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Abstract—High-performance CPUs rely on hierarchical branch
prediction units (BPUs) to balance the large branch working
sets of contemporary workloads against the single-cycle latency
required to sustain high fetch throughput. Prior work has
overlooked the importance of small, latency-critical L1-BTB
and conditional predictor structures, leaving this aspect of mi-
croarchitecture unexplored. This paper presents a comprehensive
characterization of hierarchical BPUs with an emphasis on L1
structures.

We find that, relative to an ideal single-cycle BPU, an iso-
capacity hierarchical BPU diminishes performance because the
latency of L1 misses is often exposed to the fetch pipeline. L1-BTB
misses are primarily responsible for performance degradation,
even though nearly all branch targets are found in the L2-
BTB. Our analysis reveals that L1-BTB misses commonly occur
in back-to-back miss chains associated with transitions to new
code regions. Branches immediately preceding such chains are
often loop exits and function calls/returns, suggesting that inter-
region control-flow transitions are a key source of exposed front-
end latency. Motivated by this observation, we propose BTB-
Ferret, a metadata-free prefetcher for the L1-BTB that exploits
existing BTB metadata to avoid storage overheads. BTB-Ferret
identifies conditional branches with bidirectional behaviour and
function calls, and prefetches BTB entries from the L2-BTB along
the alternate path to the predicted one, thereby anticipating
upcoming branches. Given a 128-entry L1-BTB, BTB-Ferret
covers 37.3% on average (51.9% max) of L1-BTB misses and
improves performance by 1.7% on average (9.7% max) while
enjoying a simple and low-cost design.

Index Terms—BTB, Branch prediction, CPU microarchitecture

I. INTRODUCTION

Today’s high-performance CPU cores rely on a decoupled
front-end [41], which uses the branch prediction unit (BPU)
to identify and predict upcoming branches, placing them into
a fetch target queue (FTQ), with the goal of prefetching
anticipated instruction blocks into the L1-I cache. The BPU
is composed of several structures, including the branch target
buffer (BTB) and the conditional branch predictor (CBP). The
former tracks branch instructions and their targets, while the
latter predicts the direction for conditional branches.

A particular challenge for the BPU is tracking the large
branch working set emblematic of contemporary workloads,
including in server and mobile domains [6], [57]. For instance,
Google’s data center workload traces average over 40K unique
branches per trace [15]. Tracking such massive branch working
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sets requires high-capacity BTB and CBP structures. Alas, this
requirement is at odds with the need for fast access since at
least one branch must be resolved per clock cycle in order to
keep the fetch pipeline full. To reconcile the need for large
capacity with low access latency, CPU vendors have deployed
hierarchical BPUs. Similar to caches, these feature a small-
capacity, low-latency first level backed by one or more higher-
capacity but slower additional levels. Both BTBs and CBPs
employ hierarchical organizations.

For instance, Intel’s latest server and client CPUs both
feature a 3-level BTB hierarchy [31], [32] while ARM’s latest
high-performance CPU has a 2-level BTB [33]. The TAGE-
based branch predictor, widely used across the industry, does
not lend itself to a hierarchical organization [45], [48]. Instead,
the first level tends to feature a bimodal predictor (BIM), while
the second level uses variants of TAGE-SC-L [51]. If the BIM
mispredicts, TAGE corrects a few cycles later.

Existing work has paid considerable attention to accommo-
dating large branch working sets by designing large-capacity
last-level BTBs and branch predictors with sophisticated
prefetch schemes to deliver branch metadata from the cache
hierarchy or a dedicated backing store [11], [27], [45], [48].
However, to the best of our knowledge, none of the works have
examined the efficacy of existing small-capacity L1-BTBs and
CBPs.

We fill this research gap by conducting a comprehensive
characterization of hierarchical BPUs with the focus on the
L1 structures. We do this by extending gem5 [36], a full-
system simulator that captures wrong-path effects and kernel-
level instruction footprint, to faithfully model multi-level BPU
hierarchies1.

Our characterization reveals a high incidence of misses/mis-
predictions in the L1-BTB and CBP structures, with an average
(max) of 29 (76) MPKI for the L1-BTB and 15.1 (60) for
BIM. While the vast majority of these are corrected by the
L2 structure, the latency of the miss can be exposed to the
pipeline depending on the state of the FTQ. Crucially, we
find that L1-BTB misses are considerably more important for
performance than BIM mispredictions. Compared to an ideal
single-cycle large-capacity BTB, a 2-level BTB hierarchy with
the same capacity reduces performance by 3.4%. In contrast,
a realistic hierarchical BPU incurs only an additional 0.7%

1https://github.com/yongjiehuang/BTB-Ferret
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performance loss compared to an idealized single-cycle BTB
+ BIM + TAGE-SC-L complex.

A key reason why L1-BTB misses are so critical is that
they tend to correlate with transitions to new regions of code,
whose code footprint might also not be in the L1-I. While
instruction prefetching via the FTQ can help, L1-BTB misses
greatly diminish prefetch timeliness, thus hurting front-end
performance. Moreover, we find that L1-BTB misses tend to
occur in back-to-back miss chains, which also correlates with
transitions to new code regions and contributes to diminished
efficacy of instruction prefetching from the FTQ. A deep
dive into BTB accesses that immediately precede miss chains
shows that they are commonly branches corresponding to a
loop exit and function returns, lending further credence to the
notion that region transitions are responsible for much of the
performance loss in hierarchical BTB organizations.

Based on the findings above, we identify prefetching into
the L1-BTB as a promising direction. However, we find that
stateful prefetchers, such as Markov [56] and temporal stream-
ing [16], [25], necessitate exorbitant storage overheads of tens
of KBs owing to the need to track individual branch PCs. With
many of our studied workloads having active BTB working
sets in excess of 10K branches, the storage requirements for
a stateful prefetch dwarf the L1-BTB, commonly just a few
KBs in size in order to allow a single-cycle access in a high-
frequency core.

Given that restriction, we ask whether a perfetcher without
any metadata is possible. We identify timeliness as a key
challenge – prefetching in the critical path of a miss chain
(i.e., once the first L1-BTB miss has been encountered) is
clearly not helpful. Meanwhile, anticipating L1-BTB misses
is impossible in a metadata-free (stateless) design. Our key
insight is that it is the “alternate” path of a branch that tends
to trigger future BTB misses. For instance, for a loop, it is the
loop exit direction; for a function call, it is the code after the
return.

Based on this simple insight, we propose BTB-Ferret, a
metadata-free prefetcher into the L1-BTB. Using only existing
BTB metadata, BTB-Ferret triggers N-deep prefetching upon
encountering a conditional branch with alternating behavior
or a function call. Prefetches are generated using simple logic
and are placed into a small-capacity prefetch buffer to avoid
thrashing the L1-BTB. Despite its simplicity, we find that
BTB-Ferret is highly effective. For a 128-entry L1-BTB and
a 32-entry prefetch buffer, BTB-Ferret covers 37.3% of all
L1-BTB misses, improving performance by 1.7% on average
(9.7% max).

Our contributions can be summarized as follows:

• Hierarchical BTB organizations introduce performance
overheads due to capacity constraints in the L1 structures
owing to the need for single-cycle access. Compared to an
ideal single-cycle BPU, an iso-capacity hierarchical BPU
experiences a 4.1% average performance degradation.

• Within a hierarchical BPU, the BTB is the acute pain point,
partly due to its importance to L1-I prefetching. We find

that L1-BTB misses often occur in chains, triggered by
transitions to new code regions and preceded by branches
that initiate such transactions (e.g., loop exits, function
calls/returns).

• The active BTB branch working set often exceeds 10K
branches, dwarfing the capacity of a typical L1-BTB. The
fine-grained nature of branches that the BTB tracks and
the need to track many branches make a storage-intensive
stateful prefetcher a poor match for the L1-BTB.

• We propose BTB-Ferret, a metadata-free prefetcher for
the L1-BTB. BTB-Ferret is powered by a new insight
that only certain types of branches precede the bulk of
L1-BTB misses. BTB-Ferret uses existing BTB metadata
to identify such branches and triggers prefetching on the
alternate path of the predicted one. In doing so, BTB-Ferret
anticipates upcoming code region transitions and prefetches
the upcoming L1-BTB working set. With a 128-entry L1-
BTB, BTB-Ferret covers an average of 38.8% of all misses
and improves performance by 1.7% while enjoying extreme
microarchitectural simplicity.

II. BACKGROUND AND MOTIVATION

A. Core Front-end Basics

Today’s high-performance CPUs tend to implement a de-
coupled front-end [41], whereby the branch prediction unit
(BPU) continuously generates a stream of fetch targets that
are placed into a Fetch Target Queue (FTQ). The Instruction
Fetch Unit (IFU) consumes targets from the head of the FTQ,
while the targets queued behind the head are used to issue
prefetches for upcoming instruction blocks. Fig. 1 shows a
canonical decoupled front-end architecture.

The decoupled front-end architecture is attractive in that
it effectively provides an instruction prefetcher at negligible
storage and complexity cost. Alas, the approach fundamentally
relies on a highly accurate BPU, whose chief elements are
a branch target buffer (BTB) and the conditional branch
predictor (CBP). The BTB stores the target for each tracked
branch, along with the branch type (e.g., call, conditional
branch). The CBP relies on the BTB to identify branches so
that a direction prediction can be made. A miss in the BTB
means that an upcoming branch is overlooked, resulting in an
incorrect (pre)fetch stream if the branch is taken.

A BTB miss or a branch misprediction can take tens of
cycles to resolve, resulting in degraded performance due to
front-end stall cycles, thrashing in the L1-I due to wrong-path
(pre)fetches, and degraded energy efficiency due to wrong-
path execution. In order to minimize the BPU MPKI, it is
essential to use sufficiently large BTB and CBP structures
to accommodate the application’s branch working set. Alas,
characterizations of server and mobile workloads point to vast
front-end working sets of tens of thousands of branches [5],
[6], [24], [55], [57] necessitating massive BTB and CBP
capacities to accommodate them.

In order to avoid fetch bubbles in the face of large in-
struction (and, correspondingly, branch) working sets, today’s
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Fig. 1: Decoupled Front-End Fig. 2: Latency Hierarchy

high-performance CPUs have deployed large-capacity BTB
and CBP structures.

Consider the BTB, which, for each tracked branch, must
store the full target address along with the tag, branch type,
and potentially additional metadata bits, resulting in a per-
entry storage requirement of around 8B [5] A 16K-entry BTB,
which is a representative BTB capacity in today’s CPUs,
including Arm Cortex X925 [33] or AMD Zen5 [4], would
thus necessitate 128KB of capacity. While techniques for
compressing target fields [5] and fusing multiple branches into
one entry [4] exist, they do not eliminate the need for large
BTB storage budgets.

On the CBP front, today’s processors rely on a multi-
component predictor complex, the core of which is the TAGE
branch predictor [50]. TAGE relies on a multitude of tables,
each indexed with a different length of global branch history;
the table with the longest history for the branch is used
to provide the prediction. A single hard-to-predict branch
may have thousands of TAGE entries, each entry requiring
approximately 12 to 16 bits of storage [48]. As a result,
today’s CPUs commonly feature 64KB or larger TAGE-based
CBPs [2], [30], [51].

The downside of large physical arrays, such as those needed
for the BTB and TAGE, is that they require multiple cycles of
latency to access. For instance, benchmarking has revealed that
the ARM Cortex X925’s 16K-entry BTB has an access latency
of up to 3 cycles [33]. Clearly, multi-cycle access latencies
to BPU components are at odds with the ability to generate
a prediction every cycle. While ahead pipelining [52] could
help hide BTB access latency, it would still be exposed upon
a front-end resteer. Moreover, the utility of ahead pipelining
for BTBs is unknown.

B. Hierarchical BPU Organizations

In order to reconcile the need for both high capacity and low
latency, high-performance CPUs have resorted to deploying
hierarchical BPU organizations, an example of which is shown
in Fig. 2. Similar to caches, the idea is to provide a small and
fast first level, backed by larger but slower additional level(s).

On the BTB front, x86 and ARM CPU vendors employ hi-
erarchical organizations with two or three levels. For instance,
Intel’s Redwood Cove core (used in its latest Granite Rapids
server CPUs) features a 3-level BTB hierarchy composed of
128-, 6K- and 12K-entry BTBs for a combined BTB capacity
of ∼18K entries. The smallest BTB has a single cycle latency,
while the largest has a latency of 3-4 cycles [32]. Arm’s Cortex
X925, its latest high-performance core, features a 2-level BTB

Fig. 3: BPU overriding scheme.

hierarchy. The first level can track up to 2K entries (actual
capacity depends on branch spacing), with a reported single-
cycle access latency. The second level stores up to 16K entries
with an access latency of 2-3 cycles [33].

For the CBP, the tiering strategy is different than that for
the BTB because TAGE does not directly lend itself to a
hierarchical organization [48]. Instead, the small-and-fast first
level of the CBP is served by an untagged bimodal (BIM)
predictor, commonly with 4-8K entries (1-2KB of storage).
The tagged tables of TAGE, being much larger in size, require
2-3 cycles to access. Since a prediction is required on each
cycle to avoid fetch bubbles, the BIM supplies it and TAGE
subsequently corrects it, if need be (this is called an override).
Crucially, the FTQ can hide the override provided that the
corrected entry has not yet made it to the head of the FTQ.

C. Hierarchical BPUs: No Free Lunch

While intuitively attractive, hierarchical BPU organizations
do not come for free when it comes to performance. For
instance, a miss in a higher-level (smaller capacity) BTB
results in a serialized access to the next BTB level, causing
BTB-induced stall cycle(s). An override of a BIM prediction
by TAGE forces a resteer and multiple front-end bubbles.

We quantify the effect of a hierarchical BPU on performance
by comparing a realistic 2-level BPU (baseline) to an idealized
single-level BPU with the same capacity as the hierarchical
design but an unrealistically low, single-cycle access latency
(Ideal BPU).

For the 2-level baseline, we model a block-based BTB
organization with a 128-entry, single-cycle L1-BTB and a
16K-entry L2-BTB with a 3-cycle access latency. Note that
the L2-BTB is accessed only if the L1-BTB misses; hence,
the total latency for an L2-BTB hit is 4 cycles.

For the CBP, we model TAGE-SC-L [51] with overriding.
The 8K-entry (2KB) BIM provides its prediction within one
cycle, while TAGE and the statistical corrector (SC) ensemble
override BIM’s prediction, if necessary, 2 cycles later. Note
that TAGE-SC is always consulted for a conditional branch;
hence, it is looked up in parallel with the BIM, thus hiding
one cycle of its 3-cycle latency. Fig. 3 shows the timings of
the various hierarchical BPU components in the context of a
pipeline.

We model ITTAGE [49] for indirect branches and calls with
changing targets. If ITTAGE provides a prediction for such a
branch, we model a 3-cycle prediction delay. For an indirect
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branch with a constant target, the BTB provides the prediction,
which determines its latency.

We simulate everything in gem5 [18], [36], thus capturing
wrong-path effects at the microarchitecture level and kernel-
level footprint at the code level. Our implementation faithfully
models false-path fetching prior to an override. Specifically,
when the L1-BTB misses or the BIM mispredicts, we continue
pushing fetch targets into the FTQ, potentially resulting in
false-path prefetches to be issued until the lower level of the
BPU hierarchy overrides. For the sake of implementation sim-
plicity, override fetch targets are only used to issue false-path
prefetches and are not consumed by the fetch unit, avoiding
the complexity of early resteers or partial flushes. Section VI
provides further details on the simulator, microarchitectural
parameters and the workloads.

Fig. 4 shows that an ideal BPU delivers a 4.1% average
(25.5% max) performance improvement over the realistic 2-
level baseline2. The performance difference is strictly due to
the latency overhead of the 2-level BPU baseline, since the
capacity of the ideal and baseline BPUs is the same.

To understand which BPU component is chiefly responsible
for the difference in performance, we perform an ablation
study in which we idealise only the BTB component while
modelling a realistic CBP (single-cycle BIM, 3-cycle TAGE).
The result is shown by the middle bar of Fig. 4. The figure
shows that idealising just the BTB provides a 3.4% average
(21.6% max) performance improvement over the 2-level base-
line, capturing nearly all of the benefit provided by an ideal
single-cycle BPU. Reducing, in addition, the latency of TAGE
to a single cycle improves the baseline’s performance by just
0.7% (to 4.1% in total), on average.

2All variants have a 3-cycle access latency to ITTAGE. We found that
reducing ITTAGE latency to a single cycle has a negligible impact on
performance.
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Fig. 5a shows the sensitivity to the size of the L1-BTB. As
expected, a larger L1-BTB mitigates the performance impact
of a hierarchical organization. However, even at 1K entries
in the L1-BTB, a 1.4% performance gap remains between a
hierarchical BTB and the Ideal.

Fig. 5b examines the performance sensitivity to the latency
of the L2-BTB and TAGE. Consistent with the previous
findings, we find a high correlation between L2-BTB latency
and IPC. Increasing the L2-BTB access latency from 3 cycles
to 4 cycles diminishes the IPC by 1.8%. However, even with
a 2-cycle L2-BTB latency, the IPC is 2.2% lower than that of
an ideal single-cycle BTB. In contrast, changing the latency of
TAGE has a rather modest impact on performance, with IPC
varying by just +/-0.5% with a 1-cycle faster/slower TAGE
access latency.

D. Why a BTB Hierarchy Hurts Performance

We now tackle the question of why the core is so sensitive to
the access latency of the L2-BTB, particularly when compared
to that of TAGE3. We start by analyzing L1-BTB misses and
BIM mispredictions.

Fig. 6 shows the L1-BTB and BIM MPKI as a function of
whether the L1-BTB miss or BIM misprediction is satisfied by
the next level of the BPU or not. We draw several conclusions
from the data. Firstly, we note that the miss rate in the first
level of the BPU is fairly high, averaging 29 MPKI for the
L1-BTB (max 76 for SiBench) and 15.1 MPKI for the BIM
(max 60 for 505.mcf). Secondly, we note that the miss rate
for the L1-BTB is generally higher than for the BIM, with
the exception of just a few workloads. In fact, seven of the

3Unless stated otherwise, we use the term TAGE to refer to the entire
TAGE-SC-L complex excluding the BIM
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studied workloads have an L1-BTB MPKI exceeding 50 (!),
whereas just one workload has a similarly high MPKI for the
BIM. Third, we note that nearly all of the L1-BTB misses
are satisfied by the L2-BTB; in fact, only a few workloads
have a non-negligible L2-BTB miss rate. For the BIM, we
observe that TAGE corrects the majority but not all of the
mispredictions.

The findings above partly explain the much-higher sensitiv-
ity of the core to L1-BTB misses as compared to BIM mispre-
dictions. Not only are L1-BTB misses more frequent than BIM
mispredictions, they also take longer to resolve by the L2-BTB
(3 cycles) as compared to TAGE (2 cycles). However, that
does not fully explain the performance sensitivity observed
in Section II-C, which showed that an ideal BTB provides a
3.4% IPC improvement over a 2-level baseline, whereas an
ideal CBP yields only 0.7% better IPC.

Our investigation reveals that the BTB’s oversized role in
instruction cache prefetching is the other major reason for
the performance sensitivity to the L2-BTB’s access latency.
Prior work on front-end prefetching has established that a
lot of instruction cache misses occurs when the control flow
transitions to a new code region, which commonly happens
as a result of a function call or unconditional jump [27]. It
is the role of the BTB to identify the corresponding control
transfer instructions that do not require direction prediction
by the CBP. Meanwhile, conditional branches tend to have
short offsets, typically spanning just a few cache blocks,
thus contributing little to instruction prefetch coverage [5],
[28]. Thus, misses in the L1-BTB for branches that cause a
transition to a new code region are particularly hurtful since
they preclude timely prefetching of instructions and (as we
show Section III-B) tend to trigger a sequence of back-to-
back misses in the L1-BTB for branches in the new region of
code.

Fig. 7 substantiates the discussion above by showing stall
cycles per kilo-instruction (CPKI) caused by instruction cache
misses. The studied configurations are the same as in Fig. 4,
with the 2-level BPU as the baseline, Ideal BTB having a
single-cycle access latency to the full 2-level BTB capacity,
and Ideal BPU having a single-cycle latency to all components
of the BTB and CBP.

As the figure shows, I-cache misses are responsible for a
significant number of stall cycles, with an average stall CPKI
exceeding 75. An ideal BTB provides a substantial reduction
of 38%, on average, in I-cache stall cycles. Meanwhile, Ideal
BPU (which improves on the Ideal BTB by also making the
entire CBP single cycle), provides only a small additional
reduction of 11%, on average. This study allows to conclude
that, in a realistic 2-level BPU, L1-BTB misses diminish the
decoupled front-end’s ability to effectively prefetch instruc-
tions, exposing the core to an elevated incidence of I-cache
stall cycles.

The figure also explains the seemingly surprising result in
Fig. 4, where SPEC workloads are more sensitive to L1-
BTB misses than server workloads. The result may appear
counterintuitive because server workloads are known to be
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front-end bound, whereas SPEC workloads are not. The reason
why SPEC workloads do, in fact, show significant benefit
from an ideal BTB is because their instruction footprint tends
to fit in the L1-I but not in the L1-BTB. In the absence
of I-cache misses (per Fig. 7), the fetch unit can sustain
high instruction delivery throughput to the core, provided the
BPU-driven address-generation logic can produce fetch targets
fast enough. However, L1-BTB misses introduce bubbles in
the address-generation pipeline, degrading fetch efficiency on
SPEC workloads in the presence of a hierarchical BTB.

III. UNDERSTANDING L1-BTB MISSES

Having identified L1-BTB misses as a key bottleneck lim-
iting front-end performance, we conduct a root cause analysis
to understand and identify opportunities to overcome them.

A. L1-BTB Working Set

As revealed in Fig. 6, across most benchmarks, the L1-BTB
miss rate is remarkably high, with an average of 29 MPKI
and reaching 76 MPKI for SiBench. At the same time, the
vast majority of L1-BTB misses are absorbed by the L2-BTB:
only 0.86% of L1-BTB misses also miss in the L2-BTB.

To quantify the size of the active branch working set, for
each static branch, we track how often it misses in the L1-
BTB. Fig. 8 plots the number of unique branches that miss
more than once, ten, and a hundred times over the 200M
instruction simulation window. We find that, on average, 9.6 K
branches miss more than once, reaching up to 44 K for one
benchmark (Proto). Of these, 6.2 K miss more than ten times,
and 2.7 K more than a thousand times per simulation window4

Take-away: the L1-BTB is overwhelmed by a large branch
working set that is orders of magnitude larger than what it can
hold. Misses for a given branch tend to recur many times.

B. L1-BTB Misses: When It Rains, It Pours

Prior work on instruction prefetching has shown that instruc-
tion cache misses typically occur when execution transitions

4We note that SPEC FP workloads have an extremely small branch working
set, with two benchmarks (519.lbm and 544.nab) having no L1-BTB misses
at all.
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between code regions, such as when entering or returning
from a function [27]. Given that the L1-BTB is an even more
capacity-limited structure, likely to hold only the branches
for a small active code region, such as a loop body or a
function, we hypothesize that a similar phenomenon might
apply to L1-BTB misses in that they are likely to occur in
bursts corresponding to transitions from one code region to
another.

To test this hypothesis, we analyze, for each fetch block that
misses in the L1-BTB but hits in the L2-BTB, the preceding
fetch block and classify whether it was an L1-BTB hit, an L2-
BTB hit, an L2-BTB miss, or a non-existing entry – the latter
referring to sequential code blocks without a taken branch that
do not require a BTB entry (see Section VI for further details).
We further distinguish whether the currently missing block lies
on the predecessor’s taken or not-taken (i.e., fall-through) path.

Fig. 9 confirms our hypothesis. The majority (76% on
average) of L2-BTB hits are preceded by another L2-BTB hit,
indicating that L1-BTB misses occur in clusters. The average
length of L1-BTB miss chains that hit in the L2-BTB is 4.8
(not shown in the figure). These chains of L2-BTB hits tend
to be immediately preceeded by an L1-BTB hit; fewer than
7% of L1-BTB misses occur after a block with no taken
branch (which does not need a BTB entry) or an L2-BTB
miss. Finally, we observe that the majority – 77%, on average
– of predecessors of an L2-BTB hit lie on the taken path.

Take-away: L1-BTB misses tend to cluster into chains of
back-to-back misses, nearly all of which hit in the L2-BTB.
A typical miss chain is preceded by an L1-BTB hit.

C. What Triggers L1-BTB Miss Sequences?

Having established that L1-BTB misses occur in sequences,
we next characterize the triggers that initiate them – these
are the predecessor of the first L2-BTB hit in each sequence,
corresponding to the L1-BTB hit category in Fig. 9. Based
on our hypothesis that L1-BTB miss chains arise at code
region transitions, we break down trigger branches by type:
conditional Bidirectional (Cond. Bidir), conditional always-
taken (Cond. AT)5, unconditional, calls, indirect calls (ICalls),
indirect, and returns.

Fig. 10 reveals that triggers are dominated by conditional
branches and returns, accounting for 44% and 39% respec-
tively, while direct and indirect calls together cause only
8.2% of triggers. The high dominance of returns may seem
counterintuitive given calls are almost irrelevant – after all,

5Conditional branches that are never-taken are not tracked by the BTB

each call has a corresponding return that transitions between
code regions. The asymmetry stems from differing fan-out
characteristics: a function is typically called from multiple call
sites, increasing the likelihood that the function body is already
resident in the L1-BTB by the time it is invoked. Returns,
however, must transition back to these many distinct call sites,
making it far less likely that the code region after the function
call is tracked by the L1-BTB.

Among conditional branches, bidirectional branches are the
dominant trigger of L1-BTB miss sequences, triggering 44%
of all miss sequences. A more detailed analysis, omitted from
the figure to avoid clutter, reveals that 2/3 of these bidirectional
branches are attributable to loop exits , which further confirms
that branches that transition execution from one region of code
to another cause sequences of L1-BTB misses.

Take-away: Conditional bidirectional branches and returns
trigger the majority of L1-BTB miss chains. The rest of the
branches make up merely 17% of all triggers.

D. Summary of Insights

Our analysis reveals that the BTB must track a large active
working set that eclipses the capacity of the L1-BTB by several
orders of magnitude. Misses in the L1-BTB tend to occur in
sequences, which we call “miss chains”. Miss chains strongly
correspond to transitions to new code regions such as when
exiting a loop. The vast majority of all L1-BTB misses hit in
the L2-BTB. The predecessor of an L1-BTB miss chain tends
to be either an bidirectional branch (often corresponding to a
loop exit) or a return.

IV. TOWARD A PRACTICAL L1-BTB PREFETCHER

The huge disparity between the capacity of an L1-BTB that
can be accessed in the single cycle and the size of the entire
BTB working set suggests that prefetching (as opposed to,
say, capacity management via a better replacement policy) is
a promising approach. However, as we argue below, the large
BTB working set presents a challenge for stateful prefetching
approaches due to the large amount of metadata that such
prefetchers would need to track. In response, we make a
case for a metadata-free L1-BTB prefetching strategy and
provide an intuition for how it might work. Section V then
presents a detailed design that realizes the intuition with a
low-complexity microarchitecture.

A. Strawman: a Stateful L1-BTB Prefetcher

Based on our characterization, which showed that misses
occur in sequence (Section III-B) and that misses recur (Sec-
tion III-A), a stateful prefetcher that learns miss sequences
arises as an obvious solution. Potential candidates include
Markov prefetchers as well as temporal streaming, which have
been shown to be effective for data, instructions and TLB
prefetching [25], [38], [56].

The drawback of these prefetchers, in the context of
prefetching for the L1-BTB, is their high storage requirement,
since they operate at the granularity of individual branches. In
contrast, an instruction cache prefetcher tracks cache blocks
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Fig. 11: Stack distance to alternate path instruction block.

(typically 64B), many of which are accessed sequentially,
which means they can be naturally treated as spatial re-
gions compactly encoded as bit-vectors. Similarly, an I-TLB
prefetcher tracks entire memory pages (commonly 4KB or
2MB) with a single entry, naturally yielding a modest storage
footprint. Moreover, whereas an instruction cache in today’s
high-end CPUs is typically 64KB or larger, thus justifying a
storage-intensive prefetcher, the L1-BTB is necessarily much
smaller given the need for single-cycle access latency.

For instance, tracking the misses of 10K branches using
a Markov-based prefetcher, where missing BTB entries are
associated with earlier trigger branches, would require tens
of kilobytes of storage. For comparison, consider that a 128-
entry BTB with 9 bytes per entry, would occupy slightly
over 1 KB of storage, making it difficult to justify a stateful
prefetcher with tens of KBs of storage. We refer the reader
to Section VII-D for an in-depth comparison against such a
stateful design.

B. Metadata-Free L1-BTB Prefetcher: the Intuition

Despite its simplicity, the analysis above suggests that a
stateful prefetcher for an L1-BTB would need a significant
amount of storage for high miss coverage. That makes it
unattractive relative to the small size of the L1-BTB. Energy
considerations for a stateful prefetcher would be yet another
drawback of the approach.

The drawbacks of stateful prefetching motivate us to con-
sider a metadata-free prefetcher. A naive approach might try
to prefetch branches on the fall-through path; however, our
characterization shows that the majority of L1-BTB misses
are, in fact, on the taken path (refer to Fig. 9). Another naive
method would be to exploit the insight that L2-BTB hits occur
in chains and make a prediction for the next branch to be
accessed upon an L2-BTB hit. Alas, that is precisely what the
front-end’s address-generation logic will do anyway, so the
prefetch and demand path will coincide, rendering prefetching
useless.

Our key insight, enabling an effective metadata-free design,
relies on the fact that the vast majority of L1-BTB miss chains
are triggered either by a bidirectional branch or by a return.
We thus hypothesize that triggering prefetching on, what we
refer to as, the alternate path of a branch instruction might
be an effective way to anticipate upcoming L1-BTB misses.
For a bidirectional conditional branch, the alternate path is the
path contrary to the predicted one. For a call, it would be for
the branches after the return.

To demonstrate a scenario where prefetching the alternate
path might be helpful, consider the code example shown in
Fig. 12. It describes a simple loop with an if-else statement.

Fig. 12: Loop with an if-else statement.

Branch A serves as a loop guard and remains not-taken until
the loop exits, while Branch B is a bidirectional conditional
branch that switches direction each iteration. During the first
iteration, Branch A is not-taken and Branch B is taken. The
alternate path prefetcher will therefore prefetch the taken
path of Branch A and the fall-through path of Branch B,
yielding no immediate benefit in the first iteration. However,
by the second iteration, when Branch B switches direction, the
prefetcher will have brought in the entries on the fall-through
path of Branch B (branches C, D, and E) covering potential
BTB misses in the ’if’ block. Additionally, once the loop exits,
the prefetcher will have also covered the BTB entries along
the loop-exit path (Branch A’s taken path).

A critical question for the effectiveness of this approach
is how soon the alternate path is executed after the branch
or call is encountered, as a far distance risks the prefetched
entries being evicted before they become useful. We answer
this question by measuring the BTB stack distance between
the BTB access to a bidirectional branch or call and the first
BTB entry on the alternate path. For instance, for a loop
guard branch, this would be the number of unique BTB entries
touched within the loop body; for a call, it would be the
number of unique BTB entries touched until (and including)
the return.

Fig. 11 presents the stack distance separately for calls and
all bidirectional branches. The results show that in 97% of
cases, the return of a function call is within a stack distance
of 128, while for 68% of bidirectional branches, fewer than
128 BTB entries are accessed before the first alternate path
instruction executes.

Insight: in the large majority of cases, prefetching the
alternate path can cover upcoming L1-BTB accesses even for
a small L1-BTB capacity.

With this intuition in place, we next describe a simple
microarchitectural realization of alternate path prefetching.

V. BTB-FERRET

A. High Level Overview

BTB-Ferret is a metadata-free L1-BTB prefetcher target-
ing alternate path BTB accesses of bidirectional conditional
branches and calls. A BTB hit can trigger a chain of up to
N BTB prefetches along the alternate path of the triggering
branch: the opposite of conditional brnach predictor’s (CBP)
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Fig. 13: BTB-Ferret design overview. New structures in grey.

prediction for bidirectional conditional branches, or the fall-
through address of a call. This serves two purposes: to cover
future executions of bidirectional conditional branches when
they switch direction, and to prefetch the execution path when
it inevitably returns upon function completion.

BTB-Ferret augments a two-level block-based BTB hi-
erarchy with the components shown in grey in Fig. 13.
The Prefetch Logic (PFL) is responsible for identifying
branches that can trigger a prefetch chain, for generating
the associated prefetch addresses, and for managing in-flight
prefetch chains. The Prefetch Queue (PFQ) buffers prefetch
addresses generated by the PFL until they are consumed by the
Prefetch Engine. The Prefetch Engine (PFE) is responsible
for prefetching BTB entries from the L2 to the L1-BTB while
ensuring that prefetches for branches already present in L1-
BTB or the Prefetch Buffer are dropped. To avoid L1-BTB
pollution, the Prefetch Buffer (PB) stores prefetched entries
until they are installed into the L1-BTB upon a demand access.

We continue this section with an operational example of
a branch triggering a prefetch chain, and later explain the
mechanisms of individual components in detail.

B. BTB-Ferret Operation

To illustrate the operation of BTB-Ferret, let A be the
address of a fetch block containing a bidirectional conditional
branch BrA, predicted taken by the CBP. (1) Upon a demand
access hit in the L2-BTB, A’s BTB entry is passed into the
Prefetch Logic (PFL). The PFL first checks the branch type
and the Alt bit. The Alt bit is a BTB entry bit indicating
whether the branch has previously changed direction. It is
widely implemented in modern processors to enable the TAGE
predictor to be queried only for branches that switch direction,
thereby reducing power consumption [2]–[4]. Since BrA is
a bidirectional conditional branch, it is eligible to trigger a
prefetch. (2) The PFL allocates a chain slot in the Chain
Table with a unique tag and a counter set to N . (3) The PFL
then uses the CBP prediction to generate the first prefetch
address. As in this instance, the CBP predicts BrA to be

Branch Type Initial Trigger Chain Trigger

Bidirectional Cond. Opposite
of CBP pred. 6

Both Taken and
Fall-Through Path

Always-Taken Cond. None Taken Path
Call (Direct/Indirect) Fall-Through BTB Target
Uncond. (Direct/Indirect) None BTB Target
Return None None

TABLE I: Prefetch Addresses for Branch and Trigger
taken, the Prefetch Address Generator (4) enqueues the fall-
through address (i.e., the opposite of the predicted path) with
its corresponding chain tag into the Prefetch Queue (PFQ).
Let B denote the fall-through address and BrB the branch it
contains.

Once address B reaches the front of the PFQ, (5) it is
consumed by the Prefetch Engine (PFE). Before issuing the
prefetch, the PFE first checks whether entry B is already
present in the L1-BTB or the Prefetch Buffer (PB). If B is
present, the prefetch is cancelled. Otherwise, the PFE reserves
an entry in PB for B. Once prefetched, (6) entry B remains in
PB until it is either evicted or a demand access fetches block
B, in which case entry B is promoted to the L1-BTB.

Additionally, upon installation of entry B in the PB, (7) it
is further fed back into the PFL to continue the prefetch chain.
The corresponding counter in the Chain Table is decremented,
and the Prefetch Address Generator generates a new prefetch
address C, which is enqueued into the PFQ and subsequently
prefetched (Section V-C explains in detail how chain prefetch
addresses are generated). BTB entry C can similarly trigger
further prefetches following the chain until the chain counter
reaches 0.

C. Prefetching the Alternate Path

When a BTB entry is fed into the PFL, the Prefetch Address
Generator attempts to generate a prefetch address. The prefetch
address depends on the branch type and on whether the
triggering branch initiates a new chain (Initial Trigger) or
continues an existing one (Chain Trigger). A new chain can
be initiated upon a hit in either the L2-BTB or the PB. The
latter case ensures that a block prefetched into the PB (and
that would otherwise constitute an L2-BTB miss) can itself
serve as the starting point for a new prefetch chain.

Table I outlines the prefetch addresses generated for each
branch type and trigger type. Upon an Initial Trigger, only
the opposite of the predicted path is prefetched. As the
chain continues, the Chain Trigger prefetches both the taken
and fall-through paths for encountered bidirectional branches.
The rationale for prefetching along both paths for branches
encountered in the prefetch chain is to improve coverage.

D. Issuing Prefetches

The generated prefetch addresses are enqueued into the PFQ
and consumed one by one by the Prefetch Engine (PFE). The
PFE issues a prefetch only if the corresponding entry is not

6TAGE prediction is only available for prefetches triggered at L2 Hit (as
TAGE and L2-BTB are accessed in parallel and have the same latency). For
chains triggered on PB hit, we use the Bimodal prediction.
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already present in the L1-BTB or the PB. Two implementation
options exist for this filtering step. The first is to dual-port the
L1-BTB and PB, allowing them to be directly consulted before
issuing a prefetch. However, dual-porting these structures
incurs additional area and energy overhead.

An alternative approach is to introduce compressed tag
array copies of the L1-BTB and PB, with the same sizes,
set associativities, and replacement policies. But instead of
the full BTB target information, these tag arrays store only
the compressed tags of the BTB entries. The level of tag
compression determines the false hit and miss rates. The
tag arrays are updated synchronously with each L1-BTB and
PB read and write to keep them up-to-date about the main
structures’ contents.

Additionally, the PFE avoids issuing duplicate prefetches
for entries that already have an in-flight prefetch request. This
is achieved by reserving an entry in the PB prior to issuing
the prefetch request to the L2-BTB. A further benefit of early
reservation is that BTB-Ferret can reduce latency for late
prefetches, which, although delayed, are still served faster than
an on-demand L2-BTB access.

E. Chain Management
An Initial Trigger branch can initiate a chain of up to

N prefetches. To curb Prefetch-Buffer (PB) thrashing, BTB-
Ferret permits at most M chains to be alive at any moment.
Their state lives in the Chain Table, whose M entries each
hold a chain tag and a chain counter.

Slot allocation: Each time a new Initial Trigger arrives
at the Prefetch Logic (PFL), it is assigned a Chain Table
slot in a round-robin fashion, potentially evicting a currently
active chain. The chain counter is initialized to N upon
chain creation and decremented each time a Chain Trigger
corresponding to that chain arrives at the PFL.

Tag and index generation : Chain tags are assigned
in increasing order according to newTag = (prevTag + 1)
mod (M×2), which makes the Chain table indexing straight-
forward (index = ⌊tag/2⌋) and minimizes tag storage over-
head while making tag aliasing rare.

Tag Propagation: When the generated prefetch address is
enqueued into the PFQ, it is tagged with its chain tag. PFE
propagates the tag along with the prefetch request so that upon
arrival of the corresponding Chain Trigger in PFL, the correct
Chain Table slot can be identified and updated.

Chain extension: Any Initial or Chain Trigger can advance
prefetching along the chain further, provided that the following
conditions are met: (1) chain counter is greater than 0, (2) the
corresponding entry is present in the L2-BTB but not in the
L1-BTB, and (3) the branch is not a return.

VI. METHODOLOGY

Workloads We run a wide range of typical server and
SPEC workloads from six different benchmark suites, sum-
marized in Table II. These comprise 16 Java benchmark

7Since gem5 does not support a micro-op cache, the L1-I cache is
configured with the micro-op cache latency, instead of the L1-I cache latency
as described in [22].

Application Description
NodeApp NodeJS webserver
PHPWiki PHP wiki web server
Proto, TCMalloc, STL Google Fleetbench [1]
H2, H2O, Luindex, Spring, Tomcat, Lusearch Java DaCapo suite [9]
Voter, Twitter, TATP, Epinions, YCSB, Seat,
SiBench, Noop, SmallBank

Java BenchBase
suite [14]

Finagle-HTTP Java Renaissance
suite [54]

500.perlbench, 502.gcc, 505.mcf, 520.omnetpp,
523.xalancbmk, 525.x264, 531.deepsjeng,
541.leela, 557.xz

SPECINT [13]

508.namd, 510.parest, 511.povray, 519.lbm,
526.blender, 538.imagick, 544.nab

SPECFP [13]

TABLE II: Workloads used to evaluate BTB-Ferret

Core 3GHz, 8-way OoO, 576 ROB, 190/120 LQ/SQ
Branch Predictor Base: 8K entry Bimodal, 1-cycle

Overriding: 64KiB TAGE-SC-L [51], 3-cycles
Indirect: 64KiB ITTAGE [49], 3 cycles

BTB L1-BTB: 128 entry, 8-way, 16-tags, 1-cycle,
L2-BTB: 16K entry, 8-way, 16-tags, 3-cycles, mostly
exclusive

Caches L1-I: 64KiB, 16-way, 1 cycle7, 10 MSHRs
L1-D: 48KiB, 12-way, 4 cycle, 16 MSHRs
L2: 3MiB, 12-way, 17 cycle, 32 MSHRs
LLC: 8MiB, 16-way, 51 cycle, 64 MSHRs

Prefetchers Instructions: FDIP + NL, Data: BOP [37], L2: Next-line
Memory DDR4 2400MHz, 12.5 ns RCD/RP/CAS

TABLE III: Parameters of the simulated processor.

Fig. 14: Block BTB Entry Structure.

workloads [9], [14], [54], two web services (NodeApp [17] and
PHPWiki [21]). Additionally, we included 3 workloads from
Google’s Fleetbench benchmarks suite [20], a set of relevant
kernels that contribute a significant portion of execution cycles
in Googles data centers [1]. Finally, we also include 16
SPEC workloads to capture a range of more traditional CPU
workloads. Since many applications are JIT-compiled, we ran
each workload for several minutes using gem5’s KVM core
to ensure we evaluated optimized, steady-state code. Once the
application enters a stable state, we take a checkpoint and
perform a SimPoint analysis [53] for the stable region. Based
on the analysis, we use the most representative SimPoints from
200M instructions (100M warmup) for each workload in our
evaluations. The workloads and simulation infrastructure is
available at https://github.com/yongjiehuang/BTB-Ferret.

Simulator Infrastructure: To evaluate BTB-Ferret we use
gem5 [8], [18], [36] v25.0.0.0, allowing detailed cycle-
accurate, full-system simulations. We integrated patches for
the decoupled front-end [42], [47], fixes for the speculative
history update of TAGE-SC-L in gem5 [43], and the IT-
TAGE [44], [49]. We configure gem5 after an Intel Granite
Rapid [32], [34] with the parameters detailed in Table III,
reflecting a high-performance industry baseline.

To drive the decoupled front-end, we model a block-based
BTB indexed by a block’s start address rather than the branch
PC [40], as required by FDIP to identify the next branch
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without searching every valid instruction address [40], [41].
A block is created on first execution and spans a sequen-
tial code region up to the next always-taken or bidirec-
tional branch, which determines the block’s end. Never-taken
branches within a block do not consume BTB storage, as they
are invisible to the BPU and treated as regular instructions.
Blocks are capped at 64B; if no taken branch exists within a
64B region, the fetch PC advances by the fixed 64B offset,
and subsequent block start addresses are aligned accordingly.
This design reflects commercial BTB implementations [3]. The
entry organization of our BTB is visualized in Fig. 14.

We extend gem5 with a two-level branch predictor hierarchy
in which TAGE-SC-L overrides its bimodal base component
after three cycles, and a two-level BTB hierarchy consisting of
a 128-entry L1 backed by a 16K-entry L2 acting as a victim
cache. The processor interacts exclusively with the L1-BTB.
Only on an L1-BTB miss, the L2-BTB is accessed and, upon
a hit, the entry is copied back into the L1-BTB. A new entry
is created by displacing a victim entry from the L1 entry into
the L2-BTB using LRU replacement before allocating the new
branch itself in the L1-BTB.

A key modelling objective is correctly capturing override
behaviour. Since gem5 resolves conditional predictions and
BTB lookups instantaneously, it is known at prediction time
whether TAGE or the L2-BTB will cause an override. A
straightforward approach would be to stall the generation of
new fetch targets for the corresponding number of cycles.
While this correctly models front-end bubbles, it fails to
capture false-path prefetching: during an override, the CPU
continues issuing fetch targets along the predicted path, driving
speculative instruction prefetches into the FTQ. We find that
these “override” prefetches significantly affect FDIP’s perfor-
mance, and omitting them distorts the results. We therefore
model overrides by continuing to generate fetch targets using
the L1-BTB and bimodal predictions to faithfully reproduce
false-path prefetching behaviour during override.

Simulated BTB designs:
Baseline: The baseline in this work is a two-level block-based
BTB hierarchy with a 128-entry, 1-cycle L1-BTB and a 16
K-entry, 3-cycle L2-BTB that is accessed serially after an L1-
BTB miss, yielding a 4-cycle total latency for an L2-BTB hit.
Markov: We compare BTB-Ferret against a Markov prefetcher
as a strong stateful baseline. Upon an L2-BTB or PB hit,
the hitting PC indexes the Markov table whose size we vary
from 512 to 4K entries, each holding 1-4 previously recorded
successor addresses, all of which are enqueued into the PFQ
for prefetching. We assume each entry consists of a 16-bit tag
and N successor fields, each comprising a 64-bit prefetch PC
and a 2-bit frequency counter, resulting in 16+N×66 bits per
entry. Thus, for the evaluated Markov configurations of 512-
4K entries, the required table capacity is 5-41KiB, 9.3-74KiB,
and 17.5-140KiB for 1, 2, and 4 successors, respectively. We
further assume an ideal 0-cycle Markov table lookup latency.

The Markov table is populated by associating L2-BTB hits
with an earlier L2-BTB miss. To cover the L2-BTB access

latency, we associate not the immediate predecessor but the
4th preceding BTB entry, assuming one entry is processed
per cycle. Entries in the Markov table are replaced using
LRU, while successors are replaced by frequency: each time
a successor is observed missing in the L2-BTB, its counter is
incremented.

Akin to BTB-Ferret, Markov prefetches are triggered on
L2-BTB and prefetch hits. However, in contrast to BTB-
Ferret, which performs additional chain prefetches upon each
prefetch fill in the PB, the Markov prefetcher records multiple
successors per entry, allowing it to capture multiple branches
of the chain and issue all prefetches back-to-back.
BTB-Ferret: Our proposal uses a 32-entry prefetch buffer (PB)
and an 8-entry prefetch queue (PFQ). A PB entry is equivalent
to an L1-BTB entry, as shown in Fig. 14, with an additional
valid bit to mark whether the prefetch has already arrived or is
still in flight. The PFQ entry consists of a 48b prefetch address
and the 5-bit chain ID. The total size of the PB and PFQ is
288 and 52 bytes, respectively.

BTB-Ferret tracks 8 chains in parallel with a maximum
number of 14 prefetches per chain (chain counter = 4 bit).
The two upper bits of the chain ID serve as a tag to mark
each chain, resulting in a total capacity of 48 bits for the
chain table.

We empirically found 12-bit tags for the secondary tag
arrays to be a good trade-off between storage and false positive
rate, yielding a 0.04% false positive rate with no noticeable
impact on performance.

Thus, the secondary arrays for the L1-BTB and PB consume
240 bytes, bringing the total storage of BTB-Ferret to 586
bytes.

We assume one cycle to compute new prefetch addresses
and filter entries already present in the L1-BTB or PB.
Only one prefetch or demand access can be issued per cycle
(demand accesses have precedence), meaning that in case
BTB-Ferret wants to issue multiple prefetches, it must do so
over multiple cycles.

VII. EVALUATION

A. Performance

We first evaluate the performance improvements BTB-Ferret
achieves over the 2-level Baseline across our workload suit,
using an idealized single-cycle L2-BTB as an upper-bound
reference. Results are presented in Fig. 15, normalized to a
2-level BTB baseline without prefetching into the L1-BTB.

BTB-Ferret consistently delivers a performance improve-
ment with an average IPC uplift of 1.7%, and maximum of
9.7% on 531.deepsjeng. Relative to an idealized single-cycle
BTB, BTB-Ferret captures 48.5% of the opportunity, demon-
strating the effectiveness of its metadata-free organization.
Performance gains track well with the opportunity across the
entire workload suit. On SPEC, performance gains average
2.4%; on server workloads, 1.1%.

The performance gains can be explained by two main
effects. First, by reducing L1-BTB misses, BTB-Ferret allows
the BPU to maintain sufficient runahead distance, reducing
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the BPU latency exposed to the fetch unit. Fig. 16 plots
cycles where the front-end is blocked due to a BTB override,
showing that BTB-Ferret reduces these exposed cycles by
46%. Second, the larger runahead distance improves FDIP’s
prefetching timeliness. Indeed, we find BTB-Ferret reduces
L1-I misses by 21% and I-cache stall cycles by 15% on
average (not shown in the graph).

B. Coverage and Accuracy

Next, we study the effectiveness of BTB-Ferret in covering
L1-BTB misses that hit in the L2-BTB. We categorize L2-
BTB hits as (1) covered by BTB-Ferret (i.e., hit in the PB),
(2) uncovered, or (3) overprefetched (i.e., prefetched into the
PB but never used). Fig. 17 shows this breakdown relative to
all L2-BTB hits8.

BTB-Ferret covers an average of 37.3% of all L1-BTB
misses hitting in the L2-BTB, closely mirroring the perfor-
mance opportunity observed in Fig. 15. Coverage ranges from
8.0% for 557.xz to 51.9% for 531.deepsjeng. Since BTB-Ferret
allocates a PB entry upon issuing a prefetch, a demand access

8Note that the total number of L2-BTB accesses is higher as not all accesses
result in an L2-BTB hit (i.e. L2-BTB misses and instruction blocks without
a BTB entry)

may hit the PB before the entry has fully arrived, resulting
in only partial latency coverage. Fig. 18 further breaks down
covered accesses by the number of cycles covered, revealing
that the vast majority of prefetches (75.9–100%, avg. 89.4%)
cover the full 3-cycle L2-BTB access latency, with only 10.6%
arriving partially late, confirming that BTB-Ferret’s prefetches
are timely.

In terms of overprefetch, Fig. 17 shows that BTB-Ferret
increases L2-BTB accesses beyond L2-BTB hits by 42% on
average. For most benchmarks, the overhead is moderate, but
PhpWiki and 500.perlbench are outliers at 166.8% and 192.5%
additional accesses respectively, skewing the average.

We performed a root-cause analysis to understand what
causes useless prefetches and found that most (68%) are
triggered by conditional branches, in particular branches
with a strong bias toward one direction (37% of all use-
less prefetches). For these mostly-taken or mostly-not-taken
branches, BTB-Ferret tends to prefetch the path that is often
not useful, whereas the demand execution follows the typical
(biased) path. While we show in our energy evaluation (Sec-
tion VII-C) the energy implications of overfetch are tolerable,
there is a natural opportunity for future work to selectively
suppress prefetching for biased branches, potentially at the
cost of additional monitoring state.

C. Energy Estimation

As the BTB steers the entire CPU pipeline, BTB-Ferret
affects core energy in two opposing ways. On the one hand,
useless prefetches and PB accesses increase the energy of
the BTB complex itself. On the other hand, fewer L1-BTB
misses reduce BTB overrides, leading to fewer execution
cycles, fewer false-path instruction prefetches, and fewer FTQ
squashes, all of which reduce overall core energy.

To understand these two effects, we measure read accesses
to the L1- and L2-BTB. The L1-BTB is accessed every
cycle that the BPU is not blocked (e.g., because of a full
FTQ or back-end pressure), while the L2-BTB is accessed on
every L1-BTB miss or BTB-Ferret prefetch. We break down
accesses into normal accesses and override accesses – i.e.,
accesses generated in the cycles after the L1-BTB experiences
a miss and until it is corrected by the L2. The override accesses
are detrimental to both performance and energy-efficiency as
they require accesses to the L2-BTB and trigger likely-useless
instruction prefetches.

Fig. 19 shows the average L1-BTB and L2-BTB accesses
for BTB-Ferret compared to the baseline. We find that BTB-
Ferret reduces L1-BTB accesses by 9.5%, thanks to a 20.7%
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Fig. 20: BTB-Ferret compared to a Markov prefetcher

decrease in override accesses. The reduction in overrides is
even more relevant for L2-BTB accesses. As the breakdown
reveals, 61.3% of all L2-BTB accesses are initiated during
an override. This makes intuitive sense: once the BPU strays
off path into a region not cached in the L1-BTB, subsequent
accesses will likely also miss until the L2-BTB override sets
it back on the correct path. By increasing L1-BTB hits, BTB-
Ferret reduces override-driven L2-BTB accesses by 29.3%.
Interestingly, this reduction outweighs the 42% increase in
accesses due to overprefetching (relative to normal accesses),
resulting in a net reduction in L2-BTB accesses of 5.7%.

Using the access statistics from Fig. 19 and CACTI 7.0 [7],
we compute the BTB complex’s access energy. Despite fewer
overall BTB accesses, BTB-Ferret increases the access energy
of the BTB complex by 18%, driven by the additional ac-
cesses to the PB and the duplicate tag arrays. Note that this
access energy estimate does not capture the energy savings
from fewer overrides due to a reduction in (1) wrong-path
instruction prefetches and (2) FTQ enqueues and dequeues on
the overriden path.

D. BTB-Ferret Against a Stateful Prefetcher

A key feature of BTB-Ferret is its stateless design, well-
suited to the constrained environment of the L1-BTB. To
contextualize its efficiency, we compare BTB-Ferret against
a stateful Markov-based prefetcher [23], [39], [56]. For the
Markov prefetcher, we ignore all storage, latency, and area
constraints, thus providing a strong comparison point against
metadata-free BTB-Ferret. We refer to Section VI for the
Markov prefetcher’s implementation details.

The two key design parameters governing Markov
prefetcher coverage and hardware overhead are the number
of trigger table entries and the number of successor prefetches
per trigger. To characterize the performance and storage trade-
off, we sweep over 512 to 8K table entries and 1, 2, and
4 successors9. Fig. 20 presents the resulting performance
improvements and storage requirements.

As expected, more table entries allow the Markov prefetcher
to track more trigger PCs, yielding higher performance. With

9Using 8 and 16 successors didn’t yield further performance gains.
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Fig. 21: Sensitivity of BTB-Ferret to L1-BTB size (left) and
three-level BTB hierarchies (right).

4 successors and 512 entries, Markov achieves 0.5% perfor-
mance improvement, reaching 2.5% with 4K entries. To match
BTB-Ferret’s performance, a Markov configuration of at least
2K entries with 2 successors is required, incurring a storage
cost of 29KB. BTB-Ferret achieves the same performance
with only 587B – less than 2% of the storage overhead of
the equivalent Markov configuration – demonstrating that its
stateless design delivers competitive performance at a fraction
of the cost.

E. BTB-Ferret in Different BTB Organizations

So far, we have only considered a two-level BTB config-
uration with a 128-entry L1-BTB and 16K-entry L2-BTB.
Here, we consider the broader design space of (1) larger L1-
BTB capacities, and (2) three-level BTB hierarchies, seeking
to establish whether BTB-Ferret continues to be beneficial in
these settings.
L1-BTB size. In the left part of Fig. 21, we evaluate per-
formance given L1-BTB capacities ranging from 128 to 1K
entries with and without BTB-Ferret. The figure, showing
average speedup normalized to the 128-entry baseline, reveals
that a larger L1-BTB reduces the opportunity for prefetching,
narrowing the performance gap with ideal to 0.8% at 1K-
entries. However, even with larger L1-BTB, BTB-Ferret con-
tinues to deliver performance gains of 1%, 0.5%, and 0.2% at
L1-BTB capacities of 256, 512, and 1K-entries, respectively.
Importantly, the sweep reveals that BTB-Ferret delivers the
same or greater performance gains compared to doubling the
L1-BTB capacity, at almost zero area cost. For instance, a
256-entry L1-BTB with BTB-Ferret improves performance by
2.3%, compared to 2.1% achieved by a 512-entry L1-BTB
without BTB-Ferret.
Three-level BTBs. In the right part of Fig. 21, we evaluate
BTB-Ferret in a three-level hierarchy with an additional mid-
level BTB. We sweep the size of this mid-level BTB from 2K
to 8K entries and show average speedups over the two-level
baseline.

The L1-BTB and L3-BTB configurations exactly match
the two-level baseline, with 128 and 16K entries and access
latencies of 1 and 3 cycles, respectively. For the mid-level
BTB, we model a 2-cycle lookup latency and a parallel access
with the L1-BTB, resulting in 1 cycle of exposed latency on
an L1-BTB miss and mid-level BTB hit. Note that this setup
aligns with Intel’s Lion Cove BTB organization [32].
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The results show that while a third level partially closes the
gap to the ideal BTB, BTB-Ferret still manages to improve
performance. For instance, a 6K-entry mid-level BTB with
BTB-Ferret delivers 3.2% performance over the two-level
baseline, compared to 2.7% without BTB-Ferret. Furthermore,
similar to the L1-BTB sensitivity above, BTB-Ferret enables
smaller BTB capacities without losing performance. For in-
stance, combining BTB-Ferret with a 2K-entry mid-level BTB
achieves the same effect as an 8K mid-level, at a quarter of
the latter’s area cost.

F. Prefetch Buffer Sensitivity

We study the sensitivity of BTB-Ferret to the prefetch buffer
(PB) size. We evaluate 8, 16, and 32-entry PB configurations
paired with a 128-entry L1-BTB, and compare against an
equivalently sized L1-BTB to provide a fair baseline. We
model the 144-entry (128+16) and 160-entry (128+32) L1-
BTB by increasing associativity from 8 to 9 and 10 respec-
tively; no log2-compliant configuration exists for 136 entries,
so this data point is omitted from the figure.

Fig. 22 presents average performance improvements over
the 2-level baseline. Reducing the PB from 32 to 16 and 8
entries reduces BTB-Ferret performance improvement from
1.7% to 1.4% and 1.1%, respectively, showing that even a
small PB captures a significant fraction of the opportunity.
Crucially, BTB-Ferret consistently outperforms an equiva-
lently sized L1-BTB: while a 160-entry L1-BTB improves
performance by only 0.4%, a 32-entry PB delivers a 4.3x
higher improvement of 1.7%, confirming that prefetching is
far more effective than simply enlarging the L1-BTB.

G. Chain Sensitivity

Finally, we evaluate the sensitivity to the Chain Table con-
figuration. Specifically, we study how the number of prefetches
per chain (prefetch depth) and the number of parallel chains
(inflight chains) affect the performance of BTB-Ferret.
Maximum prefetches per chain. For this study, we fix the
number of inflight chains to 8, which we found high enough
to almost never be exceeded (< %1 of the execution time).

Fig. 23 illustrates the sensitivity of BTB-Ferret to the
maximum prefetches per chain on four different sizes of PB.
Increasing the prefetch depth initially improves coverage by
allowing BTB-Ferret to look further ahead, which translates
directly into higher performance. With 32- and 64-entry PBs,
speedup peaks at 14 prefetches per chain, whereas the 8- and
16-entry PBs achieve their best performance at 6. However,
a longer chain also increases overprefetches, which dimin-
ishes coverage benefits and negatively affects performance by
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kicking out prefetched entries before they are used (timeliness
issue). This trade-off is most pronounced for the 8-entry PB:
beyond 6 prefetches per chain, coverage begins to decrease
while overprefetching continues to rise. Larger PBs can retain
a prefetched entry longer, thereby being more tolerant to
deeper prefetch chains. We also found that the max number
of prefetches is often not reached because a chain terminates
early when a prefetch in chain is canceled, e.g., it is already
located in the L1-BTB/PB.

Maximum in-flight chains. To evaluate the sensitivity on
the parallel chains we fix the max prefetches per chain to
the best value found in Fig. 23 (14 for 64- and 32-entry
PBs, and 6 for 8- and 16-entry PBs.) Fig. 24 presents the
effect of BTB-Ferret with different sizes of the Chain table. It
reveals that BTB-Ferret is relatively insensitive to the number
of inflight chains. Going from 1 to 4 parallel chains improves
coverage by only 1-5% across the evaluated PB sizes. This
insensitivity stems from two key factors: (1) Early termination
of a chain shortens the duration of a table slot occupied by an
inflight chain; (2) The low temporal density of initial triggers
makes BTB-Ferret rarely trigger multiple chains within a short
execution window.

VIII. RELATED WORK

Our work targets prefetching in hierarchical BTBs similar
to the ones that exist in contemporary high-end CPUs [12],
[32], [33], featuring a small single-cycle L1-BTB backed by
large but slow additional BTB level(s). An important goal of
such hierarchical BTBs is maintaining high BTB throughput
of at least one target per cycle. To the best of our knowledge,
existing research has not studied such BTB organizations.

Conceptually, the closest work to ours describes bulk
prefetching of BTB entries in a 2-level BTB hierarchy of
IBM’s Z-series EC12 processor [10]. There are large differ-
ences between that work and ours due to extremely different
BTB organizations and throughput requirements. The L1-BTB
in the IBM processor tracked 4K branches using a spatial
organization indexed by the program counter (PC); finding
the next branch on the fall-through path required searching the
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BTB over a spatial region by incrementing the PC by the size
of the instruction word. Thus, the BTB had low throughput
(1 branch per multiple cycles) and could not distinguish the
case of a PC not being a branch from a true BTB miss. The
BTB prefetcher was thus optimized for such serial search
in the L1-BTB by prefetching a large number of branches
that lie in a contiguous region of code from the L2-BTB
into a massive prefetch buffer capable of holding over 700
branches. In contrast, our work targets a high BTB throughput
scenario where the L1-BTB produces a target every cycle,
which mandates a small yet fast L1 structure and precludes
bulk preload of many entries at once. Our BTB hierarchy is
modeled after today’s processors, which do not organize the
BTB into spatial regions thus precluding spatial preloading
used by EC12.

Phantom BTB [11] focuses on increasing the BTB capacity
by introducing a high-capacity BTB level and virtualizing
it into the LLC. To hide the access latency to the virtual-
ized BTB, PhantomBTB introduces a temporal stream-based
prefetcher. The prefetcher requires a considerable amount of
metadata (256 KB of metadata for a virtualized BTB capacity
of 210 KB). In contrast, BTB-Ferret targets prefetching into
the small L1-BTB with no additional metadata beyond what
already exists in today’s BTBs.

Another class of BTB prefetchers, including Confluence
[26], Shotgun [27], and Boomerang [28], prefetch both instruc-
tions and BTB metadata simultaneously. Similar to Phantom
BTB, these works do not focus on the L1-BTB hit rate but
rather on prefetching into a multi-Kentry single-level BTB.

AVM-BTB [35] is a rare work that does model a hierarchical
BTB. However, its focus is on BTB capacity expansion by
dynamically turning the µop cache and part of the L1-I cache
into an additional BTB structure when the L2-BTB is under
pressure. AVM-BTB does not improve the L1-BTB hit rate.

A recent work studies the organization of BTB entries [40].
While the work models a BTB hierarchy, its contribution lies
in the exploration of advantages and drawbacks of various
BTB entry types. It neither implements a BTB prefetcher nor
seeks to improve the L1-BTB hit rate.

IX. CONCLUSION

Our work shines a light on the importance of L1 structures
in hierarchical BPUs, common in today’s high-performance
CPUs. Our characterization shows that massive branch work-
ing sets overwhelm the L1 structures. The L1-BTB is a
particular pain point due to its importance for instruction
prefetching via the FTQ. We identify L1-BTB misses as
symptoms of code-region transitions and propose BTB-Ferret,
a metadata-free prefetch scheme, that anticipates such transi-
tions and prefetches upcoming BTB entries into a compact
prefetch buffer. A key finding of our work is that high-
coverage L1-BTB prefetching is possible without storage-
hungry machinery. More broadly, this work opens the door
to future studies into hierarchical BPUs, and our open-source
gem5 modifications facilitate it.
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APPENDIX

A. Abstract

This artifact presents the code and methodology for BTB-
Ferret, available at https://github.com/yongjiehuang/BTB-Fer
ret/, containing a gem5 implementation of BTB-Ferret.

The artifact is intended to support future research by docu-
menting how to build and evaluate BTB-Ferret with gem5.
While it illustrates the full workflow for the simulation—
building and running BTB-Ferret model, and analyzing
results—it does not aim to reproduce every result presented
in the paper.

B. Artifact check-list (meta-information)

• Compilation: C++ compiler with C++20 standard.
• Model: BTB-Ferret models for gem5.
• Metrics: Normalized IPC and prefetch coverage
• Experiments: Use the provided script to evaluate IPC improve-

ment over the baseline BTB hierarchy without BTB-Ferret and
the reduction of L1-BTB misses.

• How much disk space required (approximately)?: ∼20GiB
for building gem5 and run the experiments + ∼40GiB for full-
system setup with Simpoint checkpoints.

• How much time is needed to prepare workflow (approxi-
mately)?: ∼20 min. Mostly to build gem5.

• How much time is needed to complete experiments (approx-
imately)?: Each configuration alone takes between 17 and 250
minutes to simulate, depending on the the benchmark, and the
used machine. Running all 3 configurations each with 37 apps
on a 64-core machine should take about 5 hours. Building gem5
takes another ∼20 min.

• Publicly available?: Yes
• Code licenses (if publicly available)?: MIT
• Archived (provide DOI)?: https://doi.org/10.5281/zenodo.2

1478670

C. Description

1) How to access: The source code is publicly available
on GitHub (https://github.com/yongjiehuang/BTB-Ferret/) or
Zenodo (https://doi.org/10.5281/zenodo.21478670).

2) Hardware Dependencies: The BTB-Ferret framework
can be used on any system with a general-purpose CPU and
at least 60 GiB free disk space to store the apps checkpoints
and set up gem5 full-system simulation.
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3) Software Dependencies: The framework is tested on
Ubuntu 22.04 and 24.04 with GCC v11.4.0 and Clang v11.0
and v14.0. For plotting the graphs with Python 3.10, the
matplotlib along with pandas and numpy library are used.

Running gem5 experiments requires all dependencies to
build gem5. Refer to the gem5 documentation for details [19]

D. Installation

This section explains how to obtain the source code and
build the gem5 simulator. Because setting up full−system
simulations with complex server workloads is beyond the
scope of this artifact—and is already documented extensively
in prior work [19], [29], [46]—we do not provide the full
system setup used in our evaluation.

We assume Nix is available, otherwise, refer to the gem5
documentation [19] to set up all dependencies required to build
gem5 on your system. To prepare the gem5 simulation and
build the sources, run the following steps.
# Clone the BTB-Ferret repository
git clone git@github.com:yongjiehuang/BTB-Ferret.git
cd BTB-Ferret
# Enter the Nix shell
nix-shell default.nix
# Build gem5
cd gem5
scons build/ARM/gem5.opt -j $(nproc)
cd ..

E. Simulation

To reproduce the IPC improvement gained by BTB-Ferret,
similar to Fig. 15 as well as the Coverage of BTB-Ferret
illustrated by Fig. 17, use the following commands to launch
the simulations for the 2-level baseline BTB hierarchy, BTB-
Ferret and the Ideal BTB hierarchy, respectively. Note that
each line invokes 37 gem5 processes in parallel, as we evaluate
BTB-Ferret on 37 benchmarks in this work.
./simpoints/all_4_run_single_simpoints.sh --baseline

-2level
./simpoints/all_4_run_single_simpoints.sh --BTB-

Ferret
./simpoints/all_4_run_single_simpoints.sh --Ideal-

BTB

F. Evaluation and Expected Results

The ./results folder should contain 3 experiments di-
rectories, corresponding to 3 configurations simulated, each
with five files per benchmark. Use the plotting script to parse
the files and evaluate the results.
python eval_l1main.py

This should produce two PDFs plotting performance of
BTB-Ferret and the prefetch coverage, should be similar to
Fig. 15 and Fig. 17.

G. Methodology

Submission, reviewing and badging methodology:
• https://www.acm.org/publications/policies/artifact-revie

w-and-badging-current
• https://cTuning.org/ae
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