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fer. The tag structure may store vectors in an L1 tag array to enable an L1 tag
lookup that has fewer bits per entry and consumes less power. The vectors
may identify entries in a translation lookaside buffer tag array. When a virtu-
al memory address associated with a memory access instruction hits in the
translation lookaside buffer, the translation lookaside buffer may generate a
vector identifying the set and the way of the translation lookaside buffer
entry that matched. This vector may then be compared to a group of vectors
stored in a set of the L1 tag arrays to determine whether the virtual memory
address hits in the L1 cache.
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POWER EFFICIENT LEVEL ONE DATA CACHE ACCESS WITH PRE-VALIDATED
TAGS

Technical Field

Embodiments described herein generally relate to processor architecture and, in particular,

architecture of a cache memory.

Background

Due to large address spaces supported by modern processors, a traditional level 1 (L1) tag
lookup involves a comparison encompassing a large number of bits. To address the power
consumed by the wide comparators need for traditional L1 cache tag lookup, traditional cache
tags have been replaced with a vector pointing to an entry in a fully associative translation
lookaside buffer (TLB). This configuration, however, constrains the size of the TLB and results

in undesirably frequent TLB misses.

Brief Description of the Drawings

FIG. 1 illustrates a multi-core processor used in conjunction with at least one embodiment;

FIG. 2 illustrates an L1 data cache configuration used in conjunction with at least one

embodiment;

FIG. 3 illustrates an embodiment of a tag used in a TLB tag array used in conjunction with at

least one embodiment;

FIG. 4 illustrates an embodiment of a vectored tag used in an LI tag array of at least one

embodiment;

FIGS. 5A, 5B, and 5C illustrate an embodiment of a method for performing an L1 data cache

lookup;
FIG. 6 illustrates a computer system used in conjunction with at least one embodiment; and

FIG. 7 illustrates a representation for simulation, emulation, and fabrication of a design

implementing the disclosed techniques.
-1-
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Description of Embodiments

Embodiments described herein pertain to implementing a tag structure for a cache memory that
includes a multi-way, set-associative TLB. In at least one embodiment, the tag structure stores
vectors, rather than traditional address tags, in an L1 tag array to enable a tag lookup that has
fewer bits per entry and consumes less power. In at least one embodiment, the vectors identify
entries in a TLB tag array (TTA). When a virtual memory address associated with a memory
access instruction, e.g., a load or a store instruction, hits in the TLB, at least one embodiment of
the TLB generates a vector identifying the set and the way of the TLB entry that matched.
Embodiments of disclosed tag structures present this generated TLB vector to the L1 tag array
and compare the generated TLB to TLB vectors stored in the way entries of a set in the L1 tag
array. If the generated TLB vector matches one of the vectors stored in the way entries of the L1
tag array, then in at least one embodiment, a cache hit is indicated and the L1 comparator
generates an indicator (e.g., a one-hot vector) of the way entry that matches. This way-select
indicator may be used to select the applicable cache line from the L1 content array in at least one

embodiment.

In at least one embodiment, an L1 data cache includes a TLB and a cache array. The TLB
includes a TLB tag array and a TLB content array. The cache array includes an L1 tag array and
an L1 content array. In some embodiments, the TLB and the cache array are both set associative,
multi-way structures wherein each includes a plurality of sets and each set is associated with a
group of way entries or, more simply, ways, where the number of entries might be 2, 4, 8, 16,
and so forth, although configurations with any number of way entries may be accommodated.
The TLB may have fewer sets than the cache array, but in at least one embodiment, the

structures of the TLB and the cache array share the same number of way entries.

In at least one embodiment, the cache memory includes tag structure logic to store TLB vectors
in the L1 tag array, where a TLB vector identifies an entry of the TLB content array with a tag
that matches the virtual memory address, i.e., the TLB vector in the L1 tag array points back to
an entry in the TTA that contains an address translation for the applicable address. In at least
one embodiment, the TLB receives virtual memory addresses and the TLB content array stores

the corresponding physical memory addresses or tag portions of the physical memory addresses.

2.
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In at least one embodiment, when a TLB hit occurs, the TLB vector generated TLB comparator
is compared to the vectors stored in the way entries associated with the L1 tag array sets to
determine a cache hit. The L1 tag array set may be determined from a portion of the virtual
memory address. For example, if the cache array has 64 sets, 6 bits of the virtual memory
address may be decoded to identify the applicable L1 tag array set. Similarly, a portion of the
virtual memory address may be used to identify the appropriate set in the TLB structures. In at
least one embodiment, the virtual memory address bits that identify the TLB set are independent

of the virtual memory address bits that identify the L1 tag array set.

In at least one embodiment, the TLB vectors stored in the L1 tag array have fewer bits than the
physical address tags stored in the TLB content array. By requiring comparison of fewer bits,
the way selection comparison beneficially draws less power than a physical address tag

comparison would require.

In at least one embodiment, a method of looking up a virtual memory address in an L1 data
cache includes determining a TLB set associated with a virtual memory address indicated in a
memory access instruction and comparing a TLB tag portion of the virtual memory address with
TLB tags stored in way entries of a TLB tag array, where the way entries are associated with the
TLB set. When the TLB tag portion of the virtual memory address matches a TLB tag stored in
the way entries, at least one embodiment of the method includes generating a TLB vector
indicative of the TLB set and the way entry that matched. In some embodiments, a set in an L1
tag array is identified based on L1 tag array set selection bits of the virtual memory address and
the TLB vector is compared with TLB vectors stored in way entries of an L1 tag array, wherein
the L1 tag array way entries are associated with the L1 tag array set. In some embodiments,
when the TLB vector matches a stored TLB vector in one of the L1 tag array way entries, a way
select output indicative of the L1 tag array set is generated and the L1 tag array way entry that

matched.

If the TLB tag portion of the virtual memory address does not match any of the TLB tags stored
in the way entries, i.e., the virtual memory address misses in the TLB, some embodiments may
identify one of the existing way entries for replacement, store the TLB tag portion of the virtual

memory address in a TLB tag array entry associated with the TLB set and the way entry

3.
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identified, and obtain a physical memory address associated with the virtual memory address,
e.g., from a page table structure operable to “walk” the page table to produce a physical memory
address from a virtual memory address. In some embodiments, a tag portion of the physical
memory address may be stored in an entry of a TLB data array, where the TLB data array entry

is associated with the TLB set and the way entry identified.

In at least one embodiment, when a TLB tag array entry containing a TLB vector in the L1 tag
array is replaced, all L1 tag array entries that have the same L1 tag array are also invalidated to
prevent unintended references between the TLB and the cache array. This process of identifying
L1 tag array entries containing the same TLB vector may be facilitated by a content addressable
storage array. In at least one embodiment, the storage array may include an encoded
representation of the TLB set and an encoded representation of the TLB way for each cache tag

data array.

In some embodiments, the TLB vector itself may include a TLB set component indicative of the
TLB set and a TLB way component indicative of the applicable way entry in the TLB tag array.
The TLB set and way components may be indicated in an encoded or decoded manner. In at
least one embodiment, the way component is decoded and the set component is encoded. In an
embodiment that employs, as an example, a 16-entry, 8-way TLB, the set component of the TLB
vector may be encoded (4 bits) while the way component may be decoded (8 bits) so that the
TLB vector is 12 bits in total. Encoded representation of the way component may beneficially
speed a subsequent use of the way component to access an entry in the cache content array. In at
least one embodiment, a physical memory address or a portion thereof may be stored in the L1

tag array instead of a TLB vector when, for example, a physical memory access is detected.

In the following description, details are set forth by way of example to facilitate discussion of the
disclosed subject matter. It should be apparent to a person of ordinary skill in the field, however,

that the disclosed embodiments are exemplary and not exhaustive of all possible embodiments.

Throughout this disclosure, a hyphenated form of a reference numeral refers to a specific
instance of an element and the un-hyphenated form of the reference numeral refers to the

element generically or collectively. Thus, for example, widget 12-1 refers to an instance of a
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widget class, which may be referred to collectively as widgets 12 and any one of which may be

referred to generically as a widget 12.

Referring now to the drawings, FIG. 1 illustrates an embodiment of a processor 101 suitable for
implementing a vectored tagging L1 cache as described herein. The FIG. 1 embodiment of
processor 101 includes a core region 120 and an uncore 122. Core region 120 includes multiple
processing cores 102, but disclosed functionality is applicable to single core processors as well.
The FIG. 1 embodiment of processor 101 includes a first processing core 102-1 and a second

processing core 102-2, but other embodiments may include more or fewer processing cores.

The FIG. 1 embodiment of processing cores 102 includes a front-end 104, an execution pipeline
106, and a cache memory designated as L.1 data cache 110. The designation of the depicted
cache memory as L1 data cache indicates that the cache is dedicated for caching data rather than
instructions and is the cache that is architecturally closest to execution engine 106. Cache
tagging and lookup structures and techniques described herein are especially applicable to an L1
data cache, but may be employed in conjunction with instruction caches, hybrid caches, and L2

and higher caches.

In at least one embodiment, front-end 104 is operable to fetch instructions from an instruction
cache (not depicted) and schedule the fetched instructions for execution. In the FIG. 1
embodiment, execution pipeline 106 may include logic and microcode to decode and execute
various mathematical, logical, memory access, and flow control instructions. Thus, front-end
104 may be responsible for ensuring that a steady stream of instructions is fed to execution
pipeline 106 while execution pipeline 106 may be responsible for executing instructions and
processing the results. In some embodiments, execution pipeline 106 may include two or more
arithmetic pipelines in parallel, two or more memory access or load/store pipelines in parallel,
and two or more flow control or branch pipelines. Execution pipelines 106 may further include
one or more floating point pipelines. In some embodiments, execution pipelines 106 may
include register and logical resources for executing instructions out of order, executing

instructions speculatively, or both.

The cache tagging and lookup subject described herein is primarily applicable to memory access

instructions. During execution of memory access instructions, execution pipeline 106 attempts

-5-
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to execute the instruction by accessing a copy of data stored in the applicable memory address
residing in the lowest level cache memory of a cache memory subsystem that may include two or
more cache memories arranged in a hierarchical configuration. In the FIG. 1 embodiment,
depicted elements of the cache memory subsystem include the L1 data caches 110 and an LLC
118 in the uncore 122. Other elements of the cache memory subsystem may include a per-core
instruction cache (not depicted) that operates in conjunction with front end 104 and one or more

per-core intermediate caches (not depicted).

In at least one embodiment, the cache memory subsystem for processor 101 includes L1 data and
instruction caches per-core, an intermediate or L2 cache memory per-core that includes both
instructions and data, and the LLC 118, which includes instructions and data and is shared
among multiple processing cores 102. If a memory access instruction misses in the L1 data
cache, execution of the applicable program or thread may stall or slow while the cache memory
subsystem accesses the various cache memories until a copy of the applicable memory address is

found.

The FIG. 1 embodiment of L1 data cache 110 includes a translation lookaside buffer (TLB) 111
and a cache array 112. The FIG. 1 embodiment of TLB 111 includes a TLB tag array (TTA) 113
and a TLB content array (TCA) 114. The FIG. 1 embodiment of cache array 112 includes an L1
tag array (LTA) 115 and an L1 content array (LCA) 116. In addition, the FIG. 1 embodiment of
L1 data cache 110 includes tagging and lookup logic referred to herein L1 data cache 110.

In at least one embodiment, L1 data cache 110 includes tagging and lookup logic that generates
and stores vectors, referred to herein as TLB vectors, rather than address tags, in L1 tag array
115. The TLB vectors stored in LTA 115, in at least one embodiment, have fewer bits than a
traditional address tag would have. In some embodiments, TLB vectors stored in LTA 115
identify an entry in the TLB 111. For example, a virtual memory address included in a memory

access instruction executing in execution engine 106 will be provided to TLB 111.

In at least one of the embodiments described herein, TLB 111 and cache array 112 are both set
associative, multiple way structures in which the array includes a plurality of rows or sets and
wherein each set is associated with a group of columns or way entries, sometimes referred to

simply as ways. Generally, there is a mapping between a memory address and a set such that,

-6-
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given the address, one can identify the applicable set. Conversely, the different ways associated
with a particular set are address indifferent or agnostic, but an address can be associated with
only one way at any given time. Thus, in an N-way, set associative structure, a memory address
can be associated with any of the N way entries associated with the one and only one set to
which the address maps. If the virtual memory address hits in TLB 111, the address will hit to an
entry at a specific set and a specific way. This entry can therefore be identified by a 2-element

vector that includes a set component indicating the set and a way component indicating the way.

In the FIG. 1 embodiment of processor 101, first processing core 102-1 and second processing
core 102-2 may communicate via a shared bus, a point-to-point interconnection, or in some other
manner. The FIG. 1 embodiment of uncore 122 includes a cache controller 117 to implement a
cache coherency policy and, in conjunction with a memory controller 119, maintain coherency

between a system memory (not depicted) and the various cache memories.

FIG. 2 illustrates one embodiment of L1 data cache 110. The FIG. 2 embodiment of L1 data
cache 110 includes an N-way, set associative TLB 111 including a TTA 113 that stores tags for
TCA 114 (FIG. 1). In the FIG. 2 embodiment, TLB 111 operates in conjunction with a
comparator 220, to generate a vector output 221. When the virtual memory address hits, vector
output 221 indicates an entry in TTA 113, that matched. This entry information may be provided
as a vector having two elements including a first element that conveys the TTA way 226 and

TTA set 228 corresponding to an entry in TTA 113 that provided a match to an address.

As depicted in FIG. 2, L1 data cache 110 receives a 48-bit memory address 201 from a load /
store unit in an execution pipeline 106 (FIG. 1). In at least one embodiment, memory addresses
include virtual memory addresses and physical memory addresses. In the embodiments
illustrated herein, execution pipelines 106 execute memory access instructions that contain
virtual memory address references and the virtual memory addresses are provided to L1 data

cache 110 to determine whether the memory address is cached in L1 data cache 110.

L1 data cache 110 processes subsets of these bits including subsets identified by reference
numerals 212, 218, 222, and 224, with each subset indicating which specific bits are included. In
the FIG. 2 embodiment, a subset of virtual memory address bits identified as TLB way select bits

212 includes virtual memory address bits 12-15. Similarly, the FIG. 2 embodiment includes
-
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TLB tag compare bits 218 comprising virtual memory address bits 16-47, and L1 tag array set
selection bits 224 comprising virtual memory address bits 6-11. Although FIG. 2 depicts the
specific bits included in each subset of bits, other implementations may include more or fewer
bits. Similarly, although FIG. 2 is described with respect to a 48-bit virtual memory address
processed in three or more subsets as shown, other embodiments may feature a memory address

having a different numbers of bits and may employ more or fewer subsets.

In the FIG. 2 embodiment, TLB 111 is a multiple way, set associative cache that includes a
plurality of TTA sets 228 and a plurality of TTA ways 226. The combination of a specific TTA
set 228 and a specified TTA way 226 identifies a single TTA entry 229.

Referring momentarily to FIG. 3, one embodiment of a TLB entry 229 is illustrated. In the FIG.
3 embodiment, TLB entry 229 includes a virtual memory tag 310, a context identifier (CID) 320,
and a valid (V) bit 340. The virtual memory tag 310 may include a portion of the bits in the
virtual memory address 201 not accounted for by the structure of the cache. For example, with
respect to the 16-set, 8-way TTA 113, a 48-bit virtual memory address 201, and an L1 data cache
110 employing 64 byte cache lines, 6 bits are accounted for by the cache line size, 6 bits are
accounted for by the 64 sets in the LTA 115, and 4 bits are accounted for by the 16 sets in the
TTA 113, for a total of 16 bits, leaving 32 bits for the virtual tag. For this embodiment, the

virtual memory tag 310 includes the 32 most significant bits of virtual memory address 201.

TLB way set select bits 212 of virtual memory address 201 are decoded by decoder 214 to
produce a TLB set selection signal 215 identifying, selecting, or otherwise indicating one of the
TTA sets 228. In the FIG. 2 embodiment, in which TLB way set select bits 212 include 4 bits
(bits 12-15) of memory address 201, TLB set selection signal 215 can indicate any one of 16
TTA sets 228.

The depicted embodiment of TTA 113 generates a TTA set output 217 that includes each of the
way entries 229 for the TTA set 228 identified by TLB set selection signal 215. In the FIG. 2
embodiment, in which TTA 113 is an 8-way table, TTA set output 217 includes the 8§ entries
229 of the TTA set 228 indicated by TLB set selection signal 215.

TTA set output 217 is provided as one input to TLB comparator 220. In the FIG. 2 embodiment,

tag compare bits 218, which includes bits 16-47 of memory address 201, provide a second input
-8-
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to TLB comparator 220. TLB comparator 220 includes an 8 x 1 comparator that compares each
of the 8 TTA way entries 229 in TTA set output 217 to the tag compare bits 218 of memory
address 201. In the FIG. 2 embodiment, TLB comparator 220 generates a vector output 221
when memory address 201 is an address that hits in TLB 111 and vector output 221 indicates
which entry 229 matched tag compare bits 218. In at least one embodiment, vector output 221
indicates the matching entry with a 2-element vector that includes a set component and a way
component. The set component indicates which of the TTA sets 228 contains the matching entry

while the way component indicates which of the TTA ways 226 contains the matching entry.

If a TLB miss occurs, i.e., if memory address 201 is not an address that produces a match in TLB
comparator 220, memory address 201 is provided to a page table 260, which “walks” memory
address 201 through an address translation process according to any of a number of well-known
processes, to generate a physical memory address 261 corresponding to virtual memory address
201. L1 data cache 110 may then cache the physical memory address 261 in TLB 111 by
selecting an entry 229 in TTA 113 for eviction. The entry 229 selected for eviction may be from
any of the TTA ways 226 in the appropriate TTA set 228 (i.e., the TTA set 228 indicated by the
TLB way select bits 212). The entry 229 selected for eviction is then filled with the tag compare
bits 218 of the system memory address 201 that produced the TLB miss.

When an entry 229 in TTA 113 is evicted and replaced, e.g., after a TLB miss, LTA 115 must be
updated as well. Updating LTA 115 in response to an eviction and replacement of an entry in
TTA 113 may, however, require the invalidation of more than one entry in LTA 115.
Remembering that each way-entry 245 in LTA 115 is a vector that identifies an entry 229 in
TTA 113, invalidating an entry 229 in TTA 113 necessitates the invalidation of every way-entry
245 in LTA 115 that refers to the invalidated TTA entry. LTA 115 may have as many as one
such entry in each set 242 of LTA 115. To facilitate the invalidation process, at least one
embodiment of L1 data cache 110 includes a content address storage structure 280 that replicates
the way and set structure and the contents of LTA 115. When a TLB miss occurs or an entry in
TTA 113 is otherwise invalidated, the TLB vector that represents the evicted TTA entry is used

to address the content address storage structure 280, which generates the locations of all entries
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containing the applicable vector. L1 data cache 110 may then invalidate all way-entries 245 in

LTA 115 identified by content addressable storage structure 280.

When virtual memory address 201 hits in TLB 111, the FIG. 2 embodiment of TLB comparator
220 generates vector output 221 as described previously. Vector output 221, which indicates a
set and a way of TTA 113, is provided to a multiplexer 230. Multiplexer 230 is gated by a
control signal 231. When vectored tagging is enabled, control signal 231 gates vector output 221
to L1 comparator 250 as TLB vector 232. When vectored tagging is disabled, the depicted
embodiment gates virtual memory tag bits 222, comprising system memory address bits 12-23,
through multiplexer 230. This configuration may be used to bypass vectored tagging and index

cache array 112 with an address tag.

In the FIG. 2 embodiment, TLB vector 232 includes a set component, indicating a set 228 of
TTA 113, and a way component indicating a way 226 of TTA 113. In at least one embodiment,
the set component is indicated in encoded form (4-bit binary) while the way component is
indicated in decoded form, also referred to as a one-hot vector form, in which the way is
indicated explicitly as the only “1” in an 8-bit field. Other embodiments may employ a decoded
way component and an encoded set component, both components encoded, or both components

decoded.

In the FIG. 2 embodiment, TLB vector 232 is provided as a first input to L1 comparator 250 and
LTA 115 generates L1 set output 248, which provides a second input to L1 comparator 250. L1
set output 248 includes each of the 8§ way-entries 245 of the L1 tag array set 242 indicated by L1
set selection signal 225. Referring to FIG. 4, one embodiment of way-entries 245 include a TLB
set component 410, and an encoded or one-hot representation 420 of the TLB way, and a valid
(V) bit 480. Returning to FIG. 2, L1 tag array set selection signal 225 is generated by decoder
216 based on set selection bits 224, which includes bits 6-11 of virtual memory address 201 in
the FIG. 2 embodiment.

In the FIG. 2 embodiment, L1 comparator 250 performs an 8 x 1 comparison of TLB vector 232
against each of the 8 stored vectors in the selected set of LTA 115. When virtual memory
address 201 is an address that hits in cache array 112, TLB vector 232 will match one of the 8

way-entries 245 contained in L1 tag array set output 248 and the embodiment of comparator 250

-10-
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depicted in FIG. 2 may generate a way-select signal 252 identifying which of the 8 L1 tag array
ways 244 produced the match. Way select signal 252 may be provided in encoded or decoded
form, but the FIG. 2 embodiment employs a decoded form in which way select signal 252 is an
8-bit one-hot vector identifying one of 8§ ways in LTA 115. Way select signal 252 is provided to
LCA 116 to select the applicable way as LCA 116 is accessed (not depicted in FIG. 2).

When virtual memory address 201 is an address that misses in LTA 115, a replacement policy is
invoked to identify a line in LCA 116 for invalidation. The replacement policy can be a least
recently used (LRU) policy, a pseudo LRU, or any other suitable replacement policy. Since the
L1 tag array set 242 associated with any memory address is determined from the memory
address, identifying a line to invalidate means identifying one of the 8 way-entries 245
associated with the applicable L1 tag array set 242. After identifying a line to invalidate and
writing back any modified data in the identified line, the identified line may be invalidated.
When the data associated with the requested line fill returns, the data is cached in the invalidated
entry of LCA 116. With respect to managing the entries in LTA 115, the TLB vector 232 that
produced the miss may be stored in the L1 tag array way entry 244 corresponding to the L1

content array entry that was invalidated and filled.

Referring now to FIG. 5, one embodiment of a method 500 of implementing an L1 tag array with
tag vectors is illustrated. In the FIG. 5 embodiment of method 500, a virtual memory address
referenced in a memory access instruction executing in an execution pipeline, e.g., virtual
memory address 201 (FIG. 2), is provided (operation 502) to the TLB for address lookup. If the
virtual memory address misses in the TLB, as determined in operation 504, method 500 jumps to

a TLB miss sequence at node 5B (FIG. 5B) in the FIG. 5 embodiment.

If the virtual memory address hits in the TLB, a TLB vector indicating the set and way of the
matching TTA entry is generated (operation 510) in the FIG. 5 embodiment and provided as a
first input to an L1 comparator. In the FIG. 5 embodiment, L1 set selection bits in the virtual
memory address are decoded to identify (operation 512) a set in an L1 tag array. The TLB
vector generated in operation 510 is compared (operation 514) to stored vectors in the way
entries of the L1 tag array set identified in operation 512. In the FIG. 5 embodiment, if, as

determined in (operation 516), one of the stored vectors matches the TLB vector, an L1 cache hit
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is indicated, and method 300 continues in FIG. 5A. If none of the stored vectors matches the
TLB vector, an L1 miss is indicated and method 500 jumps to an .1 miss sequence at node SC
(FIG. 5C). When an L1 hit is indicated, the FIG. SA embodiment of method 500 generates
(operation 520) way select information indicating which L1 tag array way produced the L1 hit.
The way select information is forwarded to the L1 content array to select (operation 522) the L1
content array entry that contains the data indicated in the memory access instruction, i.e., the
entry that stores the cached copy of the data stored in the memory address indicated in the
instruction. In the FIG. 5 embodiment, the way selection information is indicated in decoded

form such as a one-hot vector to streamline the L1 content array access.

Referring now to FIG. 5B, one embodiment of operations executed following determination of a
TLB miss in operation 504 is illustrated. The FIG. 5B embodiment includes initiating (operation
530) a page walk of the virtual memory address to obtain a corresponding physical memory
address from a page table. The techniques for walking a page table to translate a virtual memory
address into a physical memory address are well known in the field of microprocessor
architecture and are not further described herein. Because the virtual memory address missed in
the TLB, the TLB will be updated to cache the virtual memory address in the TTA and the

corresponding physical memory address in the TLB content array.

In the embodiment illustrated in FIG. 5B, caching a virtual memory address that missed in the
TLB includes selecting or otherwise identifying (operation 532) one of the way entries of the
applicable TTA set, i.e., the TTA set indicated by TLB set selection bits in the virtual memory
address, as the way entry to be replaced. The selection of a way entry to be replaced may be
based on an LRU policy, a pseudo LRU policy, or another suitable replacement policy. As
illustrated in FIG. 5, the TTA entry identified for replacement is invalidated (operation 534).

As discussed previously, the L1 tag array may include multiple entries that contain the same
vectored tag because as many as one entry per L1 tag array set can refer to the same entry in the
TTA. Thus, after invalidating, in operation 534, the TTA entry that was selected for
replacement, the embodiment of method 500 illustrated in FIG. 5B identifies and invalidates
(block 536) all entries in the L1 tag array that contain a vector identifying the invalidated TTA

entry. The process of identifying all L1 tag array entries containing a specific vector may be
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facilitated by accessing a content addressable memory that replicates the structure and content of

the L1 tag array.

FIG. 5B further depicts storing (operation 540) a tag for the virtual memory address that caused
the TLB miss in the TLB entry that was selected for replacement and storing (operation 542) a
physical memory address in the TLB content array following the page walk. In at least one
embodiment, the TTAs entries contain tags for the applicable virtual memory addresses. In one
embodiment, for example, the tags stored in the TTA entries include the upper 32 most

significant bits of the virtual memory address.

Referring now to FIG. 5C, elements of method 500 executed or performed when the virtual
memory address misses in the L1 cache in (operation 518) of FIG. 5A are presented. As
illustrated in FIG. 5C, a line fill is initiated (operation 550) when the virtual memory address
misses in the L1 cache. The line fill request includes a request to provide a line of data
corresponding to the virtual memory address that produced the L1 cache miss. In at least some
embodiments, virtual memory addresses are not employed in the memory hierarchy except at the
L1 tier. In these embodiments, the request to initiate the line fill indicates the physical memory
address associated with the virtual memory address. The physical memory address may be
obtained from the TLB content array entry corresponding to the TLB tag parade entry that
produced the TLB hit.

The FIG. 5C elements of method 500 include selecting a way entry in the L1 tag array sent that
corresponds to the virtual memory address. The selection of a way entry (operation 552)
represents a selection of a cache line to be evicted and replaced when the requested cache line is
returned. As discussed with respect to the selection of an entry in the TTA when a TLB this
occurs, the selection and replacement policy may be an LRU policy, a pseudo LRU policy, or

another suitable replacement policy.

If the entry selected for replacement is a modified entry, the FIG. 5C embodiment includes
writing back (operation 554) the modified data from the L1 content array entry corresponding to
the selected L1 tag array entry. In the embodiment depicted in FIG. 5C, the TLB vectors
generated by the TLB comparator are stored in the L1 tag array entry that was selected to hold
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the new address. (operation 556). When the data associated with the line fill initiated in operation

550 returns, the selected entry in the L1 content array is filled (operation 558).

The embodiment of method 500 illustrated in FIG. 5A, 5B, and 5C proceeds to the L1 lookup
only if a TLB hit occurs and the TLB comparator generates a TLB vector. Other embodiments
may include contingencies for proceeding with the L1 lookup when a TLB miss occurs. For
example, one embodiment (not depicted) may suspend the vector tag lookup in the L1 cache
following a TLB miss. Instead, this embodiment may look up the L1 cache array with the
physical memory address when the physical memory address is produced following the page

walk.

Embodiments may be implemented in many different system types. Referring now to FIG. 6, a
block diagram of selected elements of a processor system in accordance with an embodiment of
the present disclosure is illustrated. FIG. 6 shows a system in which a processor, memory, and
input/output devices are interconnected by a number of point-to-point (P-P) interfaces, as will be
described in further detail. However, in other embodiments (not shown in FIG. 6), the processor
system may employ different bus architectures, such as a front side bus, a multi-drop bus, and/or
another implementation. Although a processor is depicted in the example embodiment of FIG. 6
for descriptive clarity, in various embodiments, a different number of processors may be

employed using elements of the depicted architecture.

Embodiments may be implemented in many different system types and platforms. Referring
now to FIG. 6, a computer system 600 in which at least one embodiment of an L1 data cache that
supports vectored tagging in a multiple way TLB as described herein may be included is
illustrated. The FIG. 6 embodiment of system 600 is a multi-processor system that include a first
processor 670-1 and a second processor 670-2. Although FIG. 6 depicts two processors 670,
other embodiments may include more or fewer processors. The FIG. 6 embodiment of
processors 670 includes a core region 678 and an integration region 680. Core region 678
includes one or more processing cores 674 while the depicted embodiment of integration region
680 includes a memory controller hub (MCH) 672, a processor-hub point-to-point interface 676,

and a processor-processor point-to-point interface 675.
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Processing cores 674 may each include hardware and firmware resources (not depicted) to
support an execution pipeline. These resources may include, as examples, a cache memory
hierarchy, which may include a dedicated level one (L1) instruction cache, a dedicated L1 data
cache, a level 2 (L2) data/instruction cache, or a combination thereof, prefetch logic and buffers,
branch prediction logic, decode logic, a register file, various parallel execution resources
including arithmetic logic units, floating point units, load/store units, address generation units, a

data cache, and so forth.

In the FIG. 6 embodiment, MCH 672 supports bidirectional transfer of data between a processor
670 and a system memory 632 via a memory interconnect 682. System memory 632 may be a
double-data rate (DDR) type dynamic random-access memory (DRAM) while memory
interconnect 682 and MCH 672 may comply with a DDR interface specification. System
memory 632-1 may represent a bank of memory interfaces (or slots) that may be populated with

corresponding memory circuits for a desired DRAM capacity.

In the multi-processor system 600, each processor 670 includes an MCH 672 to communicate
with a portion of system memory 632 that is local to processor 670. For example, system
memory 632-1 is local to processor 670-1 and represents a portion of the system memory 632 as
a whole. In the FIG. 6 embodiment, system 600 is a distributed memory multiprocessor system
in which each processor 670 can access each portion of system memory 632, whether local or
not. While local accesses may have lower latency, accesses to non-local portions of system

memory 632 are permitted.

In FIG. 6, each processor 670 also includes a point-to-point interface 675 that supports
communication of information with a point-to-point interface 675 of one of the other processors
670 via an inter-processor point-to-point interconnection 651. In some embodiments, processor-
hub point-to-point interconnections 652 and processor-processor point-to-point interconnections
651 are distinct instances of a common set of interconnections. In other embodiments, point-to-

point interconnection 652 may differ from point-to-point interconnection 651.

The FIG. 6 processors 670 include point-to-point interfaces 676 to communicate via point-to-
point interconnect 652 with a point-to-point interface 694 of an I/O hub 690. In the FIG. 6

embodiment, I/O hub 690 includes a graphics interface 692 to support bidirectional
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communication of data with a graphics adapter 638 via a graphics interconnection 616, which
may be implemented as a high speed serial bus, e.g., a peripheral component interconnect

express (PCle) bus or another suitable bus.

The FIG. 6 embodiment of I/O hub 690 also communicates, via an interface 696 and a
corresponding interconnection 656, with a bus bridge hub 618 that supports various bus
protocols for different types of I/O devices or peripheral devices. The FIG. 6 embodiment of bus
bridge hub 618 supports, as examples, a network interface controller (NIC) 630 that implements
a packet-switched network communication protocol (e.g., Gigabit Ethernet), a sound card or
audio adapter 632, and a low bandwidth bus 622 (e.g., low pin count (LPC), 12C, Industry
Standard Architecture (ISA)), to support legacy interfaces referred to herein as desktop 1/O
devices 624 that might include, as examples, interfaces for a keyboard, mouse, serial port,
parallel port, and a removable media drive. The FIG. 6 embodiment of low bandwidth bus 622
further includes an interface for a nonvolatile memory (NVM) device such as flash read only
memory (ROM) 626 depicted, and other low bandwidth I/O devices 612 (e.g., keyboard mouse,
or other I/0 device), and a storage protocol bus 621 (e.g., serial AT attachment (SATA), small
computer system interface (SCSI)), to support persistent storage devices including conventional
magnetic core hard disk drives (HDD) 628. HDD 628 is depicted as including store code 629,
which may represent processor executable instructions including operating system instructions,
application program instructions, and so forth, that, when executed by the processor, cause the

processor to perform operations described herein.

The FIG. 6 embodiment of system 600 also includes an “HDD-like” semiconductor-based
storage resource referred to as solid state drive 640, and a general purpose serial communication
bus 620 (e.g., USB, PCI, PCle) to support various devices. Although specific instances of
communication busses and bus targets have been depicted and described, other embodiments

may employ different communication busses and different target devices.

Referring now to FIG. 7, a representation for simulation, emulation and fabrication of a design
implementing the disclosed techniques is illustrated. Data representing a design may represent
the design in a number of manners. First, as is useful in simulations, the hardware may be

represented using a hardware description language or another functional description language
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which basically provides a computerized model of how the designed hardware is expected to
perform. The hardware model 714 may be stored in a storage medium 710 such as a computer
memory so that the model may be simulated using simulation software 712 that applies a
particular test suite to the hardware model 714 to determine if it indeed functions as intended. In
some embodiments, the simulation software 712 is not recorded, captured or contained in the

medium.

Additionally, a circuit level model with logic and/or transistor gates may be produced at some
stages of the design process. This model may be similarly simulated, sometimes by dedicated
hardware simulators that form the model using programmable logic. This type of simulation,
taken a degree further, may be an emulation technique. In any case, re-configurable hardware is
another embodiment that may involve a tangible machine readable medium storing a model

employing the disclosed techniques.

Furthermore, most designs, at some stage, reach a level of data representing the physical
placement of various devices in the hardware model. In the case where conventional
semiconductor fabrication techniques are used, the data representing the hardware model may be
the data specifying the presence or absence of various features on different mask layers for
masks used to produce the integrated circuit. Again, this data representing the integrated circuit
embodies the techniques disclosed in that the circuitry or logic in the data can be simulated or

fabricated to perform these techniques.

In any representation of the design, the data may be stored in any form of a tangible machine
readable medium. An optical or electrical wave 740 modulated or otherwise generated to
transmit such information, a memory 730, or a magnetic or optical storage 720 such as a disc
may be the tangible machine readable medium. Any of these mediums may "carry” the design
information. The term "carry” (e.g., a tangible machine readable medium carrying information)
thus covers information stored on a storage device or information encoded or modulated into or
on to a carrier wave. The set of bits describing the design or the particular part of the design are
(when embodied in a machine readable medium such as a carrier or storage medium) an article

that may be sold in and of itself or used by others for further design or fabrication.

Examples
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The following examples pertain to further embodiments.

Example 1 is a method for implementing a tag structure comprising: (i) determining a translation
lookaside buffer (TLB) set associated with a virtual memory address indicated in a memory
access instruction; (ii) comparing a TLB tag portion of the virtual memory address with TLB
tags stored in way entries of a TLB tag array, wherein the way entries are associated with the
TLB set; (iil) generating, when the TLB tag portion matches a TLB tag stored in one of the way
entries, a TLB vector indicative of the TLB set and the way entry that matched; (iv) identifying a
set in a level 1 (L1) tag array based on the virtual memory address; (v) comparing the TLB
vector with stored TLB vectors stored in way entries of a L1 tag array, wherein the L1 tag array
way entries are associated with the L1 tag array set; and (vi) when the TLB vector matches a
stored TLB vector in one of the L1 tag array way entries, generating a way select output

indicative of the L1 tag array set and the L1 tag array way entry that matched.

In Example 2, the subject matter of Example 1 can optionally include: when the TLB tag portion
does not match any of the TLB tags stored in the way entries: (i) identifying one of the way
entries; (i1) storing the TLB tag portion of the virtual memory address in a TLB tag array entry
associated with the TLB set and the way entry identified; (iii) obtaining a physical memory
address associated with the virtual memory address; and (iv) storing a portion of the physical
memory address in an entry of a TLB data array, wherein the TLB data array entry is associated

with the TLB set and the way entry identified.

In Example 3, the subject matter of Example 2 can optionally include: identifying all L1 tag
array entries with stored TLB vectors equal to the TLB vector; and invalidating all of the L1 tag

array entries identified.

In Example 4, the identifying of all of the L1 tag array entries included in the subject matter of
Example 3 can optionally include accessing a content addressable storage array indicative of the

stored TLB vectors in the L1 tag array.

In Example 5, entries in the content addressable storage array included in the subject matter of
Example 4 can optionally include an encoded representation of the TLB set and an encoded

representation of the TLB way.
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In Example 6, the TLB vector included in the subject matter of Example 1 can optionally include
a TLB set component indicative of the TLB set and a TLB way component indicative of the TLB

tag array way entry.

In Example 7, the TLB set component included in the subject matter of Example 6 can optionally

include an encoded representation of the TLB set.

In Example 8, the TLB set component included in the subject matter of Example 6 can optionally

include a decoded representation of the TLB set.

In Example 9, the subject matter of Example 1 can optionally include storing, in an entry of the
L1 tag array, a portion of the physical memory address in lieu of a TLB vector when a physical

memory access is recognized.

In Example 10, the TLB set associated with the virtual memory address included in the subject
matter of Example 1 is optionally indicated by a TLB set portion of the virtual memory address;
and the L1 tag array set associated with the virtual memory address included in the subject
matter of Example 1 is optionally indicated by an L1 tag array set portion of the virtual memory
address, wherein the TLB set portion and the L1 tag array set portion are independent of one

another.

Example 11 is a computer system comprising: a processor including a processing core to execute
a memory access instruction indicating a virtual memory address; a cache memory; a memory
controller, accessible to the processor, including a page table to translate virtual memory
addresses to corresponding physical memory addresses; memory, accessible to the processor, via
the memory controller; and an I/0 hub, accessible to the processor, to provide I/O interfaces to
communicate with I/O devices; wherein the cache memory includes: (i) a translation lookaside
buffer (TLB) including a TLB tag array and a TLB content array, the TLB tag array and TLB
content array each including a plurality of TLB sets, each TLB set associated with a group of
way entries; (i1) a cache array including a level 1 (L.1) tag array and a cache content array, the L1
tag array and cache content array each including a plurality of cache array sets, each cache array
set associated with a group of way entries; and (iii) tag structure logic to: store TLB vectors in
the L1 tag array, wherein the TLB vectors identify an entry of the TLB content array containing

a portion of a physical memory address corresponding to the virtual memory address; generate
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TLB vectors responsive to receiving virtual memory addresses that hit in the TLB tag array; and
compare a generated TLB vector with a TLB vector stored in the L1 tag array to determine a

cache hit.

In Example 12, the TLB vector included in the subject matter of Example 11 can optionally
include less bits than the portion of the physical memory address stored in the TLB content

array.

In Example 13, the tag structure logic included in the subject matter of Example 12 can
optionally include logic to: (i) identify a set in the TLB from a first portion of the virtual memory
address; and (ii) identify a set in the cache array from a second portion of the virtual memory

address.

In Example 14, the number of way entries associated with each TLB set and the number of way
entries associated with each cache array set included in the subject matter of Example 11 can

optionally be the same.

Example 15 is a processor comprising: a processing core to execute a memory access instruction
associated with a virtual memory address; a core cache memory, accessible to the processor,
including: a set associative, multiple way translation lookaside buffer (TLB) including a TLB
tag array and a TLB content array; and a set associative, multiple way cache array including a
level 1 (L1) tag array and a cache content array; and tag structure logic to: (i) determine a TLB
set associated with the virtual memory address; (ii) compare a TLB tag portion of the virtual
memory address with TLB tags stored in way entries of the TLB tag array, wherein the way
entries are associated with the TLB set; (iii) generate, when the TLB tag portion matches a TLB
tag stored in one of the way entries, a TLB vector indicative of the TLB set and the way entry
that matched; (iv) identify a set in a L1 tag array based on the virtual memory address; (v)
compare the TLB vector with stored TLB vectors stored in way entries of an L1 tag array,
wherein the L1 tag array way entries are associated with the L1 tag array set; and (vi) generate,
when the TLB vector matches a stored TLB vector in one of the L1 tag array way entries, a way

select output indicative of the L1 tag array set and the L1 tag array way entry that matched.

In Example 16, the tag structure logic included in the subject matter of Example 15 is optionally

operable to allocate a TLB entry when the TLB tag portion does not match any of the TLB tags
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stored in the way entry, wherein the tag structure logic is operable to: (i) identify one of the way
entries; (ii) store the TLB tag portion of the virtual memory address in a TLB tag array entry
associated with the TLB set and the way entry identified; (iii) obtain a physical memory address
associated with the virtual memory address; and (iv) store a portion of the physical memory
address in an entry of a TLB data array, wherein the TLB data array entry is associated with the

TLB set and the way entry identified.

In Example 17, the tag structure logic included in the subject matter of Example 16 is optionally
operable to: (i) identify all L1 tag array entries with stored TLB vectors equal to the TLB vector;

and (ii) invalidate all of the L1 tag array entries identified.

In Example 18, the tag structure logic included in the subject matter of Example 17 is optionally
operable to identify all of the cache tag entries includes tag structure logic to access a content

addressable storage array indicative of the stored TLB vectors in the L1 tag array.

In Example 19, the entries in the content addressable storage array included in the subject matter
of Example 18 can optionally include an encoded representation of the TLB set and an encoded

representation of the TLB way.

In Example 20, the TLB set associated with the virtual memory address included in the subject
matter of Example 15 is optionally indicated by a TLB set portion of the virtual memory address;
and the L1 tag array set associated with the virtual memory address included in the subject
matter of Example 15 is optionally indicated by an L1 tag array set portion of the virtual memory
address, wherein the TLB set portion and the L1 tag array set portion are independent of one

another.

In Example 21, the TLB vector included in the subject matter of any of Examples 1-5 can
optionally include a TLB set component indicative of the TLB set and a TLB way component

indicative of the TLB tag array way entry.

In Example 22, the number of way entries associated with each TLB set and the number of way
entries associated with each cache array set included in the subject matter of any of Examples

11-13 can optionally be the same.
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In Example 23, the tag structure logic included in the subject matter of any of Examples 15 or 16
is optionally operable to: (i) identify all L1 tag array entries with stored TLB vectors equal to the
TLB vector; and (i1) invalidate all of the L1 tag array entries identified.

To the maximum extent allowed by law, the scope of the present disclosure is to be determined
by the broadest permissible interpretation of the following claims and their equivalents, and shall
not be restricted or limited to the specific embodiments described in the foregoing detailed

description.
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WHAT IS CLAIMED IS:

1. A method for implementing a tag structure, the method comprising:

determining a translation lookaside buffer (TLB) set associated with a virtual memory

address indicated in a memory access instruction;

comparing a TLB tag portion of the virtual memory address with TLB tags stored in way

entries of a TLB tag array, wherein the way entries are associated with the TLB set;

generating, when the TLB tag portion matches a TLB tag stored in one of the way entries,

a TLB vector indicative of the TLB set and the way entry that matched;

identifying a set in a level 1 (1) tag array based on the virtual memory address;

comparing the TLB vector with stored TLB vectors stored in way entries of a L1 tag
array, wherein the L1 tag array way entries are associated with the L1 tag array set;
and

when the TLB vector matches a stored TLB vector in one of the L1 tag array way entries,
generating a way select output indicative of the L1 tag array set and the L1 tag array
way entry that matched.

2. The method of claim 1, further comprising:

when the TLB tag portion does not match any of the TLB tags stored in the way entries:

identifying one of the way entries;
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storing the TLB tag portion of the virtual memory address in a TLB tag array entry
associated with the TLB set and the way entry identified;

obtaining a physical memory address associated with the virtual memory address; and

storing a portion of the physical memory address in an entry of a TLB data array,

wherein the TLB data array entry is associated with the TLB set and the way

entry identified.

3. The method of claim 2, further comprising:

identifying all L1 tag array entries with stored TLB vectors equal to the TLB vector; and

invalidating all of the L1 tag array entries identified.

4. The method of claim 3, wherein identifying all of the L1 tag array entries includes accessing a

content addressable storage array indicative of the stored TLB vectors in the L1 tag array.

5. The method of claim 4, wherein entries in the content addressable storage array include an

encoded representation of the TLB set and an encoded representation of the TLB way.

6. The method of claim 1, wherein the TLB vector includes a TLB set component indicative of

the TLB set and a TLB way component indicative of the TLB tag array way entry.

7. The method of claim 6, wherein the TLB set component includes an encoded representation

of the TLB set.

8. The method of claim 6, wherein the TLB set component includes a decoded representation of

the TLB set.
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9. The method of claim 1, further comprising:

storing, in an entry of the L1 tag array, a portion of the physical memory address in lieu

of a TLB vector when a physical memory access is recognized.

10. The method of claim 1, wherein:

the TLB set associated with the virtual memory address is indicated by a TLB set portion of

the virtual memory address; and

the L1 tag array set associated with the virtual memory address is indicated by an L1 tag
array set portion of the virtual memory address, wherein the TLB set portion and the L1
tag array set portion are independent of one another.

11. A computer system, comprising:

a processor including a processing core to execute a memory access instruction indicating a

virtual memory address;

a cache memory;

a memory controller, accessible to the processor, including a page table to translate virtual

memory addresses to corresponding physical memory addresses;

memory, accessible to the processor, via the memory controller; and

an 1/O hub, accessible to the processor, to provide I/O interfaces to communicate with I/O

devices;

wherein the cache memory includes:
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a translation lookaside buffer (TLB) including a TLB tag array and a TLB content array,
the TLB tag array and TLB content array each including a plurality of TLB sets, each
TLB set associated with a group of way entries;

a cache array including a level 1 (L1) tag array and a cache content array, the L1 tag
array and cache content array each including a plurality of cache array sets, each
cache array set associated with a group of way entries; and

tag structure logic to:
store TLB vectors in the L1 tag array, wherein the TLB vectors identify an entry of

the TLB content array containing a portion of a physical memory address

corresponding to the virtual memory address;

generate TLB vectors responsive to receiving virtual memory addresses that hit in the

TLB tag array; and

compare a generated TLB vector with a TLB vector stored in the L1 tag array to

determine a cache hit.

12. The computer system of claim 11, wherein a TLB vector includes less bits than the portion

of the physical memory address stored in the TLB content array.

13. The computer system of claim 12, wherein the tag structure logic includes logic to:

identify a set in the TLB from a first portion of the virtual memory address; and

identify a set in the cache array from a second portion of the virtual memory address.
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14. The computer system of claim 11, wherein the number of way entries associated with each

TLB set and the number of way entries associated with each cache array set is the same.

15. A processor, comprising:

a processing core to execute a memory access instruction associated with a virtual memory

address;

a core cache memory, accessible to the processor, including:

a set associative, multiple way translation lookaside buffer (TLB) including a TLB tag

array and a TLB content array; and

a set associative, multiple way cache array including a level 1 (L1) tag array and a cache

content array; and

tag structure logic to:

determine a TLB set associated with the virtual memory address;

compare a TLB tag portion of the virtual memory address with TLB tags stored in way

entries of the TLB tag array, wherein the way entries are associated with the TLB set;

generate, when the TLB tag portion matches a TLB tag stored in one of the way entries, a

TLB vector indicative of the TLB set and the way entry that matched;

identify a setin a L1 tag array based on the virtual memory address;
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compare the TLB vector with stored TLB vectors stored in way entries of an L1 tag
array, wherein the L1 tag array way entries are associated with the L1 tag array set;
and
generate, when the TLB vector matches a stored TLB vector in one of the L1 tag array
way entries, a way select output indicative of the L1 tag array set and the L1 tag array
way entry that matched.
16. The processor of 15, wherein the tag structure logic is operable to allocate a TLB entry when
the TLB tag portion does not match any of the TLB tags stored in the way entry, wherein the
tag structure logic is operable to:

identify one of the way entries;

store the TLB tag portion of the virtual memory address in a TLB tag array entry
associated with the TLB set and the way entry identified;

obtain a physical memory address associated with the virtual memory address; and

store a portion of the physical memory address in an entry of a TLB data array,

wherein the TLB data array entry is associated with the TLB set and the way

entry identified.

17. The processor of claim 16, wherein the tag structure logic is operable to:

identify all L1 tag array entries with stored TLB vectors equal to the TLB vector; and

invalidate all of the L1 tag array entries identified.

28-



O 0 N N R W N =

e e e e e e T
AN W AW NN = O

18.

19.

20.
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The processor of claim 17, wherein the tag structure logic operable to identify all of the
cache tag entries includes tag structure logic to access a content addressable storage array

indicative of the stored TLB vectors in the L1 tag array.

The processor of claim 18, wherein entries in the content addressable storage array include

an encoded representation of the TLB set and an encoded representation of the TLB way.

The processor of claim 15, wherein:

the TLB set associated with the virtual memory address is indicated by a TLB set portion of

the virtual memory address; and
the L1 tag array set associated with the virtual memory address is indicated by an L1 tag

array set portion of the virtual memory address, wherein the TLB set portion and the L1

tag array set portion are independent of one another.
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