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Abstract—High Energy efficiency and high performance are
the key regiments for Internet of Things (IoT) edge devices.
Exploiting cluster of multiple programmable processors has
recently emerged as a suitable solution to address this challenge.
However, one of the main power bottlenecks for multi-core
architectures is the instruction cache memory. We propose a
two-level structure based on Standard Cell Memories (SCMs)
which combines a private instruction cache (L1) per-core and
a low-latency (only one cycle latency) shared instruction cache
(L1,5). We present a detailed comparison of performance and en-
ergy efficiency for different instruction cache architectures. Our
system-level analysis shows that the proposed design improves
upon both state-of-the art private and shared cache architectures
and balances well performance with energy-efficacy. On average,
when executing a set of real-life IoT applications, our multi-level
cache improves performance and energy efficiency both by 10%
with respect to the private instruction cache system, and improves
energy efficiency by 15% and 7% with a performance loss of only
2% with respect to the shared instruction cache. Besides, relaxed
timing makes two-level instruction cache an attractive choice for
aggressive implementation, with more slack for convergence in
physical design.

Index Terms—instruction cache, parallel architecture, energy
efficiency, relaxed-timing.

I. INTRODUCTION

With the growing demand for edge computing devices in
IoT market, such as drones, smart watches, and wearable
devices, it is becoming urgent to improve the capabilities
of edge devices towards higher performance, to deal with
complex near sensor analytics algorithms, and low power to
extend device working longevity. As such, heterogeneous com-
puting architectures have been proposed to accelerate specified
algorithms within power envelopes of only a few mW or even
less [1], [2]. On the other hand, (Symmetric MultiProcessing)
SMP parallel architectures have been proposed recently to
achieve high performance and high energy-efficiency exploit-
ing parallelism coupled to low-voltage operation [3], in a
fully programmable environment. In this scenario, optimizing
the instruction memory hierarchy of tightly coupled clusters
of processors is one of the most challenging research topics
towards flexible and energy efficient computing platforms.

A common method to reduce energy consumption of the
instruction cache hierarchy in ultra-low-voltage systems is to
use advanced memories, such as 8T or 10T SRAMs optimized
for sub-threshold operation. Other approaches exploit Standard
Cell Memories (SCMs) [4] [5], which are more flexible
and easily portable from one technology to another. SCMs
present extremely interesting features for small memory size,
low-voltage and energy-efficient designs, since: i) they can
operate with very low voltage, even lower than 10T SRAMs
optimized for low voltage [6] ii) their energy per access is
significantly smaller than SRAMs at the same voltage supply
[5]. Nevertheless, although controlled placement of standard

cells memory array reduces area overhead [5], it is still huge
as 2x to 4x the area of the same size SRAMs based memory.
This makes the usage of SCM-based private instruction caches
in tiny IoT end nodes only feasible for relatively small sizes,
significantly degrading performance for applications with large
memory footprint or for those applications relying on software
libraries frequently polluting the instruction cache [3].

Explored approaches to take full benefit from the energy
efficiency of SCM-based instruction memories in multi-core
systems leads to the exploitation of shared instruction caches
[7]. Compared to traditional private instruction cache, shar-
ing the cache among multiple cores allows to provide the
processors with a larger ”virtual” cache capacity, reducing
the overheads of area expensive latches. Indeed, during the
execution of parallel code, a large fraction of the cached
instructions is replicated in every private cache, leading to
inefficient usage of program cache capacity. This situation is
exacerbated if we consider a parallel program that relies on a
parallel programming model such as OpenMP [8]. Moreover,
instruction caches are well suited for sharing: their read-
only nature inherently limits the complexity of hardware
implementation and does not require to maintain coherency. As
such, Loi et al. [9], proposed two different instruction cache
architectures, one leveraging a crossbar between processors
and single-port cache banks, and another leveraging banks
with multiple read ports, publicly available on github1.

Nevertheless, the first level cache is often on the critical
path of simple single-issue microprocessors featuring a flat
pipeline [10]. Moreover, DSP-oriented processors designed
for high energy efficiency typically feature a prefetch buffer
to support compressed instructions and reduce the pressure
on the memory hierarchy (low power) and even more com-
plex instruction fetch stages to avoid stalls (high efficiency).
However, this extends the critical path toward the instruction
cache [11]. Finally, this path is further extended in shared
caches, due to the need of an additional crossbar or multiple
ports [7] towards the cache banks. These considerations, joint
with the well know routing bottlenecks for deep submicron
technology nodes, potentially pose significant limitations on
the performance, energy efficiency, and scalability of future
software-programmable parallel processor clusters.

In this context, the contributions of the paper are the
following:

• We propose a two-level instruction cache combining a
private instruction cache (L1) with a single cycle latency
shared instruction cache (L1,5) to relax the timing and
balance the performance with the energy efficiency in
tightly coupled clusters of parallel processors.

1https://github.com/pulp-platform
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Fig. 1: Baseline SoC architecture, featuring a cluster with
private instruction cache

• We synthesized and implemented (place and route) an
8-core cluster integrating the proposed instruction cache
architectures in commercial 22nm FD-SOI technology,
and we performed an extensive and comprehensive ex-
ploration, including a comparison with state-of-the-art
instruction cache architectures based on physical imple-
mentation results (i.e. area, power), and performance and
efficiency of synthetic benchmarks.

• We implemented an extensive set of real-life applications
on the evaluated cache architectures analyzing perfor-
mance and energy efficiency of the proposed solutions
on typical signal processing and CNN IoT applications.

Results show that, for an energy efficient implementation of
the cluster (i.e. timing relaxed by ∼30% with respect to the
maximum operating frequency), the proposed two-level cache
architecture improves the performance with respect to the pri-
vate cache by 10% both in throughput and in energy efficiency,
on average. When compared with shared cache systems, for
low miss rate applications (real-life IoT application), it features
15% and 10% better energy efficiency than the multi-port
and single-port respectively, while loses only up to 2% of
throughput due to its hierarchical structure. In applications
with high I-cache miss rate, not common in IoT applications,
the new cache organization still has much better performance
than private caches of same total cache capacity, thanks to
larger shared L1,5 and has an acceptable performance loss
with respect to the flat shared caches. Finally, the proposed
cache provides strong advantages in implementation effort
with respect to the flat shared caches, improving the scalability
of multi-core systems both in terms of number of cores per
cluster and maximum operating frequency.

II. BACKGROUND

A. Global Architecture

The baseline system we consider in this work is a tightly
coupled cluster including 8 32-bit RISC-V cores [11]. The
RISC-V cores are based on an in-order, single-issue, four
stage pipeline micro-architecture without branch prediction,
improved with extensions such as hardware loops, load/store

with pre/post increment, SIMD operations for higher through-
put and energy efficiency in parallel signal processing work-
loads [11]. No data cache is present for avoiding memory
coherency and large power overhead [12]. Each core shares
a 128 KB ultra-low-latency L1 multi-banked Tightly Coupled
Data Memory (TCDM) and a DMA tightly coupled to the
TCDM [13].

Both of the instruction cache and DMA are connected to
an AXI4 cluster bus for fetching off-cluster data. Besides, to
increase the throughput of cores, a prefetch buffer of one 16-
byte cache line is adopted between the core and instruction
cache. Since SoC domain and cluster domains have its own
Frequency-Locked Loops (FLLs) and supply voltages, it is
possible to adjust the frequency and supply voltage according
to use case. Finally, thanks to the low-voltage SRAMs for L2
memory of SoC domain and cluster TCDM, and to the near-
threshold 22nm FDX technology, the supply voltage of the
SoC and cluster can scale down to near-threshold 0.65V to
improve its energy efficiency.

B. Explored I$ Architectures

Based on previous work, three type of instruction caches
are analyzed, described in the following. All the presented so-
lutions are implemented with latch-based SCMs for improved
energy efficiency. More details about the presented instruction
cache architectures can be found in this work [9].

1) Private cache: The baseline cluster features private in-
struction caches (Fig. 1). Each private cache bank is composed
of 3 elements, TAG and DATA array which are implemented
using SCMs and cache controller which uses request-grant
handshake protocol with a pseudo-random (PRAND) replace-
ment policy. Private caches are fast (i.e. small critical path) and
simple (i.e. low-power). Both data replication and high miss
penalty for large footprint applications are major drawbacks
for private instruction cache which decrease their performance
and energy efficiency.

2) Single-port Shared Cache: Shared instruction cache ben-
efits from large cache capacity to avoid data replication while
needs to minimize the access cycle (single-cycle-latency) and
area overhead. The single-ported shared instruction cache
features a read-only low-latency crossbar which uses round-
robin arbitration policy for each core’s fetch request [9]. Since
one cache bank can serve one refill request each time, it causes
congestion when several cores access to the same cache bank
for parallel applications. Moreover, a long path is present
between the instruction fetch stage of the processors to the
cache banks through the interconnect.

3) Multiple-port Shared Cache: Another method minimizes
the access cycle to first level cache while takes the advantage
of large cache capacity is to use multiple ports memory banks,
TAG and DATA memories are shared, while keeping the cache
controllers private for each core and close to the core fetch
interfaces. Nevertheless, even it avoids the heavy congestion
for cores’ access, 8-ported TAG and DATA memories have a
serious area overhead issue, as a result it is suitable only for
cache sizes up to a few KB.

III. TWO-LEVEL INSTRUCTION CACHE

This section describes the proposed two-level instruction
cache which combines small private I$ (level 1) with a tightly
coupled (1 clock cycles of latency) shared I$ (Level 1,5).
The two caches are connected together through a single clock
latency interconnect [14]. This approach avoids long critical
paths from the core to the interconnect and back to the core
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Fig. 2: Two-level Instruction cache which combines private I$
(L1) with shared I$ (L1,5) with critical path which is solved
by adding response buffer

(Fig. 2 while benefits from the low-latency access time from
the core to the private I$, and from the private I$ to the L1.5$.

When a refill is done, the instruction is fetched by the
Instruction Fetch Unit (IFU) of the cores crossing the low-
latency interconnect. Since a prefetch buffer is present on the
core, the current fetched instruction is being decoded to fetch
the following instruction. Then, a request is sent from core to
shared cache crossing the low-latency interconnect. If two or
more cores compete to fetch instructions stored on the same
cache bank, a round-robin arbitration policy ensures that only
one core can access the cache bank while the others are stalled.

As shown in Fig. 2, the proposed hierarchical cache features
a request buffer and a response buffer featuring design config-
urable pipeline stages (i.e. they can be enabled with a System
Verilog parameter) to eliminate this critical path through the
I$. Since in the presented cluster implementation the response
buffer is sufficient to cut the critical path, the request buffer
has been disabled. On the other hand, this buffer is a powerful
knob to improve the scalability of the system towards high-end
clusters optimized for frequency or featuring a larger number
of cores (e.g. 16), taking advantage of the hierarchical structure
of the cache.

In the proposed implementation, the access time of L1 I$
is 1 cycle, of L1,5 I$ is 2 cycle when cache hit separately.
Going from the L1 to the L1,5 is one cycle of latency in case
of no conflicts, and more cycles in case of conflicts. However,
the contention on the memory banks is largely decreased by
adopting a banking factor of 2 and L1 filter cache. For L1,5,
shared cache banks have been designed to support multiple
outstanding transactions and non-blocking behavior in case of
miss. If a miss happens, the cache bank asserts the respective
refill request, and then, while waiting for the refill response
from L2, processes incoming fetches for the other cores. The
shared cache controller is also able to track more than one
pending refill.

IV. IMPLEMENTATION AND EVALUATION

A. Experimental Setup

To perform a detail analysis of the trade-offs between the
discussed cache architectures in terms of performance, energy
and area, we consider a single cluster with 8 processors, and a
configurable size of the instruction cache (4kB to 8kB) which

Mnemonic Type Refill Description
Cycles

4K-PR Private 15 512B I$ bank per core
8K-PR Private 15 1024B I$ bank per core
4K-SP Shared 17 8x 512B I$ banks, single-port
8K-SP Shared 17 8x 1024B I$ banks, single-port
4K-MP Shared 19 2x 2048B I$ banks, 8-port
8K-MP Shared 19 2x 4096B I$ banks, 8-port

4K-HIER Private 19 512B I$ bank per core
Shared 2x 2048B I$ banks, single-port

8K-HIER Private 19 512B I$ bank per core
Shared 2x 4096B I$ banks, single-port

TABLE I: Architectural configurations details

are reasonable for the kind of IoT applications we target and
suitable area overheads, while the size of the TCDM is fixed
to 128 Kb. Table I shows all the architectures used in the
proposed experiments, where a 4-way set associative configu-
ration with a cache line width of 16 bytes (4 words) is used,
providing a well balanced trade-off between performance and
area overhead for low-power multicores [9]. To obtain physical
characteristics (i.e. power, area ) of the design was synthesized
and implemented with GF 22nm FD-SOI technology library.
We use Cadence Genus-19.10 to synthesize the design and
Cadence Innovus-18.10 for the place and route. To characterize
the power consumption of the proposed instruction cache
architectures, we assume that the both of SoC domain and
the cluster domain operate at the supply voltage of 0.65V.

To obtain the average power consumption of the cluster
we simulated its post place-and-route netlist when running
a series of synthetic tests with specific process, voltage and
temperature (PVT) corner. In this exploration, we run all the
tests at the operating frequency of 200MHz and supply voltage
of 0.65V for cluster with 25◦C. The chosen frequency is
30% smaller than the maximum frequency, since the target
is maximum energy efficiency instead of max performance.
Then, for each test, we back-annotated the switching activity
traces in VCD (Value Change Dump) format with questasim
10.7b only in third execution to avoid cold boot, and we
passed it to Synopsys PrimePower M-2016.12 together with
the parasitic file (in SPEF format) of certain RC corner to
achieve an accurate cluster power estimation. Nevertheless,
cluster power only is not enough for power estimation, we
need to consider also the L2 AXI refill power with L2 SRAM
access power due the characteristics of different instruction
caches. Finally, we use this accurate power estimation to do a
detail comparison.

Nevertheless, it is not feasible to run power analysis on large
benchmarks, so we use an FPGA for running the benchmarks
since it is cycle accurate emulation. Then, we need to find
a method to evaluation the power with the FPGA running
result. Here, we measured the relationship between the power
and the miss rate. If one application has high miss rate it
means that the cluster can stall for several cycles. As the result,
during the refill period, the cores are stalled so the average
power of cluster decreases (Fig. 4b). Thus, based on the
assumption that the higher the miss rate, the lower the average
power of cluster. Finally, we have PAverage ∝ (1/MissRate).
After the collection of all the average power for synthetic
tests, we created a look up table (LUT) model describing the
relationship between miss rate and average power for each
architecture. Finally, we use this LUT to evaluate in depth
with the real-life IoT applications.

The synthetic test is a simple parallel matrix multiply test
for 8192 words. We use Loop unrolling technique to force
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Fig. 3: Left : Cluster Area breakdown for the different cache
architecture and configurations. Instruction cache contribution
is placed on top. Right : Comparison of cells’ leakage power
and latency normalized to CSC28L

the size of instructions within the main loop to be 0.375KB,
0.75KB, 1.5KB, 3KB, 6KB and 12KB. Finally, we have 6 tests
for each architecture and all the tests have the same number
of operations for cluster. In the end, we can have a LUT of
relationship between miss rate and average power for each
architecture configuration.

B. Physical Implementation Results

To characterize the performance of the various instruction
cache architectures, it is necessary to perform a wide physical
exploration in terms of timing, area, power for all the con-
figurations shown in Table I. In the following, we will refer
to the private cache, multi-ported, single-ported shared cache
and the proposed two-level cache designs with the following
acronyms: PR, MP, SP, HIER.

Fig. 3 left illustrates the silicon area costs for all cache
architecture configurations, for each same instruction cache
size, private cache is smaller than all other caches thanks
to its simpler architecture, two-level cache is bigger than SP
since it always has more 4KB (8x512B) L1 memory than SP
and MP has the largest area because of large number of read
ports and lot of routing congestion. Besides, to evaluate the
timing pressure of design, we use the table II which lists the
percentage of different standard library cells of GF 22nm used
in the design. The tool adds more leaky cells (CSC28SL GF
standard supper low Vt cells, see Fig. 3 right) if the design has
bigger timing pressure. As we can see, the private cache has a
small timing pressure but as we will see later that it is much
less efficient in terms of performance. The MP has less timing
pressure while the SP suffers from big timing pressure. The
HIER has the least usage of CSC28SL which means HIER
has the best timing in all of the I$ architectures and can ease
the timing convergence for physical implementation (place and
route).

C. Evaluation

This section evaluates the the most significant parameters,
performance, power and energy of the presented instruction
cache architectures for low-cost, low-power processor clusters,
which gives us a global view of the characteristic for each
cache architecture. All the following figures show the normal-
ized results over the 8-core 8K-PR configuration for test of
0,375KB instruction size which we consider as a baseline.

Fig. 4a summarizes the throughput (execution efficiency)
of all synthetic tests measured on the different architectural

Size Type CSC28L CSC24L CSC20L CSC28SL
[%] [%] [%] [%]

PR 59,8 4,3 8,7 27,2
8K MP 62,9 4,0 6,1 27,1

SP 58,7 4,6 8,4 28,4
HIER 62,1 4,1 8,3 25,6

PR 57,3 4,5 9,1 29,1
4K MP 60,1 3,9 7,3 28,6

SP 56,7 4,9 9,0 29,4
HIER 59,5 4,2 9,0 27,3

TABLE II: Percentage of different standard library cells of GF
22nm used in different I$ configuration

(a) Throughput of tests normalized to 8K-PR with 0,375KB cache size

(b) Cluster power of tests normalized to 8K-PR with 0,375KB cache
size

(c) Energy efficiency of tests normalized to 8K-PR with 0,375KB cache
size

Fig. 4: Scalability analysis of the cache architectures increas-
ing the instruction size. (b) shows only the normalized cluster
domain power for all I$. (c) shows the inverse of energy which
includes the L2 AXI refill energy, L2 SRAM access energy
and the cluster energy

configurations. There are three points that we can see. First,
the performance drops significantly when over the limit of
total cache capacities, we can see for private cache of 4KB
(8 x 0,5KB) and 8KB (8 x 1,0KB) total cache capacity,
the performance drops dramatically for 0,75KB and 1,5KB
synthetic test respectively. It is the same for shared and two-
level cache. Second, if we consider the same total cache
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APP Size Class Description
CIFAR10 7.1KB CNN Object Recognition

KWS 3.5KB CNN Key word spotting
CT 2.9KB Long-Jump Color Tracking

SLIC 26.1KB Long-Jump Simple Linear Iterative
Clustering for image segmentation

HOG 31.1KB Library Histogram of Oriented Gradients
SRAD 31.7KB Library Speckle Reducing

Anisotropic Diffusion

TABLE III: Benchmark details

capacity, two-level and shared cache architectures always show
better or equal performance when compared to the related
private configurations. We should notice that that shared
caches always have larger L1 cache capacities (8x) than private
cache. In the end, shared cache architectures always have
better performance compared with two-level cache because
two-level cache has smaller L1 cache capacity and there are
about two more refill cycles when there is a miss. So when the
instruction size is between the L1 cache capacity (total cache
capacity / 8) and L1.5 cache capacity (total cache capacity),
it loses about 16% throughput while the miss rate is higher
than 50%.

Fig. 4b shows the power of all synthetic tests measured on
the different architectural configurations. As we can see, MP
always has the largest power while PR has the least power
because of the design area. For SP and HIER it varies a little,
when the instruction size is between the L1 cache capacity
(total cache capacity / 8) and L1.5 cache capacity (total cache
capacity), we can see the power of SP is smaller than HIER,
otherwise the power of SP is bigger than HIER.

Fig. 4c shows the energy efficiency of all synthetic tests
measured on the different architectural configurations. Here
the energy includes the L2 AXI refill energy, L1 SRAM access
energy and cluster energy to obtain an accurate evaluation.
There are two points need to notice. First, when the instruction
size is below the PR cache capacity, PR always has the
best energy efficiency. Otherwise, two-level and shared caches
always have better energy efficiency than PR and SP has
the best energy efficiency. Second, when compare HIER with
shared cache, only when the instruction size is smaller than
the L1 cache capacity (total cache capacity / 8), HIER has
better energy efficiency than shared cache architectures.

V. BENCHMARKING

A. Description of benchmarks

To analyze in depth the behavior of each architecture,
we used four benchmarks based on full-fledged optimized
OpenMP implementation [8] applications and two CNN appli-
cations which use a CNN library to manage memory transfer
between L1 and L2 data memory automatically for embedded
system [15], each featuring a different behavior in terms of
access patterns to the instruction memory subsystem, as well
as diversified memory footprint and execution time.

Table III shows in detail the characteristics of each appli-
cation, including each code section size in Kb. Since cache
performance is influenced strongly by code locality and code
size, we classify the applications into 3 groups, CNN class or
Short-Jump class includes all CNN kernel based applications,
which are loop-based applications with most of loop bodies
smaller than four lines of cache. The second class is Long-
Jump, groups all the loop-based applications with loop bodies
greater than four lines of cache, or based on extensive use of
control flow instructions, including CT and SLIC. In the end,

(a) Throughput of applications normalized to the 8K-PR

(b) Cluster power of applications normalized to 8K-PR

(c) Energy efficiency of applications normalized to the 8K-PR

Fig. 5: Scalability analysis of the cache architectures with
real-life applications. (b) shows only the normalized cluster
domain power for all I$. (c) shows the inverse of energy which
includes the L2 AXI refill energy, L2 SRAM access energy
and the cluster energy

the Library class includes HOG and SRAD which use libraries
to manage non-native data types, such as float, and fixed point
arithmetic, generating a big stress in caches [11].

All above applications are fairly complex and long-lived
(millions of instructions in most cases), which takes too
much time to do the exploration with RTL post place-and-
route simulation. For this reason, we analyse the performance
based on measures coming from RTL-equivalent FPGA im-
plementations, mapped on Xilinx Zynq ZCU102 FPGA using
Vivado 2018.2 only in 8-core situation. The FPGA emulation
allows to execute at up to 50 MHz, enabling near-to-real-
life execution time. The performance analysis is based on
statistics collected by hardware counters implemented inside
the instruction cache. Then we calculate the miss rate of each
application and use the miss rate to power LUT to estimate
the final cluster power for each I$ architecture. Then, we
combine the cluster power with L2 AXI refill and L2 SRAM
access power to obtain the final energy efficiency for each I$
architecture.
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B. Evaluation

Fig. 5 shows all the results of execution efficiency, power
and energy efficiency, normalized to the 8K-PR configuration
results of each application. If we consider pure architectural
performance (execution efficiency), the flat shared cache con-
figurations perform better than both the two-level and the
private caches, joining the benefits of a larger cache capacity
with respect to the private, and a smaller L2 refill latency
with respect to the two-level (see table I) which causes a drop
in performance of only 2%, on average. However, this comes
with a significant cost in terms of average power consumption.
Indeed, looking at Fig. 5b, it is possible to note that, on
average, both the SP- and the MP-based clusters consume
significant more power (up to 20%) than the two-level. This
is due to the high timing pressure on the paths between the
instruction fetch stage of the cores and the cache, which
increases the power consumption of both the cache and the
cores. This is true both for the SP, due to the interconnection
in between the cores and the cache, and the MP, featuring
large area overhead due to the multiple ports which leads to
significant routing congestion, logic spreading and significant
buffering.

Joining the architectural efficiency and power considera-
tions we can conclude that for most applications, featuring
a miss rate smaller than 5%, very common in the near-sensor
processing domain, the energy efficiency of the proposed
two-level cache surpasses both the private and the shared
caches, when considering most of the capacity configurations
analyzed. We should note that a significant energy saving for
the shared cache configurations (both flat and hierarchical)
comes from the merged refill requests to the energy expansive
L2 memory. If we compare the 8K-PR configuration with the
4K-SP configuration, we can find that for a similar area occu-
pation (Fig. 3), the two caches deliver a similar performance
and energy efficiency. However, the two-level cache provides
significantly more robustness with respect to applications with
large footprint and long branches. This can be clearly noted
in SRAD, where the shared caches deliver more than 2x
better energy efficiency than the private configurations. For
this application, the two-level cache provides slightly smaller
performance (20%) than the flat shared caches, due to the
large number of L1,5 refills, which becomes more significant
for high miss rate applications such as SRAD.

However, this is largely compensated by the significant
benefits in terms of implementation effort (i.e. smaller routing
congestion and smaller utilization of low-Vt cells for phys-
ical implementation), especially when considering advanced
technology nodes featuring the well known routing bottleneck.
Moreover, the flexibility given by the possibility to configure
the cache with up to 2 pipeline stages, leads to a better
scalability both in terms of frequency and number of cores
per cluster with respect to flat shared caches, paving the
way to powerful and energy efficient software programmable
clusters for next generation IoT end-nodes in advanced silicon
technologies.

VI. CONCLUSION

In this work, we proposed a hierarchical instruction cache
architecture for energy efficient and cost effective tightly
coupled clusters of processors. Exploiting a small level-zero
private cache tightly coupled to a single-clock latency L1.5
shared cache, the proposed architecture joins the benefits of
private caches (low-power consumption) with large capacity
typical of shared caches (execution efficiency). We benchmark

the proposed architecture on a wide range of real-life IoT
workloads, showing that for low miss rate applications the
proposed architecture improves the energy efficiency by 10%
with respect to private caches, and from 7% to 15% with
respect to flat shared caches. In applications with high I-
cache miss rate, not common in IoT applications, the new
cache organization still has much better performance than
private caches of same total cache capacity, thanks to larger
shared L1,5 and has an acceptable performance loss with
respect to the flat shared caches. As a conclusion, the proposed
cache provides strong advantages in implementation effort
with respect to the flat shared caches, improving the scalability
of multi-core systems both in terms of number of cores per
cluster and maximum operating frequency. Finally, more effect
will be paid to solve the issue of high miss rate applications,
such as adding prefetching feature between L1 and L1,5.
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