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Abstract: Modern processors often face challenges when handling instructions that overwhelm the
branch target buffer (BTB), leading to front-end bottlenecks. As the BTB’s capacity increases, its pre-
diction module can become slower and power-hungry. In this paper, we introduce a straightforward
yet highly effective two-level prediction mechanism to mitigate the escalating power consumption in
the BTB structure, achieved by reducing the number of accesses. Our approach incorporates two main
elements: M-BTB and V-BTB. M-BTB encompasses the first-level prediction mechanism and a fully
associative BTB, while V-BTB houses the second-level prediction mechanism and a set-associative
BTB. To implement our prediction mechanism, we optimize the traditional two-level BTB structure.
The first level employs the skew mechanism, and the second level dissects the tag bits to create the
Partial tag. These two levels of prediction mechanism correspond to the bank/way prediction for the
two-level BTB structure. Our experimental results show that the first-stage prediction mechanism
reduces M-BTB accesses by 75%, while the second-stage prediction mechanism ensures that over
98% of addresses require just zero or one way of the V-BTB to achieve a hit result. Our proposed
approach achieves a remarkable 86–97% reduction in power consumption, with a minimal impact on
performance and an increase in overall area efficiency.

Keywords: architecture; BTB; low-power; prediction; two-level

1. Introduction

Branch instructions play a critical role in the execution of programs by enabling jumps
from the current instruction stream to other locations, thereby improving program flow
and reducing execution delays. To expedite execution and minimize the stalls caused by
branch instructions, branch prediction systems are employed. These systems forecast the
destination of branch instructions, enhancing execution speed. The central components of
branch prediction structures are the branch target buffer (BTB) and the branch predictor [1].

The branch predictor is responsible for determining whether a conditional branch will
occur. Various conditional branch predictors, such as Bimodal, Gshare [2], Tournament [3],
and TAGE [4], among others, have demonstrated exceptional performance. Meanwhile,
the BTB records crucial information, including the current address of branch instructions,
their target addresses, jump types, and more. To improve prediction performance, de-
signers often combine multiple structures into an efficient branch prediction system, as
studies have indicated that BTB-based schemes offer significant advantages in prediction
performance [5–7].

In the pursuit of enhanced processor performance, designers have made efforts to
optimize the structure of the BTB to reduce table miss rates. For example, certain BTB
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structures allocate different-sized target table entries to accommodate more branch instruc-
tions [8]. Asheim’s experiments demonstrated that gradually expanding the BTB structure
can significantly reduce mispredictions [9]. However, the increased BTB capacity introduces
more access latency, resulting in longer branch instruction prediction times and increase
power consumption. Kaynak et al. introduced a BTB structure called AirBTB [10], which
closely resembles an L1 cache and effectively reduces branch mispredictions. Nevertheless,
its BTB table entries, exceeding 130 bits, and a high number of entries lead to substantial
access latency, negatively affecting branch prediction performance.

A two-level BTB structure proposed by Burcea et al. [11] achieved a high success
rate in branch prediction, addressing the performance losses due to missed branches.
However, it suffered from excessive power consumption. The first-level BTB, housing
4 K entries, introduced resource overhead and decreased access speed, rendering the
first-level BTB’s benefits largely ineffective. Additionally, because their BTB adopted a
multiplexed group-connected structure, simultaneous accesses caused considerable energy
consumption issues.

The previous schemes developed to reduce BTB power consumption mainly include
adding redundant bits and modifying the structure. The increases in redundant bits in-
creases the area and may reduce the prediction performance [12]. Modifying the BTB
structure may also cause an increase in table entries, resulting in capacity waste. Therefore,
the BTB prediction performance should not be affected by an advantageous power optimiza-
tion scheme, and the balance between area and power consumption should be achieved.

In this paper, we present a simple and effective two-level prediction mechanism for
addressing the high-power-consumption problem by reducing the number of BTB accesses.
We base our design on the conventional two-level BTB structure and introduce two main
modules: the M-BTB module and the V-BTB module. The M-BTB module comprises a
first-level prediction mechanism and a fully associative BTB with 64 entries, while the
V-BTB module includes a second-level prediction mechanism and a set-associative structure
with 4 × 512 entries. Compared to a typical two-level BTB scheme, our prediction mecha-
nism identifies which bank/way is accessed, reducing power consumption by reducing
BTB accesses.

The first-level mechanism involves bank prediction. We evenly distribute the BTB into
N banks, and bank selection is carried out through a decoder. To minimize conflicts arising
from bank additions, we introduce the skew design to reduce entry replacement frequency.
The second-level mechanism is way prediction, wherein we split the tag to generate the
partial tag, facilitating advanced access prediction. The partial tag effectively blocks accesses
from sequential instruction addresses and minimizes nonhit way accesses. Our analysis of
various traces and experiments reveals that our proposed scheme achieves an impressive
86–97% reduction in power consumption, with a minimal impact on performance.

The main contributions of this article can be summarized as follows:
1. We propose an effective, practical approach for a two-level prediction mechanism

that reduces access power consumption.
2. We propose bank/way-based prediction methods based on different BTB structures.

The bank prediction method is used for the fully associative BTB structure, and the skew
design is added to reduce entry conflicts. For the set associative BTB structure, the way
prediction method is used to realize the filtering of nonbranch addresses.

The remained of this paper is organized as follows: In Section 2, the previous methods
and introduce the two-level BTB structures. Section 3 introduces the structure of our
methods. In Section 4, we evaluate the analysis of accesses, power, area, performance and
way selection mechanism. Section 5 concludes this paper.

2. Background and Related Work
2.1. Branch Prediction and Its Significance

Branch prediction is a critical aspect for improving processor performance and has
been a prominent research subject within the computer architecture field. Branch prediction
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consists of three primary components: the key features, BTB, and the branch predictor. The
branch predictor is responsible for forecasting the outcomes of predicted conditional branch
instructions, determining whether an instruction will jump to another location or continue
sequentially. The BTB, on the other hand, stores information about the branch instruction
address. Many studies have shown that processors equipped with BTB structures possess
have performance advantages, as they lead to lower cycle times and have increased pipeline
depths, both of which contribute to more efficient execution [13–16].

2.2. Historical Development of BTB

The inception of BTB structures dates back to the work of Sussenguth et al. [17] in 1971,
who introduced the first BTB structure, laying the groundwork for subsequent research.
In efforts to optimize table entry utilization, Seznec’s team [18] introduced the concept of
virtualization to branch direction prediction.

Burcea et al. [11] proposed a virtual BTB structure to accommodate more branch table
entries within limited storage space. Kumar et al. [19] presented a BTB structure design
incorporating a traditional BTB structure at the first level and a second-level BTB shared
across all cores.

A novel FDIP-X branch prediction scheme, introduced by Asheim et al. [20], took into
account the varying distributions of offset lengths in branch instructions, enabling the stor-
age of offsets instead of full target addresses, which effectively reduced area requirements
and increased entry count.

2.3. Power Optimization and Capacity

With the increasing demands on BTB capacity as program loads grow, reducing
power consumption in BTB design is becoming increasingly vital. Kaynak et al. proposed
the AirBTB, a basic block BTB design that employs a branch bitmap for each branch ta-
ble entry, simplifying the identification of branch instructions within cache blocks [10].
Chang et al. [21] proposed an energy-efficient BTB lookup scheme for embedded proces-
sors, emphasizing the filtering of sequential execution instructions to decrease BTB access.
Levison et al. [22] introduced a microarchitectural method called shifted-index BTB with
a set buffer, effectively reducing dynamic and static power. Xiong et al. [12] proposed a
TG-BTB structure, which reduced the number of queries by counting the distance between
adjacent branch instructions and accessing the BTB only when the target distance was
reached, thus lowering query power consumption.

2.4. Innovations in Power Reduction

Previous schemes [21,22] aimed at power optimization often involved increasing the
number of levels and marking bits, which included instruction intervals, instruction buffers,
and more. In contrast, our approach introduces a prediction mechanism to reduce power
consumption without extending table entry lengths. This represents a novel approach
to mitigating power consumption in the BTB structure. Moreover, our design exhibits
the advantage of simplicity in fault tolerance schemes. Previous approaches [12] that
added extra bits within table entries necessitated more complex fault tolerance mechanisms,
increasing system complexity. The experimental results from both approaches indicate some
performance loss due to the inaccuracy of the instruction interval prediction and the swifter
replacement of table entries resulting from shifting operations. Additionally, incorporating
marking bits within table entries introduces extra area overhead. In comparison, our
approach optimizes the structure by adding a prediction mechanism without increasing
entry length, presenting a fresh approach to power consumption reduction.

2.5. The Two-Level BTB Structure

As program sizes continue to grow, the demand for larger BTB capacities is increas-
ing. To strike a balance between performance and power consumption, researchers have
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explored various BTB architecture designs [23–25]. However, as directional predictors
become more complex, the BTB needs to provide addresses for prediction and prefetching.

This section delves into the analysis of the serial two-level BTB architecture [26].
Figure 1 illustrates the microarchitecture of the serial two-level BTB design. As shown in
Figure 1, ICG stands for gating clock. BTB is used to predict the branch instruction’s address,
the direction predictor is used to indicate which direction is to be taken, and the instruction
cache is used to fetch the target instruction. During the read phase, the instruction cache,
branch direction predictor, and first-level BTB (FB) are accessed simultaneously. If the
branch is predicted to be unoccupied or if the branch is predicted to be occupied and the
FB hits, the branch address forecast (BAF) does not involve the second-level BTB (SB) in
the next cycle. However, if the branch is predicted to be occupied and the FB lookup fails,
the SB must be accessed in the following cycle. In such cases, the fetch logic either halts or
inserts a no-operation (NOP) instruction (by supplying the address of a 0) until the result
of the SB access becomes available.

Figure 1. Schematic of the two-level BTB structure.

To enhance processor performance, some processors opt to synchronize predictions
with the FB and branch predictors. The first cycle utilizes the FB results, and the subsequent
cycle is adjusted based on the SB and direction predictor results, LOOP predictor, and
so on. This optimization strategy enhances processor performance since the FB struc-
ture can quickly access and promptly predict the target instruction address. Additionally,
FB’s simple structure and fast access speeds contribute to improved performance. While
parallel accesses result in a limited increase in access latency, the multilevel parallel struc-
ture leads to more unnecessary BTB accesses, consequently resulting in additional BTB
energy consumption.

In this study, we addressed branch-target buffers designed for low-power embed-
ded processors. We employed the serial two-stage BTB structure as a benchmark and
reduced BTB structure access by introducing a prediction mechanism to lower the power
consumption associated with BTB access. We describe the proposed structure in detail in
the subsequent section.

3. The Proposed Structure
3.1. Structure Overview

The core advantage of our structure, as depicted in Figure 2, lies in its two-level
prediction mechanism. M-BTB incorporates a bank prediction mechanism along with the
first level of a fully associative BTB, while V-BTB includes the prediction mechanism and
the second level of a set associative structure. Before accessing the M-BTB and V-BTB, our
approach integrates a two-level prediction mechanism to forecast potential banks/ways.
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The IU module serves as the executive execution component, tasked with calculating the
instruction address and verifying it against the predicted address to determine the accuracy
of the prediction. This approach minimizes the need for simultaneous accesses to multiple
ways, effectively reducing power consumption. The detailed structure is delineated below.

Figure 2. Proposed low-power BTB design with a two-level prediction mechanism.

3.1.1. The M-BTB Module

The M-BTB branch prediction structure, depicted in Figure 2, comprises two parts: the
bank prediction mechanism and a fully associative BTB with 64 entries.

Bank Prediction Mechanism: In a fully associated BTB structure, every entry must be
accessed for tag matching to ascertain the target entry. In the case of a structure housing
64 entries, 64 matches are required for a PC to determine whether it is a hit or not. To
minimize the number of accesses, we evenly divide the BTB into multiple banks. Here,
64 entries are categorized into 4 banks, with a 2-to-4 decoder determining the hit bank. For
instance, we use A, B, C, and D to represent the 3rd–4th of the addresses “00”, “01”, “10”,
and “11”. When the address decoder identifies a hit on A, we directly access bank 0 in the
M-BTB and avoid access to the other three banks.

However, a challenge arises when there is a correlation between the instruction ad-
dresses of each bank, specifically when bits 3–4 are the same. Such correlations can lead
to uneven storage across the four banks, resulting in both idle and frequently replaced
entries, which hampers prediction performance. To mitigate this, we introduced the skew
design [27]. This design, inspired by Seznec et al., resolves way replacement issues in the
set-associated caches by employing different hash functions to establish unique mapping
relationships for each way. In our study, we designed a hash function to disperse entries
and reduce the correlation within each bank.

Bank→ decode(σ(5th, 6th)⊕ (3rd, 4th)) (1)

As shown in Figure 3, we select the red bits in the address for address decoding and
address hashing, where “00”, “01”, “10”, and “11” are all markers of addresses, which are
used to distinguish groups. The bank assigned to each address after the hash function and
decoding is presented in Figure 3B. This further disorganizes the addresses in the A, B, C,
and D categories, diminishing the correlation of entries within each bank. As depicted in
Figure 3A, this approach ensures that as long as the 3rd–4th bits are “00”, the decoding
outcome is bank 0. Consequently, the number of entries in each bank remains balanced,
preserving BTB hit performance.
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Figure 3. Instruction address mapping to banks. (A) Direct bank mapping using two-bit addresses.
The red bits are used for input to the decoder. (B) Bank mapping employing a novel hash function.
The red bits are used for input to the hash function.

3.1.2. The V-BTB Module

The V-BTB comprises two elements: the way prediction mechanism and a 4 × 512 set-
associated BTB. For the second-level structure, our paper proposes a strategy prioritizing
filtering nonhit addresses. In the case of an input address, multiple ways are required
to access and match the tag in parallel to obtain the result. Nevertheless, the number of
sequential and nonbranch instruction addresses in a program significantly outweighs the
number of branch instructions. Historical statistics showed that branch instructions account
for no more than 17% of all instructions, meaning that over 83% of instruction addresses do
not hit the BTB [21]. Accessing all ways for nonhit entries results in wasteful power loss.

Previous schemes aimed at reducing BTB accesses by increasing the instruction inter-
val [21] or by introducing shifting and adding buffer operations [22]. While not requiring
additional cycles, these schemes suffer from inaccurate predictions, leading to frequent
entry replacements and performance loss. The approach in this paper uses a partial tag
prediction mechanism to filter nonhit command addresses. If the partial tag match succeeds,
a potential hit way is determined. The structural details are as follows:

The Way Prediction Mechanism: As illustrated in Figure 4, the BTB structure is divided
into two levels, comprising a look-up table and the BTB itself. In a BTB structure with
4 ways, the entries can be effectively distinguished using a 6-bit partial tag. Hence, the
length of the look-up table item, defined as L_partial, accounts for this.

L_parital = A_M[i, j] + B_M[i, j] + C_M[i, j]

+D_M[i, j] len(i, j) ∈ (6, N)
(2)

where A_M, B_M, C_M, and D_M represent partial tag for the 4 ways, forming a
512 × 24 look-up table. The notation (i-j)denotes the ith to jth bits of tag, which are used to
filter nonhit addresses.

For the second level of the BTB structure, partial tags are no longer stored in the lookup
table. Taking way 0 as an example, the entry length is represented as L_BTB:

L_BTB(A) = A_V + A_M[0, i] + A_M[j, x]

+A_N + A_T len(tag) = x + 1
(3)

A_V represents the enable bits, A_M(0-i) + A_M(j-x) signifies the remaining tags, and AN
and AT denote the lengths of the destination address and instruction type. In contrast to
the conventional BTB structure, our approach avoids adding extra bits, and the look-up
table directly corresponds to the BTB table entries, requiring only one decoder.



Electronics 2024, 13, 1185 7 of 15

The way prediction algorithm, described in Algorithm 1, employs the input address
(PC) and determines which way needs to be accessed (Way). It begins by accessing the
look-up table using the current PC to retrieve the partial tag, denoted as M (lines 3). M
contains the (i-j) bits of A_M, B_M, C_M, and D_M, which correspond to the 4-way
structure. We simultaneously match A, B, C, and D with PC, and if a match is successful,
the corresponding way is assigned a value of 1; otherwise, it has assigned a value of 0.
Ultimately, the results are tallied to determine the way to access. If Way equals 0, it signifies
nonhit access or only the hit way needs to be accessed.

Algorithm 1: Way prediction algorithm.
Input: PC

1 //The PC represents the instruction address required to access the structure
Output: Pt_Way

2 //The Pt_Way is the result by way prediction mechanism.
3 Pt_Way←− Φ
4 for i ∈ {1, 2, 3, 4 · · · } do
5 //i represents the ith instruction addresses to access the BTB module.
6 Wayi ←− Φ; PCi ←− Φ; M←− Φ
7 M[A, B, C, D] = PartialTag[PCi%512]
8 //PCi accesses PartialTag to get M[A, B, C, D] for matching, 512 represents

0.5K entries in each way.
9 for j ∈ {1, 2, 3, 4 · · · } do

10 //Take 0-6 bits of the tag for matching, as analyzed in Section IV
11 if PC_tag[0 : 6] == M[j] then
12 Wayi = Hit;
13 else
14 Wayi = Non-Hit;

15 Pt_Way←−Way0 ∪Way1 ∪Way2 ∪Way3
16 //The proposed mechanism implements filtering of non-hit instruction

addresses

Figure 4. Partial tag to V-BTB mapping.

3.2. Experiment Settings

This experiment utilized the SimpleScalar simulator to emulate a classical multi-
aunch sequential instruction pipeline processor [28]. The key processor parameters are
presented in Table 1. The benchmarking involved a two-stage typical BTB structure using
the two-stage prediction mechanism scheme. The SimpleScalar simulator emulated mi-
croprocessors with an MIPS/PISA-like instruction set structure for simulation [29]. The
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benchmarking program employed integer test vectors from SPEC 2000, and each test vector
had a corresponding test input (TEST INPUT).

For processor cores, the datapath width accommodated 4 instructions per cycle, while
the load/store queue could hold 8 entries. The branch predictor employed was a Bimodal
Predictor. In a two-level BTB structure, the first level consisted of a fully associative BTB
with 64 entries, followed by a 4-way set associative BTB with 512 sets in the second level.
The L1 cache and L2 cache possessed capacities of 32 kb and 2 MB, respectively.

For the power consumption evaluation, CACTI 6.5, with 32 nm technology, was
employed to simulate the power consumption per query of the BTB structure, and the
query power consumption was subsequently calculated based on the access count derived
from the SimpleScalar simulation.

Table 1. Processor simulation parameters.

Processor Core

Data Path Width 4 inst. per cycle
Load/Store ueue 8 entries

RUU 16 entries

Function units
4 IALU, 1 IMULT/IDIV,

1 FMULT/FDIV/FSQRT,
1 FMULT/FDIV/FSQRT

Branch Predictor
Branch Predictor Bimodal Predictor

BTB 64-entry, 512-entry, 4-way
RAS 16-entry

Memory Hierarchy L1 I/DCache 32 KB, 4-way, 32 B blocks, LRU
L2 UCache 2 MB, 8-way, 64 B blocks, LRU

4. Experiment Evaluation

To demonstrate the advantages of our proposed two-level BTB structure, we analyzed
the experimental results from multiple dimensions, including accesses, power consumption,
area, performance, and way selection mechanism.

4.1. Analysis of Accesses

We conducted the experimental analysis to showcase the proposed two-level predic-
tion mechanism’s effectiveness in reducing access numbers. Seven SPEC2000 traces were
used to analyze the access patterns in the two-level BTB structure. Figure 5 depicts the
proportion of Level 1 and Level 2 BTB hits in different trace scenarios, along with the count
of hit ways. Specifically, Figure 5A illustrates the percentage of accesses to the M-BTB and
V-BTB structures for a typical two-level BTB structure compared to the BTB structure with
our proposed scheme. The results demonstrate that the accesses are concentrated in the
first-level BTB structure, with the second-level BTB accesses representing a smaller fraction.
Compared to the parallel two-level structure, the serial structure effectively reduces second-
level BTB accesses and lowers the overall power consumption. The two-stage prediction
mechanism introduced in our approach does not alter the access patterns of the original
structure but instead reduces accesses to bank/way.

Table 2 showcases a comparison of the accessed banks/ways. In the baseline BTB
scheme, all banks need to be accessed. However, with the M-BTB, adding a bank prediction
mechanism and the hashing of table entries via a hash function results in access to only one
bank instead of all banks. The approach proposed in this paper reduces the access count by
an average of 75%.

Figure 5B illustrates the comparison of hit ways in V-BTB. By accessing the partial
tag, our prediction mechanism achieves 40% filtering of nonhit instructions, eliminating
the need for additional BTB structure access. For over 58% of instruction addresses, only
one-way access to the BTB structure is required to access potential targets. More than 98%
of instruction addresses achieve access with only no or one way, validating the effectiveness
and practicality of the prediction mechanism.
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Figure 5. (A) Distribution of BTB accesses; (B) comparison of hit ways in V-BTB.

Table 2. Processor simulation parameters.

Scheme Level 0 1 2 3 4

2-level BTB

1-BTB - - - - 100%
(Bank)
2-BTB - - - - 100%
(Way)

Our method

M-BTB 0% 100% 0% 0% 0%
(Bank)
V-BTB 39.8% 58.0% 1.74% 0.1% 0.4%
(Way)

4.2. Analysis of Power

We conducted comparative experiments to demonstrate the prediction mechanism’s
advantages in reducing power consumption. CACTI 6.5 was used for power simulation of
different BTB structures, and the power consumption for various traces was averaged to
calculate the query power consumption.

The M-BTB structure comprises a decoder and a fully associated BTB with 64 entries.
The M-BTB structure’s power consumption mainly consists of decoder power and reg-
ister access power. The query power consumption for M-BTB is calculated as shown in
Equation (4):

PM_BTB = Pdecoder +
n

∑
i=0

XM_i × PM_i (4)

where P_decoder represents decoder power consumption, XM_i is the number of predicted
results accessed in bank i, and PM_i is the query power consumption for simultaneous
access to bank i in the fully associative BTB.

The V-BTB architecture power consumption has two primary components: the look-up
table and the set-associated BTB access power consumption. The query power consumption
for V-BTB is calculated as shown in Equation (5):

PV_BTB = Ppartial +
n

∑
i=0

XV_i × PV_i (5)

where P_partial denotes the power consumption for a single access to V-BTB, XV_i repre-
sents the likelihood that the predicted result accesses the ith way, and PV_i signifies the
power consumption associated with simultaneous access to the ith way in V-BTB.

Figure 6 illustrates the power consumption associated with accessing the BTB structure,
comparing a one-level architecture, a two-level architecture, and our proposed scheme
across diverse traces. The power consumption values were normalized to one for the
one-level BTB architecture. In the case of the two-level BTB structure, power consumption
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is 19% for the one-level structure, while our proposed scheme reduces power consumption
to 8%. Notably, vpr and gcc exhibit higher power consumption due to a higher percentage
of branches included in those traces.

Figure 6. Power consumption comparison among different schemes.

Table 3 presents a power comparison of the different BTB architectures. The AirBTB
scheme primarily focuses on performance improvement with limited power optimization.
The TG-BTB scheme decreases the number of accesses by increasing the instruction interval
and demonstrates good power reduction for the SPEC2000 trace. The FIL-BTB, a typical two-
level BTB structure, is partially optimized to balance performance and power consumption,
resulting in an average power reduction of 70–90%. Our proposed scheme utilizes the
improved two-level BTB as a benchmark and further reduces power consumption by
adding a two-level prediction mechanism to the BTB structure, achieving an average
reduction in access power consumption of 86–97%.

Table 3. Processor simulation parameters.

Schemes Power Consumption Decrease Power Consumption

Convention BTB 100% 0%
Air-BTB [10] 26.4–61.5% 26.4–61.5%
TG-BTB [12] 10.75–22.5% 67.55–89.25%
FIL-BTB [26] 10–30% 70–90%

The proposed scheme 3–14% 86–97%

4.3. Analysis of Area

To compare the area of the proposed schemes, we analyzed the area of the BTB
schemes. In the conventional BTB structure [30,31], each table entry is approximately
56 bits, including the target index, target instruction address, and instruction type. The
first level incorporates a fully associative register with 64 table entries in the two-level
structure, and the second follows the conventional BTB structure. Our proposed scheme
does not introduce additional area overhead. The first-level prediction mechanism utilizes a
2–4 decoder and a hash function for table entry dispersion. The second-level BTB structure
splits the target indexes to form a 1-way look-up table and a 4-way BTB structure.

Figure 7 presents the area obtained through CACTI simulation, normalized to the
conventional BTB structure. Among the compared schemes, the TG-BTB design exhibits
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the highest area increase, with a 25% rise. This increase is attributed to adding three extra
registers expanding each table entry to 75 bits to record instruction intervals. The FIL-BTB
scheme introduces a two-level filtering structure to filter non-branch instruction addresses,
resulting in a larger area than the traditional BTB structure.

In contrast, the proposed scheme occupies the least area among the various schemes.
Compared to the TG-BTB structure, our scheme does not increase the length of table
entries. We simply split and reorganize the tag bits within the table entries to achieve
partial matching. Compared to the FIL-BTB, our approach employs a fully associative BTB
with 64 entries to achieve higher prediction performance with a smaller area footprint.
Adding our two-level prediction mechanism only increases the area by 0.03× for a BTB
structure containing 2 k table entries, demonstrating a balanced trade-off between area and
power consumption.

Figure 7. Area comparison of different BTB architectures.

4.4. The Analysis of Performance

To analyze the impact of the proposed scheme on performance, we evaluated it
using instructions per cycle (IPC). A higher IPC value indicates that more instructions are
executed per unit cycle, signifying improved performance. For the proposed two-level
prediction mechanism, the first stage, involving hashing and decoding, presents a minimal
delay and can be accommodated in the previous cycle. Thus, there are no additional cycle
constraints. For the second-level prediction mechanism, a cycle penalty is added for partial
tag access and matching.

Figure 8 illustrates the performance comparison between the original two-level BTB
structure and the BTB structure with the two-level prediction mechanism. Across seven
different traces, the addition of the proposed two-level prediction mechanism results in
only a slight reduction in the IPC to 1.39.

Compared to the original structure, the reduction is minimal (0.01×) because most ac-
cesses are concentrated in the first-level BTB. The second-level BTB access is only performed
when the branch predictor hits and the first-level BTB fails to match the instruction address.
In the case of a hit on the second-level access, an additional cycle of delay is introduced as a
penalty for the prediction mechanism. However, when the second-level BTB fails to hit, no
extra cycle penalty is imposed since it does not affect the normal execution of the program.
Consequently, our proposed mechanism is an energy-efficient power optimization scheme
for the original BTB structure.
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Figure 8. Performance comparison between two-level BTB and our approach.

4.5. Way Selection Mechanism

In theory, using more bits of the current address as a partial tag can lead to better
prediction performance but at the cost of additional area and power consumption. To strike
a balance between efficiency and accuracy, a series of experiments were conducted using 4,
6, 8, and 10 bits of the PC address as a partial tag. Multiple traces from SPEC 2000 were
used including gzip, vpr, parser, twolf, mcf, gcc, and bzip, and each trace was simulated
once. The results were averaged for analysis.

Figure 9 shows the percentage of predicted ways using different bits for matching.
Figure 9A–D represent the eight, six, four, and two bits used for indexing. Each fig-
ure’s horizontal axis indicates the bits selected for the query, while the vertical axis rep-
resents the percentage of queries resulting in zero-way, one-way, two-way, three-way,
and four-way accesses. Partial tag prediction aims to maximize the ratio (P) of zero-way
and one-way accesses to be as close to one as possible, indicating the efficiency of our
prediction mechanism.

Partial tag is defined as eight bits in Figure 9A. When bits 0–8 are used, p-value reaches
0.99. When 2–10 bits are used, P stands at 0.85, indicating that for more than 15% of the
addresses, over two ways need to be accessed to obtain a hit. When the partial tag has
6 bits and bits 0–6 are employed, P is 0.98. Comparing these results, it becomes evident
that a higher number of bits in the partial tag leads to a higher p-value. Starting from zero
bits for an eight-bit partial tag provides a higher p-value.

To further analyze the experimental results, four groups with high p-value combina-
tions were selected for evaluation. Figure 10 illustrates the proportion of hit ways when
different address bits are used as the partial tag. Figure 9A,B represent eight bits of the par-
tial tag with a high p-value for bits 0–8, indicating more effective prediction. In Figure 9A,D,
a six-bit partial tag with a high p-value for bits 0–6 is shown. For an eight-bit partial tag,
the p-value is 0.99 when starting from 0 bits, whereas for a six-bit Partial tag, the p-value
is 0.98 for bits 0–6. Balancing power consumption and prediction performance, a six-bit
partial tag was chosen for tag segmentation in this experiment.
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Figure 9. Percentage of predicted ways using different partial tags. (A–D) represent experiments
with 8-, 6-, 4-, and 2-bit partial tags, respectively. (Horizontal: partial tag selection; vertical: hit ratios
for 0, 1, 2, 3, and 4 ways).

Figure 10. Comparison of high p-value groups based on various partial tags. (A,B) represent
experiments with 8-bits partial tag and (C,D) represent experiments with 6-bits partial tag.

5. Conclusions

This study introduced a straightforward yet practical low-power design approach
for a two-level BTB structure. The proposed design incorporates a two-level prediction
mechanism to anticipate the bank/way of potential accesses. Access to the two-level
BTB occurs sequentially, with the second-level BTB accessed only when the first-level
BTB fails to hit, effectively reducing the power consumption associated with BTB access.
Within the M-BTB, a decoder is employed to interpret partial bits for bank selection while
implementing a skew design to mitigate correlations among table entries within the bank.
In the V-BTB, an address mapping method transforms the partial address into a partial tag.
This approach reduces the power consumption related to parallel access to multiple ways
by identifying potential hit ways through partial tag comparisons.

This study examined the bank/way structure’s performance on seven trace sets. For
the M-BTB structure, our proposed scheme significantly reduces access counts by an im-
pressive 75%. In the V-BTB, more than 98% of addresses necessitate just zero-way and
one-way accesses to yield hits. The experimental results demonstrated that our scheme
delivers a substantial power reduction, ranging from 86% to 97%, with minimal perfor-
mance degradation and area expansion. This approach is an efficient power-saving strategy
compatible with various BTB design schemes and is well suited for low-power applications.
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