the multiplexer) based on the multi-bit way prediction mask. For example,

control logic may identify (e.g., detect) whether or not the multiplexer selected one of
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the driven ways (e.g., contents, such as one or more instructions, of one or more cache
lines) provided to the multiplexer. When a determination is made that the misprediction
occurred, all of the line drivers may be enabled and the correct way may be selected
based on a completed tag look-up operation. The tag look-up operation may have been
performed concurrently (e.g., in parallel) with the multi-bit way prediction mask being
provided to the plurality of line drivers to selectively enable the subset of line drivers.
Additionally or alternatively, the tag look-up operation may be performed concurrently

with one or more of the line drivers being selectively enabled (or disabled).

[0071] FIG. 6 is a block diagram of a particular embodiment of a device 600 (e.g., a
communication device) including an instruction cache memory system that utilizes a
multi-bit way prediction mask. The device 600 may be a wireless electronic device and
may include a processor 610, such as a digital signal processor (DSP), coupled to a

memory 632.

[0072] The processor 610 may be configured to execute software 660 (e.g., a program of one or
more instructions) stored in the memory 632. The processor 610 may include an
instruction cache 680. For example, the instruction cache 680 may include or
correspond to the instruction cache 102 of FIG. 1. The instruction cache 680 may
include a data array 682, a tag array 684, control logic 686, and a multi-bit way
prediction mask 688. The data array 682, the control logic 686, and the multi-bit way
prediction mask 688 may correspond to the data array 110, the control logic 150, and
the prediction mask 152 of FIG. 1, respectively. The data array 682 may include a
plurality of line drivers, such as the line drivers 140-144 of FIG. 1 or the line drivers
240a-d of FIG. 2. The tag array 684 may correspond to the tag array 280 of FIG. 2. In
an illustrative example, the processor 610 includes or corresponds to any of the systems
of FIGS. 1-2, or components thereof, and operates in accordance with any of the
embodiments of FIGS. 3-5, or any combination thereof. For example, as shown in
FIG. 2, the control logic 686 may set a value of the multi-bit way prediction mask 688
that is applied to the data array 632 to enable a predicted way to be provided as an
output of the data array 682. In a particular embodiment, a subset of the plurality of line
drivers is enabled based on the multi-bit way prediction mask, where the subset includes
multiple line drivers. The tag array 684 may perform a tag look-up operation to identify

a correct way to be driven in the event that a misprediction occurred based on the multi-
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bit way prediction mask 688 being applied. In a particular embodiment, the processor
610 may be configured to execute computer executable instructions (e.g., the software
660) stored at a non-transitory computer-readable medium, such as the memory 632,
that are executable to cause a computer, such as the processor 610, to selectively set bits
of a multi-bit way prediction mask according to a prediction mask value. The multi-bit
way prediction mask is associated with an instruction cache including a data array. A
subset of line drivers of the data array is enabled responsive to the multi-bit way
prediction mask. In a particular embodiment, the subset of line drivers is a single line
driver. In another particular embodiment, the subset of line drivers is greater than one
line driver (e.g., multiple line drivers). The computer executable instructions (e.g., the
software 660) may further cause the processor 610 to receive the prediction mask value

and selectively enable the multiple line drivers.

[0073] A camera interface 668 is coupled to the processor 610 and is also coupled to a camera,
such as a video camera 670. A display controller 626 is coupled to the processor 610
and to a display device 628. A coder/decoder (CODEC) 634 can also be coupled to the
processor 610. A speaker 636 and a microphone 638 can be coupled to the CODEC
634. A wireless interface 640 can be coupled to the processor 610 and to an antenna
642 such that wireless data received via the antenna 642 and the wireless interface 640

can be provided to the processor 610.

[0074] In a particular embodiment, the processor 610, the display controller 626, the memory
632, the CODEC 634, the wireless interface 640, and the camera interface 668 are
included in a system-in-package or system-on-chip device 622. In a particular
embodiment, an input device 630 and a power supply 644 are coupled to the system-on-
chip device 622. Moreover, in a particular embodiment, as illustrated in FIG. 6, the
display device 628, the input device 630, the speaker 636, the microphone 638, the
wireless antenna 642, the video camera 670, and the power supply 644 are external to
the system-on-chip device 622. However, each of the display device 628, the input
device 630, the speaker 636, the microphone 638, the wireless antenna 642, the video
camera 670, and the power supply 644 can be coupled to a component of the system-on-

chip device 622, such as an interface or a controller.

[0075] The methods 300-500 of FIGS. 3-5 may be implemented by a field-programmable gate

array (FPGA) device, an application-specific integrated circuit (ASIC), a processing



WO 2014/100632 PCT/US2013/077020

05

unit such as a central processing unit (CPU), a digital signal processor (DSP), a
controller, another hardware device, a firmware device, or any combination thereof. As
an example, the method 300 of FIG. 3, the method 400 of FIG. 4, the method 500 of
FIG. 5, or any combination thereof, can be initiated by a processor that executes

instructions stored in the memory 632, as described with respect to FIG. 6.

[0076] In conjunction with one or more of the described embodiments, an apparatus is
disclosed that may include means for selectively setting bits of a multi-bit way
prediction mask associated with an instruction cache including a data array. The means
for selectively setting bits may include the control logic 150 of FIGS. 1-2, the processor
610, the control logic 686 of FIG. 6, one or more other devices or circuits configured to

selectively set bits of the multi-bit way prediction mask, or any combination thereof.

[0077] The apparatus may also include means for providing the multi-bit way prediction mask
to a plurality of line drivers of the data array. The means for providing may include the
control logic 150 of FIGS. 1-2, the processor 610, the control logic 686 of FIG. 6, one
or more other devices or circuits configured to provide the multi-bit way prediction

mask, or any combination thereof.

[0078] The apparatus may also include means for selecting a particular way from a plurality of
ways driven after enabling the multiple line drivers. The means for selecting may
include the control logic 150, the prediction mask 152 of FIGS. 1-2, the multiplexer
260, the tag array 280 of FIG. 2, the processor 610, the control logic 686, the multi-bit
way prediction mask 688, the tag array 688 of FIG. 6, one or more other devices or
circuits configured to select a particular way from a plurality of ways driven, or any

combination thereof.

[0079] The apparatus may also include means for outputting an indication of the particular
way. The means for outputting the indication of the particular way may include the
control logic 150 of FIG. 1, the tag array 280 of FIG. 2, the tag array 684, the control
logic 686 of FIG. 6, one or more other devices or circuits configured to output an

indication of the particular way, or any combination thereof.

[0080] The apparatus may also include means for outputting data read from the particular way.

The means for outputting data read from the particular way may include the line drivers
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140-144 of FIG. 1, the line drivers 240a-d, the multiplexer 260 of FIG. 2, one or more
other devices or circuits configured to output data read from the particular way, or any

combination thereof.

[0081] One or more of the disclosed embodiments may be implemented in a system or an
apparatus, such as the device 600, that may include a communications device, a fixed
location data unit, a mobile location data unit, a mobile phone, a cellular phone, a
computer, a tablet, a portable computer, or a desktop computer. Additionally, the
device 600 may include a set top box, an entertainment unit, a navigation device, a
personal digital assistant (PDA), a monitor, a computer monitor, a television, a tuner, a
radio, a satellite radio, a music player, a digital music player, a portable music player, a
video player, a digital video player, a digital video disc (DVD) player, a portable digital
video player, any other device that stores or retrieves data or computer instructions, or a
combination thereof. As another illustrative, non-limiting example, the system or the
apparatus may include remote units, such as mobile phones, hand-held personal
communication systems (PCS) units, portable data units such as personal data assistants,
global positioning system (GPS) enabled devices, navigation devices, fixed location
data units such as meter reading equipment, or any other device that stores or retrieves

data or computer instructions, or any combination thereof.

[0082] Although one or more of FIGS. 1-6 may illustrate systems, apparatuses, and/or methods
according to the teachings of the disclosure, the disclosure is not limited to these
illustrated systems, apparatuses, and/or methods. Embodiments of the disclosure may
be suitably employed in any device that includes integrated circuitry including memory,

a processor, and on-chip circuitry.

[0083] Those of skill would further appreciate that the various illustrative logical blocks,
configurations, modules, circuits, and algorithm steps described in connection with the
embodiments disclosed herein may be implemented as electronic hardware, computer
software executed by a processor, or a combination thereof. Various illustrative
components, blocks, configurations, modules, circuits, and steps have been described
above generally in terms of their functionality. Whether such functionality is
implemented as hardware or processor executable instructions 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
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application, but such implementation decisions should not be interpreted as causing a

departure from the scope of the present disclosure.

[0084] The steps of a method or algorithm described in connection with the embodiments
disclosed herein may be embodied directly in hardware, in a software module executed
by a processor, or in a combination of the two. A software module may reside in
random access memory (RAM), flash memory, read-only memory (ROM),
programmable read-only memory (PROM), erasable programmable read-only memory
(EPROM), electrically erasable programmable read-only memory (EEPROM), registers,
hard disk, a removable disk, a compact disc read-only memory (CD-ROM), or any other
form of non-transient storage medium known in the art. An illustrative storage medium
is coupled 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. The processor and the storage medium may reside in an
application-specific integrated circuit (ASIC). The ASIC may reside in a computing
device or a user terminal. In the alternative, the processor and the storage medium may

reside as discrete components in a computing device or user terminal.

[0085] The previous description of the disclosed embodiments is provided to enable a person
skilled in the art to make or use the disclosed embodiments. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the principles
defined herein may be applied to other embodiments without departing from the scope
of the disclosure. Thus, the present disclosure is not intended to be limited to the
embodiments shown herein but is to be accorded the widest scope possible consistent

with the principles and novel features as defined by the following claims.
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WHAT IS CLAIMED IS:

1. An apparatus comprising:

control logic configured to selectively set bits of a multi-bit way prediction mask
based on a prediction mask value, the control logic associated with an
instruction cache including a data array,

wherein a subset of line drivers of the data array is enabled responsive to the
multi-bit way prediction mask, the subset of line drivers including

multiple line drivers.

2. The apparatus of claim 1, wherein the prediction mask value is associated
with a cache line, and wherein a particular bit of the prediction mask value remains set
until contents of a particular cache line corresponding to the particular bit are removed

from the instruction cache.

3. The apparatus of claim 1, wherein the prediction mask value is initialized to

an initial value upon a power-up.

4. The apparatus of claim 3, wherein each bit of the prediction mask value is set

to a zero value.

5. The apparatus of claim 1, wherein the prediction mask value is periodically

set to a particular value.

6. The apparatus of claim 3, wherein the prediction mask value is set to the
initial value after expiration of a time period or after a number of cache access

operations.

7. The apparatus of claim 1, further comprising a multiplexer configured to
select data provided by a subset of a plurality of drivers responsive to a way select

signal.
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8. The apparatus of claim 1, further comprising the data array including a
plurality of drivers coupled to a plurality of data lines, each of the plurality of drivers

selectively enabled by a different bit of the multi-bit way prediction mask.

9. The apparatus of claim 1, wherein the prediction mask value is stored in a tag

array, a register, or a cache line of the instruction cache.

10. The apparatus of claim 1, wherein the data array comprises a set-associative

instruction cache data array.

11. A method comprising:

selectively setting bits of a multi-bit way prediction mask based on a prediction
mask value, the multi-bit way prediction mask associated with an
instruction cache including a data array having a plurality of line drivers;

wherein a subset of line drivers of the plurality of line drivers is enabled
responsive to the multi-bit way prediction mask, the subset of line drivers

including multiple line drivers.

12. The method of claim 11, further comprising updating the prediction mask
value after an application of the multi-bit way prediction mask resulted in a
misprediction, wherein the prediction mask value is updated to identify a particular way

that was driven after the misprediction.

13. The method of claim 11, wherein the prediction mask value is stored in the

data array as part of a cache line.

14. The method of claim 11, further comprising setting the multi-bit way
prediction mask to the prediction mask value that corresponds to a cache line of the data

array.

15. The method of claim 14, further comprising:
determining a successive cache line after the cache line is accessed; and
setting a bit of the prediction mask value based on the successive cache line,

wherein the bit corresponds to the successive cache line.
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16. The method of claim 14, further comprising providing the multi-bit way
prediction mask having the prediction mask value to the line drivers after the cache line

is fetched.

17. The method of claim 16, further comprising performing a tag look-up

operation concurrently with providing the multi-bit way prediction mask.

18. The method of claim 11, further comprising determining whether contents

of a particular cache line of the data array are replaced.

19. The method of claim 18, further comprising, when the contents of the
particular cache line include the contents of the cache line, setting the prediction mask

value to an initial value.

20. The method of claim 18, further comprising, when the particular cache line
corresponds to an asserted bit of the prediction mask value, de-asserting the asserted bit

of the prediction mask value.

21. An apparatus comprising:

means for selectively setting bits of a multi-bit way prediction mask based on a
prediction mask value, the multi-bit way prediction mask associated with
an instruction cache including a data array; and

means for providing the multi-bit way prediction mask to a plurality of line
drivers of the data array;

wherein multiple line drivers of the plurality of line drivers are enabled

responsive to the multi-bit way prediction mask.

22. The apparatus of claim 21, further comprising:

means for selecting a particular way from a plurality of ways driven after
enabling the multiple line drivers;

means for outputting an indication of the particular way; and

means for outputting data read from the particular way.
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23. A non-transitory computer readable medium comprising instructions that
when executed by a processor, cause the processor to:
selectively set bits of a multi-bit way prediction mask according to a prediction
mask value, the multi-bit way prediction mask associated with an
instruction cache including a data array;
wherein multiple line drivers of the data array are enabled responsive to the

multi-bit way prediction mask.

24. The non-transitory computer readable medium of claim 23, further
comprising instructions that when executed by the processor, cause the processor to:
receive the prediction mask value; and

selectively enable the multiple line drivers.



PCT/US2013/077020

WO 2014/100632

1/6

(4aX31dILTININ OL “6°9)

E

1NdINO o

00T

GT 21907 TOYLINOD
5T MSVIN NOILOIaTYd
rrreee———_———_——_——_—— b |
I 0 - L L
|

| | |

_ _ _

_ _ _

v Y Y
Y3IAINa d3AIdd d3AIEd
s Zvl - ovl~

AVM AVM
AVM UN aNod3s 1S¥I4
g7 221’ 0z1”
AVHYY V1vd
o’

dHOVO NOILONHLSNI

2017

ANIVA MSVYIN
NOILOId3dd



PCT/US2013/077020

WO 2014/100632

¥5¢ INTYA MSYIN ¢¢  SINILNOD
NOILDIAIYd V ANIT IHOVD v 3ANIT IHOVO
N ), i
Y 1INN NOILND3X3 ¢ Old
€0ce Ol 1Nd1NO
i
—103173S ><>>\|V\ O A@N
> AvydY OVL X X 7y 1
POEC™ pove
082’ : 2062
o0Y2
0 ¢Sl
z N LA
(sway “6e) | [ q0€¢~ B0z
MSYIN NOILOIa3yd _ qove
|||||||||||||||||| BOYZ
J90TT10YINOD | “F——T———i———T———i——- ———i=
\ POCZ~ 90C ¢~ olo]or4 ‘//
oSk B0ET 319VNT
a 9 g v HLIA
OVl X3ANI 3N IHOVO | aNM IHOVYD | AN FHOVD | aNIT IHOVYD | Y3aANa
vz’ 2z’ pozz” 202z’ q0zz eozz”’
Jaunon weusbolud AVM AVM AVM AVM
5 H18NO4 auiHL aNoo3s 15414
0L¢ AVHNY V1VA
J
002 N 01 oLl JHOVD NOILONYLSNI




WO 2014/100632 PCT/US2013/077020

3/6

300

\\

/302
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Selectively set bits of a multi-bit way prediction mask value
corresponding to the cache line

FIG. 3
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500

e 502

Receive, at a data array of an instruction cache, a multi-bit way
prediction mask

~ 504

Selectively enable a subset of line drivers of the data array
responsive to set bits of the multi-bit way prediction mask, the subset
being greater than one line driver

r 506

Provide a cache line corresponding to each driver of the subset of
line drivers to a multiplexer

FIG. 5
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