
IEEE JOURNAL OF SOLID-STATE CIRCUITS 1

EPOCHS-1: A 12 nm Highly Heterogeneous
Open-Source SoC With Distributed Coin-Based

Power Management and Integrated Hybrid
Voltage Regulation

Joseph Zuckerman , Martin Cochet , Senior Member, IEEE,
Maico Cassel Dos Santos , Graduate Student Member, IEEE, Erik Jens Loscalzo,

Karthik Swaminathan , Senior Member, IEEE, Tianyu Jia , Member, IEEE, Davide Giri ,
Thierry Tambe, Member, IEEE, Jeff Jun Zhang , Alper Buyuktosunoglu , Fellow, IEEE, Kuan-Lin Chiu ,

Giuseppe Di Guglielmo , Paolo Mantovani, Luca Piccolboni,
Gabriele Tombesi , Graduate Student Member, IEEE, David Trilla , Member, IEEE,

John-David Wellman , Member, IEEE, En-Yu Yang, Aporva Amarnath , Member, IEEE,
Ying Jing , Graduate Student Member, IEEE, Bakshree Mishra , Joshua Park , Vignesh Suresh ,

Samira Zaliasl, Member, IEEE, Michael Lekas, Stephen Cahill , Hesam Sadeghi, Joseph Meyer, Noah Sturcken,
Sarita Adve , Fellow, IEEE, David Brooks , Fellow, IEEE, Gu-Yeon Wei , Senior Member, IEEE,

Kenneth L. Shepard , Fellow, IEEE, Pradip Bose , Life Fellow, IEEE, and Luca P. Carloni , Fellow, IEEE

In memory of Davide Giri.

Abstract—We present EPOCHS-1, a 12 nm, 64 mm2 system-
on-chip (SoC) with a high degree of heterogeneity. It features four
Linux-SMP-capable RISC-V cores, 14 different types of acceler-
ators, a distributed memory hierarchy, and various peripherals.
EPOCHS-1’s memory hierarchy has the flexibility to support
a diverse set of accelerators and can scale to support complex
applications with 34% and 25% reduction in latency and energy,
respectively. A subset of the SoC’s 23 power and 35 clock domains
is regulated with a fully-decentralized power-allocation scheme
and hybrid unified voltage and frequency scaling (HUVFS) that
combines an in-package switched regulator with a per-tile low
dropout (LDO). Combined, these techniques achieve up to a
1.57× speedup versus a centralized power management baseline.
Designed with an agile methodology, EPOCHS-1 is based on
an open-source SoC architecture and features only open-source
components, either third-party or newly designed, thus enabling
design reuse for future research projects.

Index Terms—Open-source hardware (OSH), power manage-
ment (PM), system-on-chip (SoC), voltage and frequency scaling,
voltage regulators.

I. INTRODUCTION

MODERN system-on-chip (SoC) architectures feature a
growing number of specialized accelerators alongside

general-purpose cores. This trend, which started over a decade
ago when chips like the Apple A-series SoCs began featuring
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Fig. 1. Annotated die photo of EPOCHS-1, including the full-system
implementation with PIVR and FPGA test harness.

dozens of specialized intellectual property (IP) blocks [1],
has continued to grow: recent industry products include SoCs
that combine many heterogeneous processors and accelerators
[2], [3] and platforms that support the integration of in-
house and third-party (TP) accelerators [4], [5]. While these
designs offer state-of-the-art performance, they are obtained
with high non-recurring engineering costs and the use of
proprietary IPs, which limits their impact on the research
community.

On the other hand, research prototypes from academia
typically focus on demonstrating a particular IP as a proof-
of-concept. The most complex of these SoCs are limited to
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a small degree of heterogeneity with one [6], [7] to three
[8], [9], [10] accelerator types. For small teams of academic
researchers, the challenges of system integration [11] are the
biggest hurdle to taping out more heterogeneous SoCs. Most
of these research prototypes do not consider the system-
level challenges that arise from running complex software
workloads across many IPs.

In this article, we present EPOCHS-1, a highly hetero-
geneous SoC with 14 types of accelerators (see Fig. 1).
EPOCHS-1 is one of the most complex open-source heteroge-
neous SoCs to be presented in the literature [12]. The combi-
nation of IP reuse from open-source hardware (OSH) projects
and an agile design and integration methodology allowed a
small research team to complete this tape out in a period of
three months [13]. Our taped-out SoC was used to characterize
and address the system-level challenges that this class of SoC
architectures faces. In particular, EPOCHS-1’s ability to boot
an SMP Linux operating system allowed for complex work-
loads that present significant challenges in resource contention,
data movement, and power management (PM). In turn, this
allowed us to demonstrate novel solutions to address these
challenges and, in particular, our innovations upon existing
PM techniques that are targeted toward more homogeneous
SoCs.

EPOCHS-1 is based on ESP, an open-source platform for
heterogeneous SoC design [14]. The ESP architecture is tile-
based, with a heterogeneous grid of tiles connected by a multi-
plane 2-D mesh network-on-chip (NoC). Section II details the
architecture of EPOCHS-1, highlighting the main types of tiles
supported by ESP and how they were modified for this specific
SoC. The chip measurements presented in Section III provide
a characterization of the SoC components and showcase one
of the key innovations of EPOCHS-1: its scalable, flexible
memory hierarchy that supports a variety of data-access modes
for accelerators.

Highly heterogeneous SoCs are often used for edge devices,
where energy efficiency is key due to thermal or battery
constraints. However, these types of system pose additional
challenges for PM. The diverse profile of different accelerators
demands fine-grained control of power allocation and delivery;
the implementation must also be workload agnostic to be able
to integrate with a wide variety of IPs. Previous approaches,
such as a programmable power-management unit (PMU) [15]
or custom on-chip controller (OCC)-based designs [16], [17],
leverage a centralized controller that operates sequentially.
Hence, their response times scale only linearly with the
system’s size. In contrast, in Section IV we propose a fully
decentralized PM scheme called BlitzCoin (BC) [18]. Rather
than relying on software [19], BC is implemented in hardware
and distributed across the tiles of the SoC. Exchanges of coins,
which represent units of power, between neighboring tiles
occur in parallel throughout the SoC; this results in sub-linear
scaling of response time with the size of the SoC. This solution
is scalable to large SoCs, responsive to short workloads, and
tailored to a large degree of heterogeneity. In EPOCHS-1, we
integrated BC in ten accelerator tiles that form a PM cluster.

Once BC allocates power to particular tiles, their voltage
and frequency must be regulated to enforce the assigned

Fig. 2. Four main types of ESP tiles implemented in EPOCHS-1: IO,
accelerator, CVA6, and LLC (top-left).

power. This per-tile control of voltage and frequency creates
many more clock and power domains than in prior heteroge-
neous SoCs [6], [7], [8]. While this offers an opportunity for
fine-grained voltage and frequency regulation, it also requires
an easily replicable, low-overhead solution. The conventional
voltage and frequency actuation strategy consists of sepa-
rate closed-loop voltage and frequency actuators (e.g., a low
dropout (LDO) regulator and a PLL), combined with a PM
loop that adjusts the SoC voltage and frequency targets. Recent
designs, instead, have proposed unified voltage and frequency
scaling (UVFS) [20], [21], [22], a single-loop actuation mech-
anism that offers a simpler and more compact design, as well
as intrinsic voltage/frequency tracking. Although LDOs offer
simplicity of integration and rapid response time, they suffer in
terms of conversion efficiency. In contrast, switched regulators
offer high conversion efficiency, but come at the cost of
higher integration complexity and slower response time [23]. A
combination of these techniques can help mitigate the draw-
backs of each approach [24]. EPOCHS-1 leverages a novel
hybrid voltage regulation (HVR) architecture that combines
the efficiency of a package-integrated voltage regulator (PIVR)
with the fine granularity and fast response time of an LDO per
tile on the SoC [25]. Section V presents the implementation
of this hybrid UVFS (HUVFS) power enforcement, while
Section VI shows the results of applying these PM techniques.

Finally, we believe that it is critically important that other
small teams, particularly those in academia, have the ability to
build systems like EPOCHS-1. Hence, Section VII describes
the agile design methodology that enabled a small team to tape
out such a complex system. Furthermore, we have released the
entire synthesizable design of the SoC as OSH so that it can
be a starting point for other researchers, thus supporting the
growth of the OSH community [26].

II. SOC ARCHITECTURE

Fig. 1 shows an annotated die photo of EPOCHS-1 that
depicts our fully implemented system. The 8 � 8 mm SoC is
an instance of the architecture provided by the open-source
ESP platform for heterogeneous SoC design [14], [27]. The
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TABLE I
USAGE, CONFIGURATION OPTIONS, AND KEY METRICS OF THE ESP TILES OF EPOCHS-1 AND THE IP BLOCKS THAT THEY EMBED

ESP architecture is a heterogeneous tile grid connected by a
2-D mesh NoC. In particular, EPOCHS-1 is a 34-tile SoC that
instantiates six independent physical NoC planes; three planes
are dedicated to coherence messages, two to accelerators’
direct memory access (DMA), and one to auxiliary functions,
such as memory-mapped IO and interrupts. Fig. 2 shows the
main types of tiles provided by ESP with some details of how
they are implemented in EPOCHS-1. The EPOCHS-1 tiles
embed a variety of different IP blocks; some of these were
taken directly from the ESP release, while others are new IPs
that were integrated into the ESP architecture from various
sources, as described in Section VII. Table I summarizes the
IPs featured in the SoC, and lists some key metrics and results
that are covered further in Section III.

A. Clock and Power Domains
EPOCHS-1 has 35 clock domains and 23 power domains.

Each of the 34 tiles has its own clock generated from a local
tunable replica oscillator (TRO) that allows it to run at its own
frequency, independently of the rest of the SoC. The clock for
the synchronous NoC is generated by a TRO in the IO tile,
which contains various I/O peripherals (e.g., Ethernet and uni-
versal asynchronous receiver-transmitter (UART)) and other
components (e.g., the boot ROM and interrupt controller). The
clock domain crossings from the NoC into the tiles are handled
by asynchronous FIFOs.

The physical implementation of the tiles also includes the
logic of the NoC routers serving that tile; therefore, the
chip’s top-level does not contain additional logic, only wires
connecting the tiles. The six routers (one per physical plane),
along with some control and status registers (CSRs) that must
always be accessible, are placed in an always-on power domain
Vglobal. Tiles with external interfaces (IO and last-level cache

(LLC)) are also powered on Vglobal. The remaining tiles are
powered separately from the NoC on Vtile. Section V covers the
voltage and frequency regulation of the SoC’s tiles in depth.

B. RISC-V CVA6 Tile
The processor tile of ESP comprises an open-source CPU

core that hosts the system. For EPOCHS-1, we used the Linux-
capable, 64-bit RISC-V CVA6 core [28]. The tile also contains
a private L2 cache that implements ESP’s distributed MESI-
based coherence protocol [29]. The CVA6 core is instantiated
off-the-shelf from the open-source version except for two
modifications.

First, since its L1 cache does not support invalidations,
it cannot be used natively in a coherent, multicore system.
Hence, we modified the interface of the core and the L1 cache
to receive invalidations on an AXI Coherency Extensions
(ACE) bus [30]. When another core (or accelerator) needs to
access a cache line in a modified state, the ESP’s L2 cache
sends an invalidation to the L1 cache over the ACE bus. This
enables coherent multicore execution across the four instances
of this tile, including booting Linux SMP. Second, the pipeline
of one of the four cores was modified to include three in-
core accelerators for important computational kernels of the
fast Fourier transform (FFT), Viterbi, and population count
algorithms [31].

C. Scalable and Flexible Memory Hierarchy
Two types of tiles, the LLC and scratchpad tiles, implement

EPOCHS-1’s memory hierarchy. The LLC tile, based on
ESP’s memory tile, contains a partition of the last-level cache
and a channel to main memory (external dynamic random
access memory (DRAM)). The DRAM is accessed through a
wide source-synchronous link to an field-programmable gate
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array (FPGA), which instantiates dual data rate (DDR) con-
troller IPs. The LLC tiles, together with the L2 caches in the
processor tiles, implement ESP’s coherence protocol, which
is a variation of a traditional directory-based MESI protocol,
adapted to work on a multi-plane NoC and support various
degrees of coherence for accelerators [29]. The presence
of multiple LLC tiles increases off-chip memory bandwidth
and distributes memory traffic across the NoC, allowing the
memory hierarchy to scale to complex applications that use a
significant portion of the chip. The ESP architecture supports
multiple LLC tiles by partitioning the global address space;
each tile serves a discrete partition, and all logic to support
this (e.g., address maps and routing tables) is automatically
generated.

The scratchpad tile, instead, contains a large 1-MB block
of on-chip SRAM. The scratchpad tiles’ addresses lie outside
of the coherent address space. Its usage must be explicitly
orchestrated (i.e., by software) in contrast to the usage of the
cache hierarchy, which is implicitly managed by the coherence
protocol. Due to the high latency of reaching DRAM through
an FPGA, the scratchpad tile is useful for expanding on-chip
storage when workloads do not fit within the cache hierarchy.

As shown in Fig. 1, the NoC-supported memory hierarchy
supports a variety of different communication modes for
accelerators in the SoC. The out-of-core accelerators perform
DMA to bring data into their private scratchpads. These DMA
requests can be served in many ways. First, they can be served
by the cache hierarchy using one or more coherence modes
[32]. In the non-coherent DMA mode, accelerator requests
bypass the cache hierarchy entirely to access off-chip data
directly; coherence must be maintained by software through
cache flushes. In the coherent-DMA mode, DMA requests
are sent to the LLC, and coherence is maintained fully in
hardware; data must be recalled or invalidated in the private
caches of the CPU, as necessary. In a variation of coherent-
DMA mode, the private CPU caches are flushed first to avoid
recall and invalidate messages; this is often referred to as
LLC-coherent DMA. Accelerator DMA requests can also be
directed to the scratchpad tiles, in which case software must
explicitly write the data to these tiles. Finally, accelerators can
bypass the memory hierarchy and exchange data with each
other when one accelerator’s output can be used as the input
of another; this can save a round-trip to main memory, reduce
NoC traffic, and allow for finer-grained pipelining of multiple
accelerator invocations.

D. Accelerators
In addition, the three in-core accelerators, the remaining

accelerators in EPOCHS-1 are out-of-core accelerators. With
the exception of a natural language processing (NLP) engine
[33], [34] that spans four tiles, and three symmetric cryptog-
raphy engines that share one tile, each accelerator occupies
its own tile. Loosely-coupled from the host cores [35], these
accelerators execute coarse-grained tasks on large data sets
and are invoked from device drivers through memory-mapped
registers. The accelerators are chosen from important kernels
of our target application domain and span the fields of signal
processing, deep learning, and cryptography. Highly optimized

for their particular tasks, these fixed-function accelerators are
not programmable (i.e., execute instructions) but are highly
configurable.

III. SOC MEASUREMENTS

A. Frequency, Power, and Performance

Table I summarizes key metrics of each of the IPs in
EPOCHS-1. First, we report the maximum frequency of each
IP at the SoC’s Vmin (0.6 V) and Vmax (1 V); we can
characterize each IP separately thanks to the per-tile clocking
scheme. A few tiles (FFT, Viterbi, Cryptography, and NVIDIA
deep learning accelerator (NVDLA)) can also run at 0.5 V,
but we report the max frequency at 0.6 V for consistency.
The IPs powered by Vglobal (NoC, LLC, and scratchpad) must
remain at 0.8 V or above, so their frequency is reported for
this range. The fastest IP is the LLC, which runs at 1.62 GHz
at 1 V, while the slowest is the large NLP engine, which can
run up to 680 MHz. The CVA6 core, along with the in-core
accelerators, which follow its frequency, can operate at a max
of 1.25 GHz. The NoC reaches a maximum of 880 MHz at 1
V.

Next, we report the power of each IP at Vmin and Vmax.
Among the IPs, the systolic array consumes the most power
at 239 mW, while the audio encoder only consumes 12 mW;
the others vary greatly within this range. This highlights
a diverse power profile among the heterogeneous mix of
accelerators. At 1V, with all components operating at their
maximum frequency, the SoC consumes 4.33 W, including
1 W consumed by the NoC. With all components operating
at their minimum voltage and minimum frequency of
40–80 MHz (dictated by the design of the TRO and Vmin), the
SoC consumes 174 mW. This gives a possible dynamic power
range of 25�; power or clock gating of unused components
can give further savings.

We also report the improvements in performance and energy
by offloading tasks to accelerators compared with running the
same task on the CVA6 cores. We measure the performance of
the accelerators while running end-to-end workloads, includ-
ing the overheads of software, any required cache flushes, and
data movement. Accelerators are invoked using device drivers,
and in most cases, the complexity of the driver is hidden from
the user space with a simple, three-function API provided by
ESP [36]. The in-core accelerators yield small speedups of
1:3�–4�, while negligibly increasing the power of the core;
their low invocation overhead makes them useful for small
workloads. In contrast, the NVDLA accelerator has the largest
speedup at 160�. As shown in Table I, a few accelerators,
there is a negligible change in speedup when raising their volt-
age and frequency. This means that their performance is bound
by either memory latency or software overheads; in these
cases, the accelerator voltage and frequency can be reduced to
save power while still preserving performance. While speedup
is greatest at 1 V, energy efficiency gains are greatest at 0.6 V.
There is a wide range of energy efficiency improvements, the
highest of which is a 959� improvement from the nightVision
accelerator. These performance improvements are critical for
edge devices to meet constraints of real-time applications
while remaining under a specified power budget.
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Fig. 3. Measured NoC congestion and performance, power, and energy for different configurations of the memory hierarchy.

The last column of Table I reports the area utilization of
each tile type in EPOCHS-1. We chose a tile size of 1�1 mm
to accommodate the tile with the highest logic density. Because
the NoC logic is included in each tile, we also needed to
leave enough room to route the NoC wires through each tile;
this degrades the area utilization because a significant portion
of the tile is occupied only by wires. The uniform tile size
greatly simplifies top-level floorplanning and timing closure
[13], but could lead to underutilization of the area budget for
some tiles. In EPOCHS-1, the utilization of the area of the tiles
ranges from 10.1% (nightVision) to 85.6% (scratchpad). While
optimizing area utilization was not a primary goal for this chip,
there are many techniques that can be used to minimize tile-
area underutilization in tile-based SoC architectures, including,
for example, clustering multiple IPs in the same tile (e.g.,
the cryptography tile in EPOCHS-1) and augmenting the
intra-tile memory to improve performance (i.e., caches for
CPUs, scratchpads for accelerators), and moving the NoC
logic outside the tiles.

B. Scalable Memory Hierarchy

Fig. 3 shows how EPOCHS-1’s memory hierarchy can scale
up to handle complex applications using a significant portion
of the chip. In this experiment, 11 accelerators, marked in
black dots, run in parallel on top of a Linux-SMP operating
system. We repeat the experiment while scaling the number of
active memory partitions, marked with black stars, from one
to seven; one LLC tile, marked with a blue star, is always
reserved for the operating system. Accelerators are assigned
to each memory tile with a best-effort partitioning. Each tile
in Fig. 3 shows the fraction of cycles in which the NoC
queues in each tile are full, and are exerting backpressure on a
neighboring tile [37]. This backpressure is used as a measure
of contention on the NoC, where red corresponds to the most,
and green corresponds to the least.

In the one LLC scenario, we can see significant contention
at the active LLC tile (bottom left of the SoC) and in the
surrounding tiles. Backpressure occurs in 8% of cycles at the
active LLC, and in 1% of cycles, on average, across the whole
SoC. As we add additional LLC tiles, the traffic distributes
across the SoC (i.e., less red and green; more orange and
yellow). Adding scratchpads further helps distribute the traffic;

Fig. 4. Performance of different accelerators across different workload sizes
when using various data-access modes.

when all memory partitions are active, peak backpressure
decreases by an order of magnitude to 0.8% of cycles, and
the average decreases by 5� to 0.2% of cycles. In summary,
adding additional memory partitions not only improves mem-
ory bandwidth but can also help reduce contention on the NoC.

The right side of Fig. 3 shows the corresponding latency
and energy improvements from scaling up the memory hier-
archy. Shown in green, the average per-application latency
of the 11 accelerators decreases, as expected, as additional
memory partitions are added. However, unused memory par-
titions can be clock- or power-gated, presenting a tradeoff

between performance and energy. The yellow bars show the
normalized power of each configuration, while the orange
bars show the normalized energy consumption (normalized
power � normalized latency) from each configuration of the
SoC. For this particular application, the reduction in latency
by adding more memory partitions outweighs the additional
power consumption, as we see an overall drop in energy.
Simpler applications, which use a smaller subset of the SoC’s
components, will likely exhibit different trends.

C. Flexible NoC-Based Data Orchestration

Fig. 4 shows the importance of having heterogeneous data-
access modes available to accelerators. The figure reports
the execution time for the FFT (left) and nightVision (right)
accelerators across a range of workload sizes from 16 kB to
4 MB. For each workload size, we report the performance
of each available data-access mode, normalized to that of
the non-coherent DMA mode. For the FFT accelerator, we
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Fig. 5. Comparison of centralized, hierarchical, and decentralized PM
schemes in a heterogeneous 4 � 4 SoC.

see significant variation in the performance across workload
sizes. When workloads fit within a cache or scratchpad bank,
there is a significant improvement from using coherent-DMA
or scratchpad access modes, since the data can be fetched
from on-chip storage. For the 16-kB workload, these modes
are 6� faster than non-coherent DMA. When data no longer
fits in the on-chip memory banks, non-coherent DMA becomes
a preferable choice due to thrashing in the cache hierarchy;
it outperforms the other modes by 2:2�. The nightVision
accelerator shows similar trends, but the differences are less
pronounced. However, this highlights that the performance of
different data-access modes varies not only by workload size
but also by accelerator type. This emphasizes the need for
highly heterogeneous SoCs to have heterogeneous data-access
modes for accelerators.

IV. BC: DECENTRALIZED POWER ALLOCATION

A. Power Allocation Approaches

SoC-level PM can enforce a global power budget under
dynamic activity across the system. This power budget can
be determined by the thermal design power limit in high-
performance (HP) systems, battery life for portable electronics,
or energy harvester output for Internet-of-Things devices.
Although PM at the SoC level has been widely studied for
homogeneous multicore designs, highly heterogeneous SoCs
pose an additional set of challenges. Solutions must be able to
scale to a large number of devices, provide a fine granularity
both in terms of spatial and temporal actuation as well as
power levels, and should be decoupled from the design of
particular IPs. Moreover, challenges are exacerbated by the
fact that, unlike CPUs, fixed-function accelerators are usually
not equipped to run PM software within the tile.

Fig. 5 shows three different approaches to power allocation.
Conventionally, power allocation is implemented as a software
program running on the CPU or an OCC. This offers simplicity
and flexibility, but suffers from a slow response time, which
scales linearly with the number of tiles in the SoC, since the
centralized controller must update each tile sequentially.

Another possibility is a hierarchical approach, where the
SoC is partitioned into subdomains, a centralized controller
allocates power to each sub-domain, which in turn has its own
controller that allocates power to each tile. This can reduce
convergence time, as exchanges within each sub-domain can
happen in parallel. Hierarchical power allocation has worked
well in homogeneous SoCs [38], where partitioning the system
is straightforward. However, the lack of regularity of heteroge-
neous SoCs makes partitioning less efficient and could require

Fig. 6. Example of successive coin exchanges in a 3 � 3 SoC.

a bespoke implementation for each heterogeneous sub-domain.
Furthermore, requiring a controller in each sub-domain results
in significant resource utilization overheads.

In contrast to these two approaches, BC takes a decen-
tralized approach. As shown in Section IV-C, this approach
allows for sub-linear response time scaling and low-overhead
implementation.

B. Decentralized Coin-Based Power Allocation

As shown in Fig. 5, BC relies on the exchange of informa-
tion between neighboring tiles. Since not all tiles can execute
software, this necessitates a hardware implementation in each
tile, which in turn dictates a low-overhead, easy-to-integrate
solution.

Fig. 6 presents an illustration of BC’s power-allocation
operations. The SoC’s power budget is quantized into units
of power called coins. At runtime, each tile exchanges coins
with its neighbors based on the number of coins it possesses
(current power, called has) and the number of tiles it wants
(target power, called max). Max is programmed based on an
offline profiling of the tile. Specifically, each tile exchanges
coins with one neighbor at a time to equalize their has/max
ratios. For example, in Fig. 6, the center tile (has: 3, max:
8) will receive five coins from its west neighbor (has: 9,
max: 4). This simple approach is amenable to hardware
implementation, and more complex exchange mechanisms do
not provide a significant improvement in the convergence
time [18].

The tile’s max value is set from a configuration register,
which gives the software the ability to prioritize power allo-
cation by configuring the relative target power of each tile,
which BC subsequently enforces. In our experiments, setting
the max value of each tile to be proportional to its power at
(Vmax; Fmax) gave the best performance [18], but BC supports
using different strategies according to workload requirements.

Local exchanges between pairs of neighboring tiles ulti-
mately result in global convergence across all tiles. We can
understand the convergence process by defining the conver-
gence ratio � =

PN�1
i=0 hasi=

PN�1
i=0 maxi, the error for a given

tile Ei = jhasi � � � maxi j, and the global average error
E = (1=N)

PN�1
n=0 Ei. During each exchange, coins flow from

the tile with the larger has/max ratio to the one with the smaller
has/max ratio. The error E decreases or stays constant with
each exchange [18]. Assuming the coin-exchange network is
connected, convergence achieves the desired global minimum.
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Fig. 7. Histograms of worst case absolute error across all N tiles over
1000 runs; blue bars are without random pairing and red bars are with random
pairing enabled.

Fig. 8. Dynamic error as a function of time for ten individual Monte-Carlo
runs (gray), an average of 1000 runs (blue), and a centralized sequential tile
update (dashed red) (left). Average error during convergence with 3�� error
bars (right).

However, when a tile is idle, max is set to zero and the
tile rejects coins, effectively interrupting exchanges through
the idle tile and forming a break in the network. To ultimately
ensure a global minimum is still achieved, we introduce a
mechanism where tiles occasionally randomly pairs with non-
neighbors throughout the whole SoC. This pairing does not
need to be truly random and we simplify the implementation
by having tiles iteratively select a non-neighbor after a fixed
number of exchanges.

C. Analytical Results

We used a custom high-level simulator to perform a design-
space exploration of BC and validate the coin-exchange
algorithm on large SoCs (up to 400 tiles). Fig. 7 illustrates
the worst case error Ei;max after reaching steady state from
different random starting conditions. The blue bars show
cases without random pairing, where getting stuck in a local
minimum leaves a non-negligible amount of error in some
tiles. Instead, with random pairing enabled (red), the error is
always less than 1 and is only limited by the quantized nature
of the coins, resulting in global convergence.

In addition to steady-state error, it would also be valuable
to quantify the error during the convergence process. In the
case of a centralized scheme, after computing the new power
allocation, the controller will need to sequentially update the
tiles, resulting, on average, in a reduction of the error over
time following a linear trend. In contrast, during the parallel
exchanges of coins, the first few exchanges contribute the
most to error reduction, as the allocation of coins to imme-
diate neighbors already leads to significantly more optimal
allocations. Fig. 8 highlights this phenomenon and plots the
simulated error as a function of time after SoC initialization,
as well as after an activity change. The average of 1000
simulations as well as ten individual results are plotted.

Fig. 9. Number of packets exchanged and time (NoC cycles) to reach
convergence (Err < 1:0) as a function of the SoC dimension d = (N)1=2 when
comparing the conventional exchange scheme and a scheme with dynamic
timing enabled.

These results confirm that the average error (in blue)
decreases monotonically over time, at a convergence rate that
is approximately exponential. This can be compared with a
linear convergence trend for a centralized scheme (red dots).
Even assuming the same convergence time to E = 1, the
distributed exchange achieves an average error that is 51%
to 63% lower than the centralized scheme during the time
displayed. Therefore, not only does the distributed scheme
converge faster to the desired allocation, but also has a lower
transient error.

Finally, we examine the speed at which this convergence
is achieved as a function of the size of the SoC, expressed
as the number N of tiles. In schemes that use a centralized
controller, with each activity change, the centralized controller
must read the current allocation from each tile, decide on a new
allocation, and sequentially pass this information back to each
tile, resulting in a response time that is at best linear with N. In
contrast, Fig. 9, shows that the convergence time of our scheme
(solid lines) increases proportionally to d = sqrt(N) due to coin
exchanges that occur in parallel between neighboring tiles.
Fig. 9 also compares the default implementation to one with
an exponential backoff strategy (blue lines), which helps to
both speed up convergence time and reduce the total number of
packets exchanged (dashed lines), thus alleviating interconnect
congestion concerns. It is important to note that in addition to
the increase in response time with SoC size, the average time
between required allocation decisions is proportional to 1=N,
making its scalability requirement even more critical [18].

D. Hardware Implementation

The power allocation is governed by a finite state machine
(FSM) [18], whose implementation has a few additional prac-
tical considerations. First, we set the coin counter’s precision
to 6 bits, which gives a satisfactory granularity of 64 power
levels per tile. At the same time, it still allows the arithmetic of
the FSM to finish in one clock cycle. In particular, the coin-
exchange arithmetic includes a divider that adds significant
area and delay when the bitwidth of the coin count is large.

The second consideration arises from the fact that coin-
exchange messages may have to compete with other message
types when traveling on the NoC. Hence, a coin status/update
packet can be delayed during the exchange. In some cases, a
tile may receive a request for a second exchange before a first
exchange is completed. This can lead to a negative coin count,
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Fig. 10. Annotated package and SoC/PIVR die photographs.

which is supported by the addition of a sign bit. Although
negative coin counts can appear as transient artifacts, at steady
state, the coin counts are always positive.

Integrating the BC control unit into ESP required some
additional changes to the SoC architecture. Typically, new
functionalities for ESP tiles are added in the socket, a modular
shell that provides various services (e.g., coherence, DMA,
interrupts) to the encapsulated IP [39]. However, the socket is
in the clock and power domains of the tile, and PM logic must
be placed in the NoC domain to keep the service available even
as the tile voltage and frequency change, particularly when
a tile becomes fully clock- or power-gated. Since the NoC
available in the ESP release only contains logic related to its
core functionality, we developed a new NoC domain socket in
each tile that sits in the NoC clock and power domain (i.e.,
before the synchronizers to the tile domain) and instantiates
the BC FSM and UVFS control. It also further instantiates a
set of CSRs, including configuration registers for the PM unit
and the ring oscillator. The NoC domain socket only interacts
with the auxiliary plane, which provides access to these CSRs
and carries the new coin-exchange message type.

We can quantify the overhead of running the coin-exchange
algorithm on the auxiliary NoC plane. Each coin exchange
happens at a programmable rate, set nominally to 100 NoC
cycles, and it requires a total of four flits, due to the limited
amount of information needed for each update. This results
in a maximum usage of 4% of the bandwidth of the auxiliary
NoC plane during a change in activity. Our proposed dynamic
exchange rate scaling [18] reduces this amount by 20� to
0.2% once a steady state is reached. Moreover, coin exchanges
are carried out on a plane used for short auxiliary messages
that is separate from the one used for data transfers between
cores and accelerators, and hence has no impact on the data
movement.

V. HUVFS-ENABLED PM CLUSTER

The coin allocation decided by the distributed BC exchanges
must be converted into a per-tile power enforcement. This

Fig. 11. HUVFS architecture block diagram.

section presents the principles of our proposed HUVFS regula-
tion, combining an in-package switched regulator with per-tile
LDO-based UVFS [25]. It then describes its implementation
in the PM cluster of the EPOCHS-1 SoC.

A. Power Enforcement With Hybrid Voltage Regulation

In addition to decentralized power allocation, we
present a novel power-enforcement scheme leveraging
HVR. The fully-packaged system is shown in
Fig. 10 with the EPOCHS-1 SoC mounted in the center of
the ball grid array (BGA) package and the PIVR mounted
adjacently on the right. The PIVR contains control circuits,
power FETs, and back-end ferromagnetic inductors, all
integrated into a 28-nm die; it is supplied with a 1.8-V input.

Fig. 11 shows the block diagram for the entire PM system.
The PIVR supports four independently controlled outputs
and is mounted to minimize the trace length (<17 mm) and
associated parasitic inductance (<2 nH) of the VRVD rails for
the SoC. Each of these four outputs regulates an on-substrate
regional voltage domain (RVD).

Fifteen accelerators are each assigned to one of four RVDs.
Two RVDs each contain five UVFS-capable accelerator tiles:
one FFT, two Viterbi, and two NVDLA. The UVFS-capable
tiles contain an LDO, supplied by the PIVR-controlled RVD,
which further divides the RVDs into accelerator voltage
domains (AVDs).

The RISC-V CPUs can control the PIVR using the adaptive
voltage scaling bus protocol (AVSBus); they can also manually
set the target frequency of each accelerator. Alternatively, our
UVFS control can automatically adjust the frequency based
on the power and voltage dictated by BC.

B. Per-Tile UVFS Implementation

Fig. 11 further shows the block diagram of the per-tile
UVFS implementation. As described in Section IV, BC logic
generates the coin allocation of the accelerator. It is then
converted to a target frequency ftarget by a look up table (LUT)
containing the accelerator-specific power/frequency curves.
The UVFS controller then locks on to ftarget. The local fclk is
driven from a TRO that can be adjusted with different amounts
of delay elements to track process–voltage–temperature vari-
ations in the accelerator’s critical path. A time-to-digital
converter (TDC) measures the TRO frequency, which is used
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Fig. 12. LDO voltage dropout with Vin swept from 0.5 to 1 V (left). TRO
voltage–frequency characterization (right).

as feedback to the UVFS controller, by counting the clock
edges captured in a known reference clock cycle.

As shown in Fig. 11, each accelerator core consists of two
physical voltage domains: a DVFS-capable AVD and a NoC
domain with fixed V=F. PM control is placed in the NoC
domain and consists of the BC FSM, the UVFS controller,
and the TDC. The UVFS controller uses PI control, which
is implemented with a Han-Carlson adder and a pipelined
multiplier. The TDC is implemented with a counter that is in
the NoC power domain but operates using fclk from the AVD.
Hence, some input and output signals must be synchronized.
The reference clock divider is also programmable, so the
latency and accuracy can be balanced at runtime. The CSRs
located in the NoC domain are used to set the tunable
parameters of the TRO, TDC, and PI controller. The UVFS
controller output is then used to control the LDO.

The LDO is implemented with power-header standard cells
that are meant for power gating but are repurposed for this
application. The LDO has less than 0.03% area overhead, and
the header cells are evenly distributed over the AVD. The LDO
control signals from the UVFS controller go through the AVD,
which could be power-gated, so always-on buffers are used to
drive the gate of the PMOS headers. When the LDO is set
for minimal dropout with the RVD voltage equal to 0.88 V,
the dc voltage drop is less than 2 mV. The TRO is located
in the AVD, supplied by the output of the LDO. Critical-path
matching between the TRO and accelerator logic is a critical
aspect of the UVFS system. To accomplish this, the TRO uses
multiplexers to selectively add up to 64 voltage-sensitive delay
elements to the ring-oscillator feedback path.

C. LDO and TRO Characterization

Fig. 12 (left) shows the LDO voltage dropout at a variety
of input voltages between 0.5 and 1 V, while sweeping the
8-bit control code. Lower control codes correspond to higher
LDO resistance. Even with the log scale on the x-axis, non-
linear behavior is observed. This created challenges in the
PI controller tuning as the control effort per bit at the low
end is exponentially higher than at the high end. Due to this,
we typically operate the LDO at the low end of the control
codes to maximize the UVFS control authority and improve
the voltage slew rate.

Fig. 12 (right) plots the frequency of the TRO as a function
of the control code that dictates the number of delay elements
used, while also sweeping the voltage from 0.5 to 1V. This
shows the range of frequencies the TRO can achieve at each

Fig. 13. Comparison of evaluated power-enforcement techniques.

supply voltage. As shown in Section III, we determined the
maximum operating frequency for each accelerator across a
voltage range. With perfect matching, the same TRO control
code could match the maximum frequency across all voltages.
Since we use the same TRO in each tile, this is difficult to do in
practice. However, we can see that over certain voltage ranges
for the FFT, Viterbi, and NVDLA accelerators, the maximum
frequencies are fairly aligned to control codes. These points
are shown as diamonds in Fig. 12 (right). To make sure the
logic is free from timing violations across a range of voltages,
we choose the highest delay element code from this set of
points.

D. Baseline PM Techniques

In addition to HVR, we also implemented three other
baseline PM techniques, shown in Fig. 13. All the sub-figures
show a simplified block diagram of the HVR system with
the disabled components shown in gray. To implement the
frequency-only technique, the CPU sends a command to the
TRO to adjust the number of delay elements, while the PIVR
outputs 0.97 V and the LDO is held at a fixed resistance,
which create a constant AVD voltage. This allows the CPU
to perform frequency scaling using open-loop TRO control.
This technique reduces dynamic power but does not impact
the leakage power, so the power savings are limited. For the
UVFS-only technique, the PIVR supplies a constant voltage
while the UVFS system locks onto the frequency target given
by the CPU by using the LDO to regulate the AVD voltage.
For the PIVR-only technique, the CPU controls the PIVR to
change the RVD voltage while the LDO is set at a fixed
dropout voltage. The frequency is set to the target using
open-loop tuning of the RVD voltage. Finally, using all the
components of the HVR system, the PIVR can adjust the
RVD voltage, while the LDO simultaneously adjusts the AVD
voltage. The compared measured performance of the different
techniques is discussed in Section VI.

VI. PM RESULTS

We first present a characterization of the HUVFS imple-
mentation and its performance compared with the baselines.
Next, we show measured results from deploying BC on the
manufactured EPOCHS-1 SoC. Finally, we evaluate system-
level results across multiple SoCs combining Blitzcoin-based
power allocation and HUVFS-based power enforcement.
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Fig. 14. Transient response of UVFS during a frequency target step.

Fig. 15. Transient response of PIVR and UVFS during a VRVD target step.

A. HUVFS Performance

Figs. 14–16 show measurements from our HUVFS system.
In each figure, the measured RVD voltage is shown with a
solid red line. The TRO frequency, shown with a blue line,
is measured using an oscilloscope and then the short-time-
Fourier transform is taken to plot the changes in frequency
with respect to time. The AVD voltage, shown with a red
dashed line, is estimated based on our voltage–frequency
characterization of the TRO, as shown in Fig. 12.

First, to show the functionality and response time of our
UVFS implementation, we performed a frequency target step,
as shown in Fig. 14. For this experiment, the frequency
target was changed from 770 MHz to 1.1 GHz, while the
RVD voltage was kept at 0.97 V. Initially, the LDO had a
voltage dropout of 270 mV; the UVFS system reduced the
dropout to 40 mV to raise the AVD voltage and reach the
higher frequency target. Notably, the frequency can change by
330 MHz in just 400 ns.

Next, we demonstrate the functionality and performance of
the hybrid voltage regulator by performing an RVD voltage
step, as shown in Fig. 15. During this experiment, the fre-
quency target was kept at a constant 900 MHz while the RVD
voltage was changed from 900 to 800 mV. The LDO, which
initially had a dropout voltage of 130 mV, then compensated
for the 100 mV reduction of RVD voltage by reducing the

Fig. 16. Workload waveform comparison for four power enforcement tech-
niques: (a) frequency only, (b) UVFS only, (c) PIVR only, and (d) HUVFS
(PIVR & UVFS).

Fig. 17. Power savings of the four power-enforcement techniques.

voltage dropout to 30 mV. During this transient, the supply
droop to the logic was 23 mV, which resulted in a 35 MHz
(<4%) droop in the frequency. The UVFS system was able to
reach a steady state at the target frequency within 1 �s of the
supply voltage drop.

Finally, we quantify the HUVFS performance compared
with the three presented baselines in Fig. 13. We run a periodic
workload on the FFT accelerator with a target frequency of
1.1 GHz for 25% of the period and 820 MHz for the remaining
75% of the period. The workload duration was then swept from
100 ns to 1 ms while utilizing the four different PM strategies.

Fig. 16 shows measured waveforms for each PM technique.
For the frequency-only technique [see Fig. 16(a)], the fre-
quency changes between 1.1 GHz and 820 MHz, while the
RVD and AVD voltage are kept constant. For the UVFS-only
waveform [see Fig. 16(b)], the LDO is active, and the AVD is
regulated to maintain the frequency targets, while the RVD is
kept constant. This allows for power savings by utilizing the
LDO. The PIVR-only technique [see Fig. 16(c)] controls the
RVD voltage to indirectly set the AVD voltage, while the LDO
is held at a fixed dropout voltage. Since the PIVR has 2 �F of
decap per output, the slew rate is limited. This is especially
noticeable on the falling edge of the frequency. Since all of the
accelerators in this RVD, except the active FFT, are powered
off, the load is light. With full HVR [see Fig. 16(d)], the PIVR
regulates the RVD, while the LDO simultaneously regulates
the AVD. This is particularly noticeable on the falling edge
of the frequency target, when the PIVR is slew-rate limited but
the LDO can quickly scale the AVD voltage and lock onto the
frequency target with UVFS. The UVFS system continues to
dynamically adjust the LDO to maintain a constant frequency
until the RVD voltage settles.

Fig. 17 compares the power savings for each of the four
techniques across the different workload durations. The cur-
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Fig. 18. Silicon-measured response time of the proposed power-allocation
scheme and annotated error during convergence. Dashed lines are the alloca-
tion target for the Viterbi and FFT accelerators.

rent and voltage supplied to the PIVR were measured while
running a periodic workload. The workload is run long enough
for the current to stabilize to measure the average power. The
workload duration, which is swept from 100 ns to 1 ms, is
shown on the X-axis, while the power savings are shown
on the y-axis. The frequency-only technique (blue) has the
highest power savings for workload durations that are less
than 1:3 �s and shows peak savings of 7% over the baseline.
The UVFS-only technique (red) doubles the power savings
over the frequency-only technique for workload durations over
a few microseconds, with peak power savings of 14%. The
PIVR-only technique (yellow) can only provide power savings
for workload durations over 60 �s, but the PIVR can boost
power savings significantly to 23% using the efficient buck
converter. Finally, the HVR technique (purple) shows power
savings greater than any technique independently for durations
around 100 �s; it also matches the performance of the best
other technique for all durations above 1:3 �s.

B. BC Silicon Validation
To validate the functionality of the implementation of BC

in the ten-tile PM cluster of EPOCHS-1, we first performed a
test to observe a redistribution of coins following an activity
change in the SoC. Because the current coin count is assigned
to a memory-mapped register in the SoC, it can be polled by
software. We ran a bare-metal workload, in order to poll at
short intervals, with seven accelerators: four Viterbi, tw FFTs,
and one NVDLA. Fig. 18 shows the measured coin count in
each tile over time, captured at the end of the NVDLA task.
When the NVDLA completes, we can see its coins being re-
allocated within 0:68�s and the average error E reaching a
value of 0.40 once the steady state is reached. As shown in
the simulations of Fig. 8, the largest change in error happens
immediately. The time to reach the error threshold E � 1 is
0:32�s, much faster than the 0:68�s taken for full settling.

Next, we evaluate the performance improvements by lever-
aging BC for the accelerators in the PM cluster. The top
of Fig. 19 presents the measured power trace of a parallel
five-accelerator workload across two cases. As a baseline,
the allocation power is static, and hence each tile has a
fixed power. Once one accelerator completes, the power is
not reallocated to the other tiles, resulting in unused power
(Pavg=Pmax = 61:7%). For the same 80-mW power cap, BC
in conjunction with the per-tile UVFS actuator dynamically
reallocates power, resulting in a much better power efficiency
(Pavg=Pmax � 99%) and a 26% throughput improvement.

Fig. 19. Decentralized power-allocation performance improvements.

Measurements for other workloads using three, four, or seven
accelerators result in similar power utilization and throughput
improvements.

C. Extension to Other SoCs and Techniques
Finally, by means of register-transfer level (RTL) simula-

tions, we evaluate two different SoC configurations, which
were easily composed thanks to the modularity of ESP,
to further characterize BC in addition to the silicon mea-
surements. The first is a 3 � 3 SoC including the
accelerators from the PM cluster of EPOCHS-1, which tar-
get relevant kernels of an industry-developed application
for connected autonomous vehicles [40]. To highlight the
reusability of BC, the second SoC includes a different
set of accelerators to target computer-vision applications,
namely general matrix multiplication and 2-D convolution for
CNN inference, as well as the nightVision accelerator from
EPOCHS-1. In both SoCs, all of the accelerators are equipped
with BC, including a per-tile TRO, as in the silicon implemen-
tation. Our evaluations demonstrate that BC can be adapted
to a wide range of SoCs with diverse accelerators and NoC
topologies.

We mapped both SoCs to the same 12nm technology library
of EPOCHS-1, and ran simulations on two types of workloads:
1) parallel (Par), where all tiles start their execution at the same
time and 2) dependent (Dep), where there exist dependencies
between the kernels running on each tile, represented in the
form of a directed acyclic graph (DAG). We validated the
behavior of BC with UVFS in these SoCs and simulated both
the workload runtime and PM response time. As part of our
evaluations, we compared the performance of Blitzcoin to a
state-of-the-art centralized baseline for heterogeneous SoCs
(C-RR) [41] and a centralized implementation of our proposed
algorithm (BC-C).

Fig. 20 presents these comparative results for different
power caps and workloads across the two SoCs. Compared
with the C-RR baseline, BC-C provides 20%–24% throughput
improvement on average, while our fully decentralized hard-

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Columbia University Libraries. Downloaded on October 28,2025 at 13:30:47 UTC from IEEE Xplore.  Restrictions apply. 



12 IEEE JOURNAL OF SOLID-STATE CIRCUITS

Fig. 20. Comparisons of execution time (left) and response time (right) of
BC, BC-C, and C-RR over different SoCs [3 � 3 (top), 4 � 4 (bottom)],
power budgets, and workload types.

ware implementation (BC) improves C-RR’s response time
by 8�–12� and throughput by 25%–34%. The benefit of
BC’s shorter PM response time becomes more significant
as the SoC size increases due to the increase in activity
changes, supporting up to 13� larger SoCs compared with
C-RR [18].

Fig. 21 shows the system-level benefits of applying power
allocation with BC in conjunction with HUVFS. We illustrate
these benefits using a workload DAG similar to the WL-Dep
case for the 3 � 3 SoC. To showcase the benefits of the
PIVR, the tiles were split into an HP tile group (shown in
red) and a high-efficiency (HE) tile group (in blue), based on
each tile’s peak operating voltage, as shown in Fig. 21(c).
For the baseline consisting of a single voltage domain, the
PIVR supplies the maximum voltage required for all of the
tiles, while in the case of the two groups, it only supplies
the maximum voltage required by each group. The voltage
traces for the tiles are shown in Fig. 21(a), broken down by
the HP (top) and HE (bottom) groups. The power breakdowns
in Fig. 21(b) show the LDO power loss, buck power loss, and
power of the voltage domains. The bottom figure also shows
the power savings (red) obtained by using the two groups.
This saves around 17% of power on average, which in turn
can be re-targeted toward the tile power budget, thus resulting
in further throughput improvements. The execution time for
the static and dynamic PM techniques is shown in Fig. 21(d).
In static power allocation, each tile is assigned a fixed power
value proportional to its max power, so as to ensure the entire
chip remains within the specified power budget. In the case
of BC+HUVFS, the power savings shown in Fig. 21(c) are
used to increase the tile power, enabling a 57% speedup over
C-RR, the baseline DVFS design, and a 3� speedup over a
static allocation scheme, for a fixed system-level power budget.

VII. AGILE, OPEN-SOURCE SOC DESIGN

A. Collaborative SoC Design

EPOCHS-1 was taped out by a nine person team consisting
of six Ph.D. students, one postdoctoral researcher, and two
industry researchers in a period of three months thanks to our
agile ESP design methodology, intrinsically suited to foster

TABLE II
DESIGN AND INTEGRATION APPROACH OF EPOCHS-1 IPS

TABLE III
COMPARISON OF KEY METRICS ACROSS TWO CHIP GENERATIONS

collaborative, multi-institution SoC design [14], [39]. In addi-
tion to its modular architecture, ESP provides several flows
for designing new IPs and integrating existing TP IPs into the
SoC design [42]. These flows span a range of specification
languages and commercial tools; this flexibility was key to
enabling the degree of heterogeneity of EPOCHS-1, which
is unprecedented for an SoC designed by an academic team.
Table II describes the design and integration methodology for
the various IPs included in EPOCHS-1. The table shows the
designer, the specification language, the commercial high-level
synthesis tool used (if applicable), and whether one of ESP’s
design flows or the TP integration flow was used.

The collaborative approach was further strengthened with
our agile physical design methodology [13]. By adopting
a hierarchical approach, physical design for individual tiles
could proceed in parallel, better utilizing the computing
resources of our institutions. After all tiles were implemented,
a top-level integration flow was run to produce the final GDS.
Our methodology is informed, in part, by our experience with
a previous tapeout: the EPOCHS-0 SoC is a smaller 16-tile
SoC, also based on the ESP architecture, that was taped out a
year before EPOCHS-1 [9]. Since EPOCHS-0 was taped out
in the same 12-nm technology, there was less of a learning
curve with the technology for the tapeout of EPOCHS-1. Still,
EPOCHS-1 required fewer person-months to tape out even
though it was a much more complex chip by many metrics,
as shown by Table III. This highlights the scalability of our
approach.

B. Compositional Verification, Emulation, and Testing

With limited available person-hours, verification can be
particularly challenging in an agile SoC design cycle. Our
approach focuses on verifying the integration of components
into the SoC and leverages the tile-based modularity of the
ESP architecture. Our tests are written in the form of bare-
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Fig. 21. (a) HP and HE group voltage traces. (b) Power breakdown with single domain (top); power breakdown and savings with HE and HP domains
(bottom). (c) Workload DAG with HP and HE tile groupings. (d) Speedups over the baseline with a static power budget.

metal C programs that run on the CVA6 core to invoke
a particular SoC component, such as an accelerator, and
validate that its outputs are correct; the same tests can be
used for RTL simulation, FPGA emulation, and chip bring-up.
This software-based verification reduces the time to develop
tests in contrast to cumbersome RTL testbenches. Individual
components can be verified in systems that are much smaller
than EPOCHS-1; for example, the integration of an accelerator
can be tested in a 2 � 2 SoC with the target accelerator, a
CPU tile, a LLC tile, and an IO tile. Thanks to the decoupling
of the IP from the rest of the SoC provided by the tile socket
[39], if the component works in a 2 � 2 SoC, it will also
work in the target 6 � 6 SoC. Before the tapeout, however,
we still run at least one test of each IP in the full SoC.

This compositional approach makes it possible to verify
the integration of some components before others are ready,
speeds up simulation time, allows us to make strong use of
FPGA emulation without complex design partitioning tools,
and even allows us to test individual tiles in isolation in
the fabricated silicon [48]. For emulation, we rely on ESP’s
push-button flow for FPGA prototyping that simplifies the
generation of many bitstreams, each containing a different
subset of the target SoC. In addition to allowing more thorough
verification through longer tests, emulation also enables early
software development while awaiting the fabricated silicon.
Furthermore, our ASIC test setup leverages the same con-
nections from a host PC that we use for FPGA prototyping.
This means that once: 1) basic electrical tests are conducted;
2) communication with the SoC is established; and 3) connec-
tion to the FPGA is tuned, then the exact same tests and tools
that were used for FPGA emulation can be used on the SoC.
This greatly speeds up chip bring-up time; after just three days
of testing from receiving the packaged EPOCHS-1 dies, we
were able to boot Linux SMP and run tests invoking most of
the accelerators.

C. Open-Source Hardware

Building an SoC with the size, heterogeneity, and complex-
ity of EPOCHS-1 was necessary to study critical aspects of
modern SoCs. However, building an SoC, such as EPOCHS-1
is a complex task, especially for a small, mostly academic,

team. Compared with the most recent heterogeneous SoCs
taped out by academia [6], [7], [8], [10], EPOCHS-1 shows
unprecedented levels of heterogeneity and complexity. In
part, EPOCHS-1 was made possible by OSH [49]; our team
alone could not have designed every component in the SoC
from scratch, so IP reuse was critical. Furthermore, years of
improvement of ESP through its open-source release enabled
a robust integration platform for OSH components. We recog-
nize that advancing research in SoC design requires building
more systems like EPOCHS-1. To support more teams in
building and doing research on complex SoCs, we have
released the entire synthesizable design of EPOCHS-1 in the
public domain; Table II reports the various repositories that
contain the SoC’s source code.

VIII. CONCLUSION

We presented EPOCHS-1, an SoC with unprecedented
levels of heterogeneity and complexity compared with the
other chips designed by academic teams in the literature. We
used EPOCHS-1 to characterize and address challenges that
highly heterogeneous architectures face. Different accelerators
have different data-access patterns, and simultaneously running
complex software applications creates resource contention
issues; EPOCHS-1 addresses this with its scalable memory
hierarchy and flexible NoC-based communication. The wide
variety of power profiles for accelerators demands an IP-
agnostic PM scheme with fast response time for a large
number of tiles; EPOCHS-1 addresses this with a decentralized
power-allocation scheme, BC, which has sub-microsecond
response time and can scale to large systems. Finally, enforc-
ing the allocated power across a diverse set of tiles requires a
lightweight, yet efficient power delivery approach; EPOCHS-
1 addresses this with hybrid voltage regulation, combining
an efficient in-package regulator with a fine-grained on-chip
LDO, and UVFS. Combined, these techniques show significant
performance improvements of up to 57% over a state-of-the-art
centralized design operating at the same power budget. Finally,
we detailed the agile design methodology that enabled a small
team to design, verify, and test EPOCHS-1. To foster future
research in this area and enable more systems like EPOCHS-1,
we have released its entire synthesizable design in the public
domain as OSH.
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