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Abstract—Power and cost constraints in the internet-of-
things (IoT) extreme-edge and TinyML domains, coupled with
increasing performance requirements, motivate a trend to-
ward heterogeneous architectures. These designs use energy-
efficient application-class host processors to coordinate compute-
specialized multicore accelerators, amortizing the architectural
costs of operating system support and external communication.
This brief presents Cheshire, a lightweight and modular 64-bit
Linux-capable host platform designed for the seamless plug-in of
domain-specific accelerators. It features a unique low-pin-count
DRAM interface, a last-level cache configurable as scratchpad
memory, and a DMA engine enabling efficient data movement
to or from accelerators or DRAM. It also provides numerous
optional IO peripherals including UART, SPI, I2C, VGA, and
GPIOs. Cheshire’s synthesizable RTL description, comprising
all of its peripherals and its fully digital DRAM interface, is
available free and open-source. We implemented and fabricated
Cheshire as a silicon demonstrator called Neo in TSMC’s 65nm
CMOS technology. At 1.2 V, Neo achieves clock frequencies of up
to 325 MHz while not exceeding 300 mW in total power on data-
intensive computational workloads. Its RPC DRAM interface
consumes only 250 pJ/B and incurs only 3.5 kGE in area for its
PHY while attaining a peak transfer rate of 750 MB/s at 200 MHz.

Index Terms—RISC-V, Linux, PHYs, memory controllers,
domain-specific architectures, heterogeneous computing, VLSI

I. INTRODUCTION

With Koomey’s law [1] slowing down, computer architects
turn to hardware specialization to meet the rising energy
efficiency requirements of data-intensive applications like ma-
chine learning and near-sensor processing. Today’s heteroge-
neous architectures couple conventional application-class (AC)
host processors to domain-specific architectures (DSAs) or
programmable many-core accelerators (PMCAs) [2]–[5], im-
proving energy efficiency while maintaining programmability
and general-purpose operating system (GPOS) support. Thus,
to maximize compute efficiency, architects should maximize
the area and energy resources spent on efficient accelerators
and minimize the cost and energy footprint of AC hosts.

Heterogeneous architectures are established in mobile and
high-performance applications: silicon-proven industrial [6]–
[8] and academic [9], [10] systems-on-chip (SoCs) typically
target large power envelopes or multiple AC cores. However,
heterogeneity is now penetrating the internet of things (IoT)
extreme-edge and TinyML domains where power and cost
constraints are extremely tight. Heterogeneous SoCs in these
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domains [11], [12] typically use lightweight 32-bit microcon-
trollers without AC capabilities or GPOS support as manage-
ment processors. The recent HULK-V [13] SoC demonstrates
a more capable host by coupling a Linux-capable 64-bit RISC-
V manager core to an eight-core PMCA for high-end tinyML
applications. However, it has not been silicon-proven, and
its PMCA’s ad-hoc integration does not provide a reusable
interface. Furthermore, HULK-V’s external HyperRAM [14]
memory interface is low-bandwidth, limiting scalability and
potentially incurring host-accelerator memory bottlenecks.

To address these shortcomings, we present Cheshire, an
energy-efficient, Linux-capable, 64-bit RISC-V host platform
for the seamless heterogeneous plug-in of DSAs such as [15],
[16]. Cheshire is fully modular and provides a configurable
interconnect, numerous optional peripherals, and a direct
memory access (DMA) engine to decouple host-DSA com-
munication. It integrates the first synthesizable open-source
interface for reduced pin count (RPC) DRAM, a recent low-
pin-count DRAM solution incurring lower integration cost and
effort than low-power double data rate (LPDDR) DRAM, but
significantly higher bandwidth than HyperRAM at comparable
energy efficiency. Cheshire’s synthesizable register-transfer
level (RTL) description and FPGA implementation are avail-
able open-source1. We present the following contributions:

• A minimal, customizable, and energy-efficient Linux-
capable RV64GC host platform that can easily be co-
integrated with on-chip or chiplet DSAs; we provide
a configurable Advanced eXtensible Interface 4 (AXI4)
interconnect and a digital die-to-die (D2D) interface.

• The first fully digital, technology-independent RPC-
DRAM-compliant memory interface, which incurs only
22 switching IOs and 3.5 kGE in PHY area. It enables
memory accesses at only 250 pJ/B while attaining a peak
transfer rate of 750MB/s at 200MHz, outperforming
existing HyperRAM solutions. To the best of our knowl-
edge, this is the first characterization of reduced-pin-count
DRAM (RPC DRAM) in a taped-out open-source SoC.

• An agile memory system, enabling accesses to external
RPC DRAM in only 8 cycles for a 32B transfer while
interacting with DSA memory space only when desired.

• A standalone demonstrator chip called Neo, fabricated
in TSMC’s 65 nm node. At 1.2V, Neo achieves clock
frequencies of up to 325MHz while consuming less than
300mW during data-intensive computational workloads.

1https://github.com/pulp-platform/cheshire for Cheshire and https://github.
com/pulp-platform/rpc dram controller for its RPC DRAM interface.

https://orcid.org/0009-0000-9924-3536
https://orcid.org/0000-0002-0326-9676
https://orcid.org/0000-0003-4230-1381
https://orcid.org/0000-0001-8068-3806
https://github.com/pulp-platform/cheshire
https://github.com/pulp-platform/rpc_dram_controller
https://github.com/pulp-platform/rpc_dram_controller


2 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: EXPRESS BRIEFS (TCAS-II)

AXI4 X-Bar (≥64b DW, ≥32b AW)

CVA6RP
C 

D
RA

M

LL
C 

/ S
PM

DMA

DSA M Ports DSA S Ports

32
b 

Re
gb

us

VGAD2D
Link

JTAG
Dbg

UART
INTC

SPI
I2C

irq
GPIO

SoC Ctrl IRQsDbg ...

...

... ... ... ...

Fig. 1: Architecture of the Cheshire platform. The AXI4 crossbar provides a
configurable number of Manager and Subordinate ports toward a DSA.

II. ARCHITECTURE

In the following section, we present the overall architecture
of Cheshire, followed by an in-depth discussion of the fully-
digital, technology-agnostic RPC DRAM interface.

A. Cheshire Platform
Cheshire is based on the energy-efficient 64-bit CVA6 [17]

AC processor. It includes all hardware necessary to boot
and run a GPOS like Linux autonomously, such as RISC-V-
compliant core-local and platform interrupt controllers, various
optional standard IO interfaces to access external storage and
peripherals, and a DRAM interface. Off-chip DRAM is es-
sential as the 8-16MB memory footprint of simple embedded
Linux systems [18] usually does not fit into on-chip memory.

Figure 1 shows Cheshire’s architecture. A crossbar [19]
using Arm’s widespread AXI4 protocol [20] connects the
CVA6 processor to RPC DRAM, the DSA, and other Cheshire-
internal components. The crossbar’s address width, data width,
and the number of AXI4 DSA manager and subordinate ports
are configurable to suit the target system’s bandwidth and
addressing needs. Simpler subordinates without burst or out-
of-order transaction support are attached through a lightweight,
extensible Regbus [21] demultiplexer, minimizing the cross-
bar’s area and energy footprint.

Cheshire’s RPC DRAM is connected through a config-
urable last-level cache (LLC). Each of the LLC’s ways may
individually be configured to serve as a scratchpad memory
(SPM) at runtime, providing the host with fast internal static
random access memory (SRAM) when needed. A RISC-
V compliant debug module, backed by a JTAG transport
module, enables live external debugging of CVA6 and any
configured number of external RISC-V harts, e.g., those in
PMCA DSAs. Likewise, the interrupt controllers support a
configurable number of external sources and targets.

Cheshire provides various optional peripherals, including a
flexible AXI4 DMA engine [22] for efficient data movement,
a VGA controller for display output, and a digital D2D link
for communication with off-chip systems. It also provides a
UART for serial communication, a GPIO module, and I2C
and SPI hosts to access external peripherals. All peripherals
seamlessly integrate through AXI4 or Regbus interfaces and
provide well-established feature sets for full compatibility
with existing Linux drivers. An additional SoC control port
connects to Cheshire-external on-chip devices essential for
operation, such as clock generators, IO multiplexers, or clock
and power domain controllers.

Cheshire has a built-in boot ROM, allowing for passive
preloading through JTAG, UART, or the D2D link or au-
tonomous boot from an external SPI Flash, I2C EEPROM, or
SD card with Globally Unique Identifier Partition Table (GPT)
support. Compiled with -Os flags and full-program link-time
optimization, Cheshire’s boot ROM is 7.2KiB in size.

Although we use a single CVA6 as Cheshire’s AC processor,
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Fig. 2: Architecture of the RPC DRAM memory interface.
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Fig. 3: Architecture of the RPC DRAM Controller.

multiple coherent CVA6 cores or another AC processor could
be integrated instead; here, we focus on a minimal AC host.

We provide an open-source FPGA implementation of
Cheshire, which enables the rapid prototyping and character-
ization of heterogeneous systems.

B. RPC DRAM Interface
Background: RPC DRAM uses a reduced number of

signals to deliver DDR3-level in-system bandwidth [23]. It
multiplexes data, addresses, and commands onto a common
data bus (DB) to minimize the needed pins. Command/address
(CA) control can be sent concurrently with data by using a sin-
gle multi-function pin, offering the high transaction efficiency
of DDR3 at the cost of just 22 signals for a 16-bit wide DB.

Alternative DRAM solutions with low-pin-count interfaces
have been proposed. Cypress’ HyperRAM [14] requires only
12 switching IOs for an 8-bit shared bus. However, transfer
rates are limited to 400MB/s at 200MHz or less, and
its self-refresh precludes advanced controller-side scheduling.
Antmicro proposes an FPGA-based Rowhammer testing plat-
form based on the LiteDRAM memory controller [24]. The
controller supports several DDR memory types and recently
added an RPC physical interface circuit (PHY) implementa-
tion. Although open-source, this PHY targets FPGAs only.

Interface: Figure 2 depicts our RPC DRAM interface. It
is comprised of two parts: a controller implementing the off-
chip RPC protocol [23] and an AXI4 frontend implementing
an AXI4-compliant subordinate. To enable easy adaptation to
on-chip protocols other than AXI4, the controller and frontend
are connected through a generic interface we call non-stallable
request-response protocol (NSRRP); its datawidth is 256 b or
one word in the RPC DRAM standard. In the following, we
will discuss the controller and AXI4 frontend in detail.

Controller: Figure 3 depicts the internal controller archi-
tecture. As shown, the controller receives datapath commands
from the frontend. These generic commands are passed to the
command FSM, which decomposes them into RPC DRAM-
specific commands. For example, a generic datapath read is
decomposed into 1) an activate of the corresponding bank and
row, 2) a read of N consecutive RPC DRAM words, and 3) a
precharge to close the bank and prepare it for the next access.

In addition to datapath commands issued by the frontend,
the command FSM also handles management commands is-
sued by a manager module inside the controller. The manager
has three responsibilities: 1) it initializes the RPC DRAM
device on startup, 2) it periodically refreshes active banks,
and 3) it performs ZQ calibration when necessary. For these
tasks, the manager uses configurable timing parameters, which
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can be set through a memory-mapped register file.
The command FSM passes its generated RPC DRAM

commands to the timing FSM, which 1) times commands,
ensuring that they adhere to protocol constraints like cycle
alignment and minimum delays, and 2) times the physical
interface, which includes controlling the chip select signals,
gating the output strobe, and multiplexing the DB.

The physical interface circuit (PHY), shown in Figure 4,
implements a low-power, digital-only, technology-agnostic
RPC DRAM physical layer without internal clock generation.
The PHY is composed of a transmit side sending data to the
RPC DRAM, and a receive side accepting data from it.

The transmit side creates 90- and 270-degree phase-shifted
clocks with a configurable delay line to drive the strobe
signals DQS and DQS#, which are selectively enabled by
the timing FSM. Any 256 b data words to be sent to the
RPC DRAM are first serialized to 32 b subwords; the timing
FSM then arbitrates between sending 32 b commands and 32 b
data subwords using a multiplexer. The chosen payload is
converted from single data rate (SDR) to DDR using clock-
driven multiplexers as shown and placed on the DB.

The receive side accepts the strobe signal DQS in phase
with the data read from the RPC DRAM chip through the DB
pins. The received data is converted to SDR, then sampled
by a delayed strobe generated with another configurable delay
line. After passing through a clock domain crossing, the read
data is packed to form complete 256 b words and then sent
back to the AXI4 frontend over an NSRRP channel.

AXI4 Frontend: The frontend, shown in Figure 5, imple-
ments an AXI4-compliant subordinate. Incoming requests are
first serialized as the RPC DRAM controller operates strictly
in order. Transfers from different AXI4 IDs are handled first
come, first serve. After serialization, a datawidth converter
converts the RPC DRAM interfaces’ configured datawidth
(64 b in the case of Neo) to RPC’s 256 b word size.

After size conversion, protocol differences between AXI4
and RPC DRAM are reconciled. First, since AXI4 is fully
stallable and RPC DRAM is not, the read and write channels
are buffered. Next, a splitter splits NSRRP transactions at
2KiB boundaries to comply with RPC protocol requirements.
Finally, unaligned AXI4 transfers are handled by a mask unit.

III. EVALUATION

We evaluate Cheshire through a silicon demonstrator named
Neo, which was fabricated using TSMC’s 65 nm node. Neo
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manager, 9 RPC AXI4 interface, A RPC controller, B RPC buffer.

Fig. 7: Evaluation PCB to characterize Neo standalone and using industry-
grade automated test equipment (ATE) equipment. (left) Layout of the board
(right) fabricated PCB. DRAM traces are 25.23 cm long, 0.15mm wide with
JEDEC-compliant single-ended impedance of 50Ω and differential of 90Ω.

was synthesized using Synopsys DC 2019.03 and implemented
using Cadence Innovus 2019.10, targeting a 200MHz system
clock in the SS corner at 125 ◦C. We will first describe
how we configured Cheshire for Neo, then characterize the
RPC DRAM and the AXI4 DSA interfaces in terms of func-
tional performance and silicon implementation performance..

A. Silicon Demonstrator
Figure 6 shows an annotated die shot of Neo. Its 6.4mm2

die is housed in a QFN64 package. We use a core voltage of
1.2V and a global IO voltage of 1.5V. We configure Cheshire
without DSA ports as we do not integrate any accelerator in
this demonstrator. Neo features 128KiB of SPM, 64 b data,
and 48 b addresses; its CVA6 core is configured with 32KiB
8-way level-one data and instruction caches. The RPC DRAM
frontend is configured with 8KiB buffers for read and write
each. We include an on-chip frequency-locked loop (FLL)

We test Neo on a custom-made bring-up PCB shown in
Figure 7. This board can be connected to industry-grade auto-
mated test equipment or operated standalone. It also features a
set of peripherals and connectors to boot and run applications,
including a 32MiB RPC DRAM chip (EM6GA16LBXA-12H)
connected to Neo and used for testing and measurements.

B. Functional Performance
Functional evaluation is performed through cycle-accurate

RTL simulation. For all presented results, we leverage the
efficient data movement capabilities of the DMA engine.

RPC DRAM specifies a maximum bus clock frequency of
933MHz. Provided Neo’s 16 b DB bus and an operating fre-
quency of 200MHz with DDR signaling, the peak attainable
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throughput is Θ = α · 800MB/s, where α is the relative bus
utilization. Figure 8 shows the attained RPC bus utilization for
both the read and write datapaths. The DMA is programmed to
issue write and read transfers at increasing burst sizes starting
from 8B. The interface bus utilization plateaus close to peak
utilization (α = 1) for bursts 2KiB in size or larger as they
are decomposed into smaller transfers by the AXI4 frontend’s
transfer splitter. While the RPC pre- and postamble incur a
constant, protocol-defined overhead independent of transfer
size and controller implementation, bus utilization on reads is
on average 1.3× higher than on corresponding writes; this is
because read data is passed to the AXI4 bus as soon as possible
whereas writes are deferred until enough data is buffered.

RPC DRAM proves its superiority in attainable bandwidth
and area footprint against HyperBus, which was implemented
in several academic works [12], [13]. HyperRAM occupies
more PCB area, has a much lower maximum data rate of
400MB/s, and is limited to a maximum frequency of only
200MHz [14], restricting its applicability in high-bandwidth
energy-efficient scenarios.

C. Silicon performance
Area breakdown: Figure 6 shows Neo’s die, highlighting

the approximate location and size of its main components.
Figure 9 reports Cheshire’s exact area breakdown in kGE, pro-
gressively increasing the number of DSA manager-subordinate
port pairs attached to its main AXI4 crossbar. The leftmost
bar corresponds to Neo’s configuration without DSA ports. In
all considered cases, CVA6 dominates Cheshire’s area, while
the RPC DRAM controller accounts for at most 7.6%. As
we increase the number of DSA ports, the all-to-all AXI4
crossbar grows from 3.6% to 10.6% of Cheshire, increasing
its area by at most 7.8% for eight port pairs compared to Neo’s
configuration without DSA ports. While crossbar scaling is a
limiting factor for large numbers of port pairs, DSAs with
many managers or subordinates can use a sub-interconnect,
larger data widths, or sparse connectivity to facilitate scaling.

0 25 50 75 100 125 150 175 200 225 250
Area Fraction [kGE]

AXI Buffer AXI Interface Controller/PHY

Fig. 10: Area breakdown of the RPC DRAM interface. When configured as
in Neo, the AXI4 buffer and the AXI4 Interface occupy most of the area.

Figure 10 shows the area breakdown of Neo’s RPC DRAM
controller. The manager module, command/timing FSM, and
digital PHY occupy only 1% or 3.5 kGE of the controller’s
area, confirming the extremely low area overhead incurred
by the RPC protocol for its memory interface. Most of
the controller’s area overhead is due to the buffers holding
AXI4 beats. In Neo, these buffers are over-provisioned to
simplify the initial design of the AXI4 frontend. Despite this,
our controller occupies only 6.3% of the area and 33% of
the beachfront of an existing 65 nm full-pin-count DDR3
controller [25].

Energy efficiency: Figure 11 shows Neo’s power con-
sumption for different scenarios and frequencies as measured
on the bring-up board; each scenario explores an operational
corner with different computational and memory intensities.
We focus here on evaluating the Cheshire platform; for further
benchmarks of the CVA6 processor, we refer the reader to
its publication [17]. The bring-up board provides three power
domains with their supplies: CORE, IO, and RAM. CORE feeds
Neo’s core area logic and SRAMs, IO provides power to its
pads, and RAM supplies the RPC DRAM memory chips.

In the WFI scenario, CVA6 is waiting for an interrupt,
idling without fetching or decoding instructions; this provides
a power baseline with minimal switching. In NOP, CVA6
loops on a body of nops, establishing a floor for actively
fetching, branching, and decoding workloads with few stalls.
2MM runs an optimized double-precision floating-point matrix
multiplication with arguments and results in RPC DRAM,
keeping reusable matrix tiles in SPM. MEM writes high-
throughput bursts to RPC DRAM using the DMA engine.

At a CORE supply of 1.2V, Neo achieves clock frequencies
of up to 325MHz and remains within a 300mW power
envelope even in data-intensive computational scenarios like
2MM. All power contributions scale linearly with frequency
as expected, and CORE power dominates in almost all cases;
at 200MHz, 69% of MEM power is consumed in CORE.
Since the version of RPC DRAM interface proposed in this
manuscript does not make use of the technology’s Deep
Power Down state, all benchmarks show an RAM idle power
consumption. That being said, the RPC DRAM interface’s IO
power at 200MHz for MEM is 45% lower than that of an
existing 65 nm DDR3 interface under high load [25].

We use MEM to compute RPC DRAM’s transfer efficiency.
We consider only the write direction, representing the worst-
case scenario regarding buffering as discussed in Section II.
Given the maximum bandwidth measured in Section III-B,
RPC DRAM’s interface energy per transferred byte is Γ =
Ptot

Θ ≃ 250 pJ/B. This result is comparable to reported
energy-per-byte consumptions in recent works integrating
lower-bandwidth memories like HyperRAM [12].

IV. CONCLUSION

This work presents Cheshire, a lightweight, modular, and
open-source 64-bit Linux-capable host platform designed
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to plug in DSAs seamlessly. Cheshire features a unique
RPC DRAM interface, a last-level cache, configurable as
scratchpad memory, and a DMA engine enabling efficient data
movement to or from accelerators or DRAM. It also provides
numerous optional peripherals, including UART, SPI, I2C, a
GPIO module, and VGA for display output. We implement
and fabricate Cheshire as a silicon demonstrator called Neo
in TSMC’s 65nm CMOS technology. At 1.2V, Neo achieves
clock frequencies of up to 325MHz while not exceeding
300mW in total power even in data-intensive computational
scenarios. Its DRAM interface consumes only 250 pJ/B while
incurring only 3.5 kGE in area for its PHY and attaining a
peak transfer rate of 750MB/s at 200MHz.
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