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Abstract—The large branch footprints of contemporary appli-
cations easily overwhelm the capacity of Branch target buffers
(BTBs). Therefore, to avoid frequent BTB misses and their
associated performance penalties, commercial processors feature
massive BTBs that require hundreds of KBs to multi-MB storage
budgets. Furthermore, storage requirements are increasing at an
alarming rate, a trend that is certainly not sustainable.

As the bulk of BTB storage budget goes towards storing
branch targets, researchers have recently proposed storage-
efficient schemes for target representation. The state-of-the-art
schemes are so effective that branch targets no longer dominate
the BTB storage requirements, rather, the tags do. However, there
has not been any study on understanding the implications of tag
size on performance, storage, and aliasing. This work bridges this
gap by performing a comprehensive study of how and why tag
size requirements vary for performance- and storage-efficiency-
oriented BTB designs across different BTB capacities. The results
of the study help BTB designers understand where in BTB to
invest any additional storage budget that becomes available in
next processor generations.

The key findings of this study include: 1) moderately sized
BTBs (2K to 8K entries) require larger tags than small (256-
entry) and large (32K entry) BTBs, 2) increasing the number of
ways in the BTB also requires larger tags to fully realize the
benefits of the additional ways, and 3) a storage-efficient BTB
design reduces tag storage requirements by up to 21% over a
performance-oriented BTB design.

I. INTRODUCTION

Branch target buffer (BTB) is a cornerstone of modern high-
performance core front-end designs as it guides instruction
fetch by predicting the upcoming control flow and enables
fetch directed instruction prefetching. Specifically, BTB steers
instruction fetch across control flow discontinuities by locat-
ing branch instructions and providing the target address for
predicted taken and unconditional branches. Further, it also
enables fetch directed instruction prefetching (FDIP) [31], a
commonly employed prefetching mechanism in commercial
CPUs [29], [32]], that leverages the upcoming control flow
uncovered by the BTB to discover prefetching opportunities.

Nevertheless, the massive instruction footprints of modern
server applications can easily overwhelm latency-sensitive
front-end structures, including BTB, instruction cache (L1-
I), etc. Consequently, the frequent BTB misses result in
instruction fetch along wrong paths and subsequent pipeline
flushes when the wrong path is detected in the core back-end.
The pipeline flushes hurt performance as they throw away tens
of cycles worth of work and also expose pipeline fill latency.
Further, BTB misses also cause FDIP to prefetch along the
wrong path, which pollutes the L1-I and on-chip network, thus

further hurting performance. Indeed, prior work observed that
BTB misses hurt performance even more than L1-I misses
[22]], [26]], [35].

To avoid the performance cost of BTB misses, commercial
CPUs across the computing spectrum, from servers to mobiles,
deploy BTBs with enormous storage capacities. For example,
the second-level BTB in the server-grade IBM z16 CPUs can
accommodate up to a whopping 260K branches [1]]. Further-
more, not only are BTB sizes huge, they are increasing at an
unprecedented rate. Again taking IBM z-series as an example,
the number of entries in the second-level BTB increased more
than ten fold from 24K entries in zEC12 to 260K in z16,
over merely 4 generations [6]]. Similarly, on the other extreme,
BTB storage in Samsung Exynos mobile CPUs saw nearly 6x
increase from 90.9KB of storage in Exynos M1/M2 to 529KB
in M6 [16].

Considering the continuously growing BTB storage re-
quirements, researchers are investigating storage-efficient BTB
organizations. Since branch targets occupy the bulk of the
storage budget in a conventional BTB design (see Figure [I)),
prior work [4]], [|33]], [36] has focused on optimizing the branch
target representation. Seznec’s design [33] and PDede [36]
exploit an observation that all branch targets within a page
share a common page number. Therefore, they store the page
numbers, and region numbers in PDede, in a separate structure,
and BTB stores only a pointer to it. A recent BTB design,
called BTB-X [4], proposes storing branch target offsets rather
than full target addresses, noting that this substitution yields
substantial storage savings. To accommodate large variability
in target offset sizes, BTB-X employs unevenly sized ways.

The prior work has been very effective in reducing the
storage requirements of branch targets as PDede and BTB-
X require about 49% and 35% of the BTB storage budget,
respectively, for storing targets compared to 72% of a con-
ventional BTB that stores full targets. In fact, BTB-X, the
state-of-the-art BTB design, is so storage effective that it is
the tags that now dominate its storage budget rather than the
branch targets. Specifically, tags account for about 43% of the
storage budget compared to targets requiring only 35%.

As tags start to constitute an increasingly large fraction of
the BTB storage budget, it is critical to address this overhead to
achieve an optimal storage-efficient design. However, there is
no comprehensive prior study on understanding how tag sizing
affects performance, BTB misses, and aliasing. The only prior
work on this comes from three decades ago [11]. It proposes
to store only a portion of the full tag in the BTB and concludes
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Fig. 1: Composition of an entry in a conventional BTB with
typical number of bits required for each field.

that a 4-bit tag is sufficient to achieve 99.9% accuracy of the
full tag for all the BTB sizes and workloads evaluated. In
contrast, both PDede and BTB-X use 12-bit tags.

As a step towards optimizing tag storage in modern BTBs,
this work studies the impact of tag size on BTB performance,
storage, and aliasing. Specifically, we examine the small-
est tag size required for performance-oriented BTB designs,
which aim to achieve a performance within 1% of the full
tag, as well as for storage-efficient designs, which seek to
maximize performance per KB of storage, across different
BTB capacities. Furthermore, we explore how to distribute
any additional storage budget, if provided to BTB designers,
among increasing the number of entries and/or expanding the
size of the tags. In summary, the key contributions of this work
are as follows:

e Introduces and rigorously characterizes a previously unex-
plored problem - tag sizing in modern BTBs.

e Discovers that, for a fixed associativity, moderately-sized
BTBs (2K-8K entries) need larger tags compared to both
small (256-512 entries) and large (32K entries) BTBs. It
implies that increasing the BTB size without adjusting
the tag size results either in suboptimal performance or
overprovisioned tag storage.

e Shows that increasing the number of ways in the BTB
also requires larger tags to fully realize the benefits of the
additional ways. Further, depending on BTB configuration,
investing additional storage in larger tags might provide
better performance than in additional ways.

e Reveals that, at small tag sizes, increasing BTB capacity by
means of additional ways results in performance degradation
instead of performance gain.

o Identifies that storage-efficient BTB designs require two
to four fewer tag bits compared to performance-oriented
designs. As a result, they reduce tag storage requirements by
up to 21% and overall BTB storage by up to 14%; however,
they achieve only 90%-97% of the full tag performance, as
opposed to the 99% attained by the performance-oriented
designs.

II. BACKGROUND AND MOTIVATION

The branch prediction unit (BPU) plays a critical role in
modern core front-end by predicting the upcoming control flow
and steering the instruction fetch accordingly. In the absence
of branch instructions, the control flow progresses sequentially,
i.e. the instructions are fetched and executed successively one
after the other in the same order as they are laid down by the
compiler in memory. However, branches break this sequential
execution by transferring the control flow to a non-contiguous
instruction. Therefore, it is crucial to identify branches in order

CPU L1 BTB L2 BTB Total
Samsung Exynos (storage)

M1/M2 32.5KB 58.4KB 90.9KB

M3 49.0KB 110.8KB 159.8KB

M4 50.5KB 221.5KB 272.0KB

M5 53.3KB 225.5KB 378.8KB

M6 78.5KB 451.0KB 529.5KB

IBM zSeries (entries)

zEC12 4K 24K 28K

z13 6K 96K 102K

z14 8K 128K 136K

z15 16K 128K 144K

z16 12K 260K 272K

TABLE I: Storage requirements and capacities of commercial
BTBs (1], [2], [16]

to redirect the fetch to their targets. However, whether or not an
instruction is a branch can only be determined at the decode
stage. To avoid the latency of instruction fetch and decode
before generating the next PC, modern high performance front-
ends employ a hardware structure called branch target buffer
(BTB). The BTB is accessed with the program counter (PC),
and a BTB hit indicates that the PC corresponds to a branch
instruction.

A. Branch Target Buffer (BTB)

BTB serves three key purposes. First, given a PC, it predicts
whether the instruction at this PC is a branch or not. Second,
for predicted branches, BTB provides the branch type, i.e.
conditional, call, return, or unconditional jump. Finally, for
predicted taken branches, BTB provides the branch target to
which the fetch should be redirected. As such, BTB stores suf-
ficient information for the front-end to speculatively identify
branch instructions and redirect fetch to their targets without
waiting for instructions to be fetched and decoded.

Figure |I| shows the composition of a conventional BTB
entry along with the typical size of each field. Each entry in-
cludes Valid, Tag, Type, Target, and Repl_policy (replacement
policy) fields. Optionally, it can also include information about
direction prediction for conditional branches; however, modern
BPUs usually incorporate a dedicated direction predictor.
The role of Tag field: BTB is indexed with the lower-order
PC bits, and the tag field of the indexed entry is compared to
the (subset of) remaining PC bits. A match signifies a BTB
hit meaning that the PC corresponds to a branch instruction,
and the indexed BTB entry contains information about the
branch. The tag size offers a trade-off between BTB storage
requirements and aliasing, i.e. false hits. Specifically, a full
tag, i.e. all the PC bits that are not used to index BTB,
precisely identifies if the indexed entry corresponds to the
lookup PC or not; however, it requires a high storage budget.
In contrast, a smaller tag, formed by omitting some bits from
the full tag [11], reduces storage requirements; however, it
introduces aliasing because a mismatch in the omitted bits goes
undetected. Consequently, tag sizing must carefully balance
storage efficiency, aliasing, and BTB capacity.



Component Configuration Way Count  Target Sizes
Core 6 wide fetch, decode and commit, 512 entry ROB, 1 25
205 entry scheduler, 192 entry load queue, 114 2 5,25
entry store queue 3 4, 8,25
Branch Predictor Hashed Perceptron ;1 3: i: ;f)’é? 25
Instruction FDIP, 128-entry Fetch Target Queue 6 0,4,5,8, 13,25
Prefetcher 7 0, 4,5, 8,10, 19, 25
8 0,4,57,9,11, 19,25
L1-1 32KB, 8 ways, 4 cycles latency, LRU, 8 MSHR, 9 0,2,4,57,09, 11, 19, 25
L1-D 48KB, 12 ways, 5 cycles latency, LRU, 16 MSHR 10 0,0,3,4,5,7,9, 12, 19, 25
11 0,0,3,4,5,7,8, 10, 16, 21, 25
L2 512KB, 8 ways, 12 cycles latency, LRU, 32 MSHR 12 0,02, 4,5,6,7, 8,10, 13, 19, 25
entries 13 0,0,2,3,4,5 6,78, 10, 15, 19, 25
14 0,0,0,3,4,5,6,7,8,9, 11, 16, 20, 25
LLC 2MB, 16 ways, 32 cycles latency, LRU 64 MSHR 15 0002345678 10, 11. 16, 20, 25
DRAM 3200MHz, 2 channels, 1 rank, 8 banks, 12.5 (tRP), 16 0,0,0,2,3,4,5,5,6,7,8, 10, 12 18, 20, 25
12.5 (tRCD), 12.5 (tCAS) 17 0,0,0,2,3,4,5,5,6,7,8,9, 10, 13, 18, 21, 25
18 0,0,0,2,3,4,4,5,5,6,7,8,9, 10, 14, 18, 21 25
19 0,0,0,0,2,3,4,55,6,7,8,8,9, 11, 15, 18, 21 25
TABLE II: Microarchitectural parameters 20 0,0,0,0,23,4,4,55,7,7,8,9, 10, 11, 16, 19, 21, 25

B. BTB storage budgets

To accommodate the rapidly growing branch footprints of
contemporary workloads, modern CPUs feature massive BTBs
with 10s to 100s of thousands of entries that require hundreds
of KB to multiple MB of storage per core. For example,
Table [[ lists the number of BTB entries in IBM server class z-
series CPUs and the BTB storage budget of Samsung Exynos
mobile CPUs over several generations. As is evident from the
table, the number of entries and the associated storage costs
are increasing at an astonishing rate. Concretely, the number
of entries in z-series CPUs increased more than ten times
over merely four generations. Similarly, the storage budget
in Exynos CPUs nearly doubled with each new generation,
growing sixfold over a period of approximately eight years.

We observe that, given the massive BTB sizes, saving a
few bits per entry would result in a significant overall storage
saving. Furthermore, since tags are now responsible for the
bulk of BTB storage requirements, due to the storage-efficient
target representations proposed by prior work [4]], we study the
sizing of the tag field to achieve a balance between storage,
aliasing, and the number of BTB entries.

III. METHODOLOGY AND TERMINOLOGY

To investigate the impact of BTB tag size on performance
and storage efficiency, we use ChampSim [9], [14], a trace
driven simulator with detailed implementation of core front-
end structures, including BTB and branch direction predictors.
In addition, the front-end is equipped with a Fetch Directed
Instruction Prefetcher (FDIP) [31]. The microarchitectural
parameters of the modeled processor can be found in Table
For the experiments, we warm up the microarchitectural struc-
tures for 50 million instructions and run the simulation for an
additional 50 million instructions.

A. Baseline BTB

We use the state-of-the-art BTB design, called BTB-X [4]],
as the baseline for all studies in the work. BTB-X is a storage-
efficient design based on two key insights: 1) Most branches

TABLE III: Branch target field sizes used for BTB-X across
different number of ways.

exhibit short offsets; thus, storing offsets instead of full targets
reduces storage overhead, and 2) there is a large variability in
offset sizes. Therefore, BTB-X stores branch offsets instead
of full targets. Further, to accommodate variability in offset
size, it employs a set-associative structure in which each way
stores offsets of a different size. Therefore, in our studies,
we need a mechanism to resize the target/offset fields when
varying the number of ways from the default value of eight
in the baseline BTB-X. To address this, we employ the same
mechanism proposed by BTB-X authors, i.e. the target field
sizes are chosen to uniformly distribute the dynamic branches
across the ways. Table lists the target field sizes used for
different configurations.

B. Workloads

Our experimental evaluation is based on two sets of traces.
The first set consists of traces provided by Qualcomm for
the first instruction prefetching championship (IPC-1) [19].
Moreover, we incorporate the modifications proposed by Feliu
et al. [12] to address the known issues in these traces.
These traces represent workloads from both server and client
domains, as well as from SPEC2017 suite. These traces were
collected on ARM architectures. The second set of traces
comprises 10 workloads obtained from different benchmark
suites: Kafka, Tomcat, and Spring from Java DaCapo bench-
mark suite [5]|, Finagle-chirper and Finagle-HTTP from Java
Renaissance suite [30], TPCC, Twitter, and Wikipedia from
Java BenchBase suite [10], NodeApp (NodelS online shop
webserver), and PHPWiki (PHP wiki web server). These traces
were collected on x86 machines.

C. Terminology

Alias or false hit: The BTB configurations in our experiments
use partial tags which are smaller than the full tag. One of its
implication is that the partial tag can match on a BTB access



Entries | 0.25K | o5k | 1k | 2k | ak | s | 16k | 32
| 1024

Sets 32 64 128 256 512 2048 | 4096

3b
4b
5b
6b
7b

8b 0.452 | 0.485 | 0.568 ; 0.662 . 0.844 = 1.204 . 1.551 . 1.797

9 0478
10b  0.496
11b

0.523 | 0.624 | 0.742 : 0.978 : 1.440 : 1.783 | 1.958

0.544 : 0.657 : 0.792 ' 1.073 ;| 1.598 | 1.926

1.998

Tag Size

12b
13b
14b
15b
16b

full

TABLE IV: Instructions per cycle (IPC) for an 8-way BTB
across different number of sets and tag sizes. The bold entries
mark performance-oriented design points.

even though the full tag would not have matched. This occurs
because two branch PCs may hold the same values in the bits
included in the partial tag; while differing in the bits omitted
from it. As such, BTB hits arising from partial tag matches,
where the corresponding full tags would not have matched,
are defined as false hits or aliases.

Hit or true hit: All BTB hits that are not false hits are called
hits or true hits. These are the hits resulting from partial tag
matches where the full tags would also have matched.
Performance-oriented design: A BTB design with partial
tags that achieves more than 99% of the performance of a full
tag BTB design.

Storage-efficient design: A BTB design with partial tags that
maximizes performance per KB of BTB storage.

IV. TAG SIZING FOR PERFORMANCE-ORIENTED BTBS

This section examines the impact of tag size on perfor-
mance, BTB misses, and aliasing behavior for a performance-
oriented BTB design across a range of BTB capacities. The
BTB capacity can be scaled by varying either the number of
sets or the ways. We first analyze capacity scaling through
increasing the number of sets, and then evaluate scaling by
adding more ways.

A. Tag sizing with scaling BTB sets

For this study, we vary the BTB capacity from 256 entries
to 32K entries by increasing the number of sets from 32 to
4096, in powers of 2, while keeping the number of ways fixed
at eight. Further, we vary the tag size from 3 bits to 16 bits.
The smallest tag size is three bits because at least three bits
are needed to distinguish between the eight ways in BTB.

Entries | 0.25K | 05Kk | 1k | 2k | ak | sk | 16k | 32k
4096
E 218.07
..... : g
5b  264.01 263.50 272.97 269.98 243,57 178.01 111.76 63.96
6b  137.47:133.83:139.87 : 146.46 12594 93.53 ' 58.84 ' 32.74
7b  65.46  68.66 : 74.00 7513  66.66  49.37 = 30.04 & 16.43
8b 3144 | 3568 | 36.85 8 38.45 3468 2511 1510 | 8.08
8 o0 1594 1617 1837 2024 1870 1247 @ 7.31
LA 9.49

12b
13b
14b
15b

16b

TABLE V: Aliases per kilo instructions (APKI) for an 8-way
BTB across different number of sets and tag sizes.

Entries | 0.25K 0.5K| 1K 2K 4K | 8K | 16K | 32K
Sets | 32 64 | 128 | 256 | 512 | 1024 | 2048 | 4096

3b 13.10

4 3736
5b ’

6b
7b
8b
9b
10b

Tag Size

11b
12b
13b
14b

15b

16b 66 16.70

TABLE VI: Misses per kilo instructions (MPKI) for an 8-way
BTB across different number of sets and tag sizes.

The instructions per cycle (IPC), aliases per kilo instructions
(APKI), and misses per kilo instructions (MPKI) are presented
in Table [[V] Table [V] and Table [VI] respectively. Each row in
the tables corresponds to a different tag size, while the number
of sets varies across columns, and the metric (IPC, APKI,
and MPKI) for the corresponding configuration is presented
in the intersecting cells. Also, the top row of Table [[V] lists
the number of BTB entries that correspond to each column of
these tables.
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Fig. 2: Performance normalized to full tag performance for an
8-way BTB across different number of sets and tag sizes.

The key finding from this study is:

The tag size required to approach full-tag performance
varies non-monotonically with BTB capacity, peaking at
moderate BTB sizes.

The results in Table m indicate that, as we add more sets,
the tag size required to achieve at least 99% of the full tag
performance increases until we reach 1024 sets and then it
starts to decrease. Specifically, 256, 512, 1K, 2K, 4K, 8K,
16K, and 32K-entry BTBs require 12, 12, 13, 14, 14, 15, 14,
and 13 bit tags as shown by bold entries in Table[IV] Reducing
the tag size beyond these leads to rapid increase in aliasing,
as shown in Table [V] which hurts performance.

Figure 2] visualizes how close we get to the full tag perfor-
mance for different tag sizes while varying the number of sets.
The figure shows that, for any given tag size, the performance
of small (64, 128 sets) and large (4096 sets) BTBs is closer to
the full tag performance compared to moderately sized BTBs
(512, 1024 sets). For example, for a 9-bit tag, 64 and 128 set
configurations provide 94% and 93% of full tag performance;
whereas 512 and 1024 set configurations achieve only 82%
and 80% of full tag performance, and this number increases
to 91% for the 4096 set configuration. This result also means
that moderate set configurations need larger tags than small
and large set configurations to bring the performance within a
certain range of full tag performance.

Small BTBs need fewer tag bits because BTB misses are
so frequent, as shown in Table [VI] that a moderate size tag is
sufficient to keep the aliasing low. As the BTB size grows, the
number of misses starts to reduce, and the aliasing begins to
manifest itself. For example, as Table [V] reports, a 10-bit tag
shows APKI of 6.8 for 256-entry BTB; however, it gradually

70%

60%

50%

40%

30%

Frequency of Bit Flips

20%

10%

0%

PC Bit Position

Fig. 3: Frequency of bit flips at different positions in branch
PCs in the dynamic instruction stream. Each line is a different
workload.

increases with BTB size and nearly doubles with 2K-entry
BTB. Consequently, to offset this increasing APKI, we need
to increase the tag size as BTB capacity grows.

Large BTBs require smaller tags because the APKI starts to
drop beyond a certain BTB capacity. For example, for a 10-
bit tag, the APKI gradually reduces as BTB capacity increases
beyond 2K entries. This is because larger BTBs require more
bits to index them, which moves the location of tag bits
towards the higher-order PC bits. For example, a 256-set BTB
needs 8 index bits, so the tag bits start from bit position 9 in
the PC. Increasing the number of sets to 4K will require 12
index bits; thus shifting the starting position of the tag bits to
bit 13 in PC. For a constant tag size, this implies that for one
bit increase in index, one additional PC bit - which earlier
was dropped - is now included in the tag. However, as PC
bits around bit position 24 and higher do not contain much
information, because they switch infrequently (Figure [3), we
do not need to include these bits in the tag because doing
so does not affect aliasing. Thus, the tag size starts to reduce
without increasing aliasing.

The implication of finding above is that increasing the
BTB size without adjusting the tag size results either in
suboptimal performance or overprovisioned tag storage.
Therefore, the tag size should be appropriately adjusted
along with changing the number of sets.

B. Tag sizing with scaling BTB ways

For this study, we fix the number of sets in the BTB to 512
and vary the number of ways from 1-way to 20-ways, and the
tag size from two bits to 16 bits. We start with two-bit tags
because prior work [[11]] showed that a two-bit tag is sufficient
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TABLE VII: Instructions per cycle (IPC) for a 512-set BTB across different number of ways and tag sizes. The bold entries
mark performance-oriented design points.

1k 2k

Entries| 0.5k |
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Tag Size

TABLE VIII: Aliases per kilo instructions (APKI) for a 512-set BTB across different number of ways and tag sizes.

to obtain 99.9% of the performance of a full tag. The IPC and
APKI results are presented in Table [VII] and Table [VIII]
The key takeaways from this study are as follows.

number of ways does not affect the number of bits required
to index the BTB, while increasing the number of sets does.
Further, the probability of aliasing increases with the number
of ways. For example, a false hit can come from only one
location in a direct-mapped BTB; however, it can happen at
four locations in a 4-way BTB. Indeed, Table [VIII] shows a
consistent increase in APKI with more ways at all tag sizes.

Increasing BTB associativity amplifies aliasing and re-
quires larger tags; otherwise, in some cases, higher asso-
ciativity can degrade performance. The impact of aliasing is especially severe at small tag
sizes where adding more ways, counter-intuitively, results in

. . A -
performance loss as shown in the region marked by in

In contrast to the finding of Section [[V-A] the bold entries

in Table [VII] show that the tag size required to achieve at
least 99% of the full tag performance always increases with
the number of added ways. This is because increasing the

Table [VIT} As the tag size increases beyond 5-bits, aliasing
starts to reduce and adding more ways gradually starts to
provide performance, region in Table Even in this



region, IPC drops after a certain way count, e.g. after 10 ways
for 7-bit tag.

For tag sizes of 9 or more bits, the aliasing is low enough
that the additional ways always result in better performance.
However, the higher aliasing resulting from additional ways
still limits the performance benefits. For example, for a tag
size of 11 bits, increasing the number of ways from two to
eight boosts IPC from 0.711 to 1.133. Although the 2-way
configuration does not benefit much from increasing the tag
size, the 8-way configuration shows a significant performance
opportunity from a larger tag. Specifically, for the 2-way
configuration, IPC increases from 0.711 to only 0.716, an
increase of about 0.7%, even when going to the full tag.
In contrast, the 8-way configuration shows an increase of
approximately 3%, as the IPC increases from 1.133 to 1.165,
by adding just two more tag bits.

Figure [] visualizes how close we get to the full tag
performance for different tag sizes while varying the number
of ways. As the figure shows, for a direct mapped BTB,
all tag sizes larger than nine bits achieve nearly the same
performance as the full tag. However, their performance starts
to decline as more ways are added. For instance, an 11-bit tag
experiences a 10% drop in normalized performance at the 16-
way configuration. This highlights the importance of adjusting
the tag size when adding more ways to ensure a performance
optimal design.

The implication of this finding is that merely increasing
the number of ways, when additional storage is allocated
to BTB, would result in suboptimal performance because
of the increased aliasing that comes with additional ways.
Therefore, the tag size should also be increased appropri-
ately while adding more ways to BTB.

Increasing the number of ways does not always yield
better performance than increasing the tag size.

Table shows that depending on where a BTB con-
figuration lies in the design space, increasing tag size can
provide better performance than adding a way, or vice-versa,
even when aliasing is sufficiently low. For example, for an
8-way configuration with 10-bit tags, increasing the tag size
by two bits requires about the same storage as adding one
additional way. For this configuration, Table at €)) shows
that increasing the tag size provides better performance gain
(8.0%) than adding a way (5.7%). In contrast, for a 4-
way configuration with 10-bit tags, @) in Table shows
that adding a way provides better performance (6.4%) than
increasing the tag size by 5 bits (4.4%), with both changes
requiring similar additional storage.

The reason for this behavior also lies in aliasing. As Ta-
ble shows, the 4-way configuration shows about half the
aliasing of the 8-way configuration. Therefore, increasing tag
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Fig. 4: Performance normalized to full tag performance for a
512-set BTB across different number of ways and tag sizes.

size helps more in the 8-way configuration than in the 4-way
one. Consequently, the 8-way configuration favors increasing
tag size while the 4-way configuration favors the additional
way.

Implication 3

These results imply that, if additional storage budget is
allocated to BTB, careful analysis is required to determine
whether to invest it in enlarging the tags or adding more
ways (or both).

V. TAG SIZING FOR STORAGE-EFFICIENT BTBS

This section explores the impact of tag size on storage
efficiency and performance of a storage-efficient BTB design
across a range of BTB capacities. We vary the BTB capacity
by varying the number of ways and sets.

Finding 4
Storage-efficient BTB designs require two to four fewer
tag bits compared to performance-oriented designs. As a
result, they reduce tag storage requirements by up to 21%
and overall BTB storage by up to 14%; however, they
achieve only 90%-97% of the full tag performance, as
opposed to the 99% by the performance-oriented designs.

Tag sizing with scaling BTB sets: Figure [3] presents the
storage efficiency, i.e. IPC/KB of BTB storage, as the number
of sets is varied from 32 to 4096 for an 8-way BTB, across
a range of tag sizes. The 4 in the figure shows that the most
storage-efficient design points require 9, 10, 10, 11, 11, 11,
10, and 9 bit tags as the number of sets increases from 32 to
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Fig. 5: Storage efficiency for an 8-way BTB across different
number of sets and tag sizes. The ¢ indicates the most storage-
efficient configurations.

4096 in powers of 2, respectively. In contrast, the performance-
oriented BTBs require 12, 12, 13, 14, 14, 15, 14, and 13 bit
tags for the same number of sets. Therefore, depending on
BTB capacity, the storage-efficient designs save two to four tag
bits, which reduces tag storage by 11%-21% and overall BTB
storage by 7%-14% compared to the performance-oriented
designs. However, they achieve only 90%-97% of the full tag
performance, due to more aliasing, compared to more than
99% achieved by the performance-oriented designs.

Figure [5] also shows that the storage efficiency improves
with larger tags; however, beyond a certain tag size, storage-
efficiency starts to decline. This is because the increase in
tag size begins to yield diminishing returns in performance
once the aliasing is sufficiently low. For any further increase
in tag size, the increase in storage requirements outweighs
the performance improvement, thus leading to a decrease in
storage efficiency. Further, the figure also shows that the tag
size requirements for storage-efficient designs show the same
trends as for the performance-oriented ones in Table [[V] as
the number of sets is scaled. Specifically, the tag size required
to achieve the most storage-efficient design, marked with ¢,
first increases until the number of sets reaches 256-1024, and
the it starts to reduce.

Tag sizing with scaling BTB ways: Figure [6] illustrates how
storage efficiency changes as the number of ways increases
from 1 to 20 for a 512-set BTB across different tag sizes. Sim-
ilar to set scaling, the tag sizes for the storage-efficient design
are two to three bits smaller than those for a performance-
oriented one with way scaling as well. Specifically, storage-
efficient designs require 8, 8, 10, 11, and 12 bit tags for direct
mapped, 2-way, 4-way, 8-way, and 16-way BTBs compared to

Wae 1 2 8 —4 =5 & —7 -8 —8 10
ays:
V$ 11 —12 —13 —14 —15 —16 —17 —18 —19 —20
0.25
1way
0.2
2 ways
0.15
o
<
(8]
&
01
0.0

20 ways

2b 3b 4b 5b 6b 7b 8b Sb 10b 11b 12b 13b 14b 15b 16b

Tag Size

Fig. 6: Storage efficiency for a 512-set BTB across different
number of ways and tag sizes. The 4 indicates the most storage
efficient configurations.

the 10, 11, 12, 14, and 14 bits required by the performance
oriented design for the same associativity. By saving two
to three tag bits, they reduce tag storage requirements by
10%-20% and overall BTB storage requirements by 5% to
14%. Howeyver, this storage-efficiency comes at a performance
penalty of 2% to 7%.

Like set scaling, the storage efficiency improves with larger
tags while scaling the number of ways as shown in Figure [6]
and it starts to drop beyond a particular tag size. Further, the
figure also shows that the tag size requirements for storage-
efficient designs show the same trends as for the performance-
oriented ones in Table [VII] as the number of ways is scaled.
Specifically, the tag size required to achieve the most storage-
efficient design, marked with ¢, increases with the number of
ways due to the increased aliasing that the additional ways
bring with them.

VI. ARE THE FINDINGS GENERALIZABLE?

This section assesses whether the findings of Section[[V]and
Section [V] hold across different core front-end configurations
with different BTB designs, branch predictors, and tag folding
mechanisms. Specifically, we evaluate five additional front-end
configurations:

Two-level BTB: A 2-level BTB hierarchy with a 128-entry L1
BTB (single-cycle latency) and the L2 BTB with the following
capacities and latencies: 256-entry BTB with 2 cycle latency,
512-, 1K-, and 2K-entry BTBs with 3 cycle latency, 4K-entry
BTB with 4 cycle latency, 8K-entry BTB with 5 cycle latency,
and 16K- and 32K-entry BTBs with 6 cycle latency.

GShare: It use a gShare branch predictor instead of TAGE.



Configuration 256-entry 512-entry 1K-entry 2K-entry 4K-entry 8K-entry 16K-entry 32K-entry
Perf-oriented 12 12 13 13 14 13 12 12
Zlevel BTB Storage-efficient 9 9 10 10 10 1 10 9
GShare Perf-oriented 11 12 12 13 14 13 12 11
Storage-efficient 9 9 9 10 11 10 9 9
Folded Tags Perf-oriented 12 12 12 13 13 14 13 12
& Storage-efficient 9 9 10 10 11 11 10 10
PDede Perf-oriented 12 12 13 13 14 15 14 13
Storage-efficient 10 10 10 11 11 11 10 9
Pert-oriented 11 12 12 13 14 14 14 13
Conv-BTB Storage-efficient 9 9 10 11 11 10 9

TABLE IX: Tag size requirements across different front-end configurations and BTB capacities for performance-oriented and

storage-efficient BTB designs.

Folded tags: Instead of truncating the higher order tag bits,
this configuration folds them, as introduced in [3]]. Specifically,
it retains the least significant 8 bits of the full tag, which have
the highest entropy, and uniformly folds the remaining bits to
achieve the desired tag size. For example, for a 12-bit folded
tag, the lower 8 bits are kept intact, while the remaining bits
are XORed in groups of 4-bits to get the upper 4 bits.

PDede: This configuration use PDede [36] as the baseline
BTB instead of BTB-X.

Conv-BTB: This configuration uses a conventional BTB that
stores full targets as the baseline instead of BTB-X.

For each configuration, Table [[X] reports the tag size re-
quired for both performance-oriented (99% of full tag IPC) and
storage-efficient (maximum IPC/KB) designs across BTB ca-
pacities ranging from 256 to 32K entries. The table shows that
our findings hold for all the additional configurations. These
configurations differ slightly only in the absolute number of
tag bits they require. Specifically, the table shows that Finding
1 holds as, for every configuration, the tag size requirement
peaks at moderate BTB capacities (typically at 4K- or 8K-
entry BTB) and then decreases for larger BTBs, while small
BTBs also require fewer tag bits than moderate-sized ones.
For example, the tag size for PDede peaks at 15 bits for the
8K-entry configuration and reduces to 13 bits at 32K entries,
closely mirroring the behavior observed for BTB-X.

The data in Table [[X] further corroborates Finding 4, namely
that storage-efficient designs consistently require fewer tag bits
than performance-oriented designs. Across all five configura-
tions and all BTB capacities, the storage-efficient design re-
quires two to four fewer tag bits compared to the performance-
oriented design. For instance, for GShare at the 8K-entry
point, the performance-oriented design requires 13 bits while
the storage-efficient design needs only 10 bits, a reduction
of three bits. This gap is consistent across configurations,
reinforcing the finding that storage-efficient BTB designs can
achieve meaningful reductions in tag storage overhead relative
to performance-oriented ones.

In summary, these results show that our finding generalize
across a wide range of modern front-end configurations..

VII. FUTURE RESEARCH DIRECTIONS

Following are some of the research directions that we
believe this work will stimulate:

Research Direction 1
BTB designs for minimizing tag storage.

This work draws research community’s attention to an
emerging bottleneck in BTB design, i.e. the growing storage
overhead of tags, which now dominates overall BTB storage
requirements. We expect these findings to motivate future
research into novel tag representations that reduce tag storage
overhead.

Research Direction 2
Analytical models for tag sizing.

The key insight from this work is that the tag size require-
ments vary with the number of BTB ways, sets, and if the
designers opt for performance oriented or storage efficient
design. Consequently, designers would need to run a large
number of simulations to determine the optimal tag size
every time they change BTB configuration. To cut down
this redundant work, we expect the community to investigate
analytical models to reason about tag sizing. Depending on
accuracy, a model will either eliminate the need for simulation
sweeps or reduce the search space, thus reducing the number
of simulations. For example, if the model says that the tag size
can only reduce after a certain point, there won’t be any need
to simulate larger tag sizes. Further, the model can be used
to determine, if additional storage becomes available, whether
it should be invested in increasing tag size, the number of
entries, or distributed between the two.

Research Direction 3
Customizing BTB indexing functions.

In Section [IV-A] we make a key observation that, while
scaling BTB sets, the tag size starts to reduce as the number
of index bits (and BTB sets) increase beyond a certain value.
Further, Figure [3] shows that different PC bits exhibit different




entropy. We expect these results to ignite research in BTB
indexing functions that, instead of using lower order PC
bits, use high entropy PC bits, possibly with a dynamic
selection mechanism, for indexing. This will reduce the tag
size requirements because the remaining bits would have a
low entropy.

VIII. RELATED WORK

Core front-end is a major performance bottleneck for many
contemporary applications. To address this bottleneck, re-
searchers have optimized many front-end components includ-
ing BTB, instruction cache(L1-I), branch direction predictor,
etc. BTB is one of the most important front-end components
and lies on the critical path for instruction delivery to the core
and instruction prefetching. Prior work has explored several
aspects of BTB design, namely its organization, prefetching,
replacement policies etc.

From the BTB organization perspective, prior work [3[], [4],
[18], [33], [34], [36] have explored a number of ways to reduce
branch target storage requirements. Seznec et. al. [33], [34]
observed that all the branch targets in the same page shared
the page number. Therefore, they proposed to store the target
page number in a separate structure, and the BTB stores only
a pointer to this structure in addition to the offset of branch
target within the page. This organization reduces storage cost
as the pointer requires fewer bits in BTB compared to the
page number. Another design, called PDede [36], observed
that if the branch target is within the same page as the branch
instruction itself, the target page number need not be stored
as it can be extracted from branch PC. PDede reserves half of
the BTB entries for the same page branches, and these entries
do not offer storage for storing pointers to page numbers,
thus reducing BTB storage requirements. Micro BTB [17]]
uses flexible entries that adaptively store either two small-
offset targets or one large-offset target. A recent design, called
BTB-X [4], leverages the offset distribution across workloads,
resulting in different fixed-sized ways, optimized for common
offset ranges. This achieves a dense packing of the target
offsets, thus reducing storage requirements.

Regarding prior work on reducing BTB tag size require-
ments, early work by Fagin [11]] demonstrated that BTBs do
not need to store full tags. They found that on average 2-bit
tags provide 99.9% of full tag performance and even in the
worst case a 4-bit tag leaves you with 99.9% performance.

Apart from optimizing BTB organization, prior work [6],
[8], [22], [24], [25] has also explored BTB prefill-
ing/prefetching to mitigate BTB misses. Twig [22] is a pro-
file guided software prefetcher that analyzes an application’s
execution profile to identify critical BTB misses and then
injects software prefetch instructions. The prefetch instruction
takes compressed branch PC and target as operands and its
execution fills this information in BTB. PhantomBTB [J§]]
virtualizes branch information in LLC and prefetches it to
L1 BTB. Boomerang [25] aims to prefill BTB from cache
hierarchy on discovering BTB misses. Shotgun [24] prefills
a specialized conditional branch BTB by predecoding L1-I

blocks as they are prefetched. Prior work has also explored
BTB replacement policies [27]], [35]. Furthermore, AVM-
BTB [26] shares storage space between BTB and instruction
cache.

Instruction prefetching has also been explored to address the
front-end bottleneck in general. Temporal stream prefetchers
[13], [20], [21] have been very effective in eliminating in-
struction cache misses; however, their high storage overhead
makes them unattractive. Therefore, recent research focuses on
fetch directed instruction prefetching [31]] and its variants [[15]],
[23]-125], [28]] to improve L1-I performance with minimal
storage cost. Finally, recent work [7] has also explored storage-
efficient L1-I organizations to minimize the unused bits in L1-I
cache blocks.

IX. CONCLUSION

BTB is a critical front-end component for driving both
instruction fetch and instruction prefetch. However, the BTB
capacity needs to be sufficiently large to achieve a high
performance front-end. However, the continuously increasing
branch working sets of contemporary application put im-
mense pressure on front-end components including BTBs.
Consequently, commercial processors feature huge BTBs with
storage requirements reaching into multiple megabytes. Much
of this storage budget have been used from storing branch
targets. However, recent work in optimizing branch target
representation in BTB has substantially reduced the storage
requirements of branch targets. Indeed, branch targets no
longer dominate BTB storage requirements. It is now the tag
size that has become the most storage intensive field in the
BTB.

This is the first work that comprehensively studies the
impact of tag size on performance, aliasing, and storage re-
quirements of modern BTB organizations. Our results demon-
strate that BTB performance optimization requires a careful
approach to tag sizing. Depending on the storage constraints,
the design objectives and the BTB’s organization, different
tag sizes are necessary to achieve high performance at a
given storage budget. The common practice in prior work
of using fixed 12-bit tags across all BTB configurations and
organizations might lead to suboptimal performance, as no
single tag size can effectively serve the diverse requirements
of different BTB designs.
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