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Abstract—Emerging applications in the IoT domain require
ultra-low-power and high-performance end-nodes to deal with
complex near-sensor-data analytics. Domains such as audio,
radar, and Structural Health Monitoring require many com-
putations to be performed in the frequency domain rather
than in the time domain. We present ECHOES, a System-On-
a-Chip (SoC) composed of a RISC-V core enhanced with fixed-
and floating-point digital signal processing (DSP) extensions and
a Fast-Fourier Transform (FFT) hardware accelerator target-
ing emerging frequency-domain application. The proposed SoC
features an autonomous I/O engine supporting a wide set of
peripherals, including Ultra-Low-Power radars, MEMS, and
digital microphones over I°S protocol with full-duplex Time
Division Multiplexing DSP mode, making ECHOES the first open-
source SoC which offers this functionality enabling simultaneous
communication with up to 16 I/Os devices. ECHOES, fabricated
with 65Snm CMOS technology, reaches a peak performance of
0.16 GFLOPS and a peak energy efficiency of 9.68 GFLOPS/W
on a wide range of floating and fixed-point general-purpose DSP
kernels. The FFT accelerator achieves performance up to 10.16
GOPS with an efficiency of 199.8 GOPS/W, improving perfor-
mance and efficiency by up to 41.1x and 11.2 x, respectively, over
its software implementation of this critical task for frequency
domain processing.

Index Terms—Frequency Domain SoC, FFT processor, I°S,
TDM, microphone array

I. INTRODUCTION AND RELATED WORK

A wide range of applications in the IoT domain requires
powerful end nodes capable of dealing with the increasing
complexity of near-sensor-data analytics algorithms. A com-
mon feature of these battery-powered systems is the need
to operate within a power envelope of less than 100 mW,
which, coupled with the high-performance requirements of
the algorithms, leads to extremely tight energy efficiency re-
quirements. Several emerging application fields such as audio,
gesture recognition, or Structural Health Monitoring (SHM)
perform computations such as noise canceling, filtering, and
equalization in the frequency domain rather than in the time
domain, exploiting emerging sensors such as MEMS, radars,
and microphone arrays.

Due to the nature of these applications, devices must be
powerful but, at the same time, must also have a tiny physical
footprint and power consumption. An extreme example is that
of hearing aids [1]. The minimum power for a given function
can be achieved with fully specialized dedicated hardware
[2], but this approach comes with limits in flexibility, and
post-fabrication updates [3]. An emerging trend is to couple
flexibility with efficiency, fully programmable microcontroller
cores enhanced with Digital Signal Processing (DSP)-oriented

instruction set extensions. This solution provides enough flex-
ibility to deal with complex and fast-evolving frequency-
domain algorithms. In this way, the same device can target
various application fields. For example, structural monitoring
analyzing vibrations [4], noise cancellation for consumer ap-
plications such as headphones [5] [6] or smart glasses [7],
gesture recognition, as well as movement and object detection
based on radar processing [8] [9]. Since these devices must be
cheap and produced at a very large scale to be economically
viable, this “one-size-fits-many” design approach maximizes
the usefulness of emerging DSP architectures.

On the other hand, to meet strict application performance
requirements, DSP devices must run fast and at low power
selected key kernels that are 1) highly computationally inten-
sive and 2) used repeatedly. A prime example is that of Fast-
Fourier Transform (FFT), which plays a key role in DSP algo-
rithms, often taking a large portion of the overall computation
time. Augmenting a flexible architecture with dedicated FFT
accelerators is a good strategy to increase performance and
efficiency. Most FFT accelerators [10] [11] have been designed
with internal memories to host and internally reshuffle butterfly
data. However, such internal buffers usually occupy most of
the area dedicated to the accelerator, increasing their cost [12].
To mitigate this issue, Baas [13] proposed an FFT accelerator
including a small cache, while other implementations share
the memory with cores such as [14]. Furthermore, when
addressing a wide range of applications, FFT accelerators that
support multiple data types are desirable. Using such designs
gives a chance to lower the precision, whenever possible, to
improve performance and energy efficiency.

Among audio applications, microphone arrays are becom-
ing widespread as many applications require the exploration
and characterization of background sound and/or multiple,
spatially distributed noise sources. One way to overcome the
limitations of perception of speech intelligibility in time and
space in varying noisy environments is the use of microphone
arrays, which provides many advantages: directional reception
of the sound, spatial localization of the target speaker, or
noise suppression of point sources [15]. Beamforming algo-
rithms take advantage of multi-microphone arrays to perform
suppression of unwanted contamination sources [16]. Micro-
phones in digital devices use Inter-Integrated Circuit (IC)
Sound I2S protocol [17] [18], which was originally developed
for transmitting stereo audio data through a serial line. To
perform multi-microphone acq2uisiti0n, many System-On-a-
Chip (SoC)s provide multiple I“S peripherals. This technique
leads to high-area occupation and can not be used in small
devices, which are often pad-limited. Thus, SoCs with strict



REGISTER FILE ‘

32

SN
SLAVE INTERFACE  }3p (GENI | B | GENIT

32J£77

MASTER INTERFACE

DIN
c)l12s BCLK BCLK FSYNC FSYNC DOUT
MST SLV SV MST

a) ECHOES

. 5 128 128 =)
T ] RS | o

STREAMER I

c32
128 s BUTTERFLY
PR | 128 ] 128 128 ENGINE
—[REGle—— |-
C16 BUTTERFLY
ENGINE
T T T l €16 BUTTERFLY l

[ CONTROLLER

ENGINE
64
|— *

| b) FFT HWPE

Fig. 1: a) Overview of ECHOES SoC and details of: b) FFT HWPE accelerator c) 1S with DSP implementation

power and area constraints have to deal with this problem
differently. A popular technique is Time Division Multiplexing
(TDM). TDM allows multiple devices to share the same com-
munication line; each device uses the line for a specific time
fraction, and the protocol has to ensure there are no collisions.
The limitation of this technique applied to the I?S protocol is
the latency introduced by the multiplexing of multiple sources.
Many devices follow the DSP mode implementation developed
by NXP for implementing low-latency TDM [19].

Some solutions based on RISC-V targeting the audio do-
main recently appeared on the market. Notable examples are
GreenWaves Technologies GAP9 [20] and Telink TLSR9 [21].
Unfortunately, it is impossible to compare with these com-
mercial SoCs since their internal architecture and techniques
used to achieve high efficiency are not openly described.
From the academic viewpoint, the most recent architectures
are those proposed by Nathaniel et al. [22] implementing
flexible acceleration through coarse grain reconfigurable arrays
(CGRA), and by Jun et al. hosting a hardware accelera-
tor for parallel convolution operation [23] targeting Active
Noise Control ANC algorithms. On the other hand, while the
proposed architectures are specifically designed to target the
audio domain, the proposed SoC specifically targets frequency
domain applications by coupling a dedicated FFT processor
with a general-purpose DSP for the flexible acceleration of
frequency domain functions.

We present ECHOES, a 65nm SoC specialized for
frequency-domain DSP, centered around an industrially veri-
fied extended-ISA RISC-V CV32 core for fixed- and floating-
point energy efficient DSP. ECHOES introduces two main
points of novelty. First, it couples the CV32 core with a
shared-memory, flexible data-width FFT hardware accelerator
to boost conversions to/from the frequency domain, which is
a predominant bottleneck in DSP algorithms. Second, it is the
first open-source SoC implementing the high configurable full-
duplex I12S TDM DSP mode for communication with up to 16
digital I/Os audio devices. ECHOES can be used as the central
core for DSP applications or as an additional device offering
FFT hardware capabilities. Benchmarked a wide range of
floating and fixed point relevant kernels for audio processing,
ECHOES achieves a peak performance of 0.18 GFLOPS and
a peak efficiency of 9.68 GFLOPS/W when using the CV32
core. The FFT accelerator for frequency-domain processing
achieves performance up to 10.16 GOPS with an efficiency
of 199.8 GOPS/W which is 11.2x higher compared to the
software implementation and 41.1x faster. The hardware and
software described in this work are open-source, intending to
support and boost an innovation ecosystem focusing on ULP
computing for the IoT landscape.

II. SOC OVERVIEW

Fig. 1 a) shows the architecture of ECHOES. The SoC con-
sists of an in-order CV32E40P [24] 32-bit RISC-V core with

a 4-stage pipeline that implements the RV32IMFC instruc-
tion set architecture. It features extensions for both floating-
and fixed-point energy-efficient DSP such as hardware loops,
post-increment LD/ST, and Single Instruction Multiple Data
(SIMD) such as dot products operating on narrow 16b and 8b
data types [25] [26]. The core is extended with a Floating Point
Unit (FPU) supporting single-precision floating-point FP32
arithmetic, addition, subtraction, square root, and division, as
well as Fused Multiply and Accumulate (FMA), which is a
critical kernel for frequency-domain digital signal processing.

The SoC is enhanced with an autonomous I/O subsystem
coupling an I/O DMA tightly-coupled with a multi-banked
system memory [27]. The memory hierarchy of the system
is composed of a 256kB L2 memory used to share data
among the core, the peripherals, and the accelerator. The L2
memory is organized in 16 word-level interleaved banks to
deliver up to 22.4 GB/S to the master resources. The I/O
engine supports a broad set of peripherals such as QSPI, SPI,
UART, and I?C that can acquire data from multiple sensors. It
also includes an 800 Mb/s DDR interface supporting external
IoT DRAMs such as Cypress Semiconductor’s HyperRAM.
Two configurable FLLs provide a dedicated clock source to
the processor and peripherals.

The following sections introduce the two architectural con-
tributions of this work relevant for frequency-domain process-
ing and audio applications: the tightly-coupled FFT Acceler-
ator and the I’S DSP Time Division Multiplexing.

A. FFT Accelerator

To enhance the DSP capabilities of ECHOES, we integrate a
radix-2 decimation-in-time FFT Hardware Processing Engine
(HWPE) into the SoC. HWPEs are a class of hardware accel-
erators that share the memory with one or multiple compute
cores, thus enabling efficient cooperation between the general-
purpose and the domain-specific part of the architecture. Such
an approach is uncommon in traditional FFT accelerators,
which are often decoupled from the core, requiring data copies
and large internal buffers.

Since the butterfly organization of the FFT algorithm easily
leads to systematic banking conflicts, the HWPE implements
the scheme recently proposed by [12] to reorder the butterfly
sequence and the memory accesses. This scheme requires
access to at least 16 distinct memory banks. It allows the accel-
erator to load and store data at consecutive memory locations
by moving sets of right or left butterfly wings. The samples
are then reordered before and after the butterfly computation
using internal registers. In this way, banking conflicts can only
appear during the final bit-reversed reordering required by the
FFT algorithm; they are handled by stalling the accelerator
pipeline for a single cycle.

The FFT accelerator works with fixed-point complex data
whose real and imaginary parts are represented with 32/16/8
bits. We will refer to these data types as C64/C32/C16. The
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Fig. 2: Example of I12S Time Division Multiplexing with 4 devices: a) IS TDM b) 1S TDM DSP Mode. Each color represents
a device. The frame length is n, while the channel length is k = n/2.

maximum number of FFT points supported is 512/1024 /2048,
respectively for C64/C32/C16. The accelerator is pro-
grammed by the core, responsible for providing the number
of FFT points, the data type, the memory address at which
the input samples are stored, and the start command. The
HWPE contains eight 32-bit memory ports, of which four are
used as input and four as output ports, and it is organized in
submodules as shown in Fig. 1 c).

The Butterfly Unit is composed of one C'64, one C'32, and
two C'16 butterfly engines. As wider butterfly engines can be
reused for lower-precision computations, the Butterfly Unit
can compute up to 1/2/4 C64/C32/C16 butterflies per cycle.
Two sets of four C'64 Butterfly Registers are located around
the Butterfly Unit to reorder inputs and outputs, while the
twiddle factors are stored in a lookup table.

B. I’S DSP Time Division Multiplexing

I?S is a standard for digital audio acquisition that defines
three main signals: BCKL represents the clock signal; SD
(Serial Data) transports the audio data; FSYNC (Frame Synch)
selects the stereo channel of transmitted data (Left or Right).
The peripheral can act both as a master and a slave. The
I2S protocol specifies that the master serially drives data over
the SD lines on the falling edges of the BCLK, and the
slave samples them on the rising edge. The FSYNC signal
discriminates between the Left and Right channels.

In the TDM I2S implementation, the multiplexed devices
completely bind the time needed to receive both channels from
a specific source. Each device of the array first sends the L
channel and then the R channel, following the connection
order of the array. This order implies that the number of
devices introduces significant latency in communication —
a very undesirable effect, particularly for audio processing,
which is highly latency sensitive. Fig. 2 a) shows an example
of the IS TDM implementation with 4 devices. Considering
that each frame is composed of nBits and the number of the
multg)lexed devices is K, each frame of a source has a latency

n

of 2B » (K 4 1) x Tclk.

To reduce audio signal acquisition latency, ECHOES im-
plements a more specialized I12S protocol dealing with the
parallel acquisition from multiple microphones: TDM DSP
mode. Devices supporting DSP mode transmit L/R channels
one after the other immediately when the FSYNC is asserted.
Fig. 2 b) shows the implementation of the DSP TDM mode
with an example of 4 devices. In this implementation, each
device occupies a specific slot during which it sends the entire
frame, and the latency to complete the transmission is reduced
to a fixed nBits x T'clk.

Fig. 1 ¢) shows the block diagram of the I12S peripheral. It
is composed of two interfaces for transmitting and receiving
audio data. Each interface can be programmed to act as
DSP TDM or standard I2S. Both have dedicated I2S buses,
which allow for independent and full-duplex communications.
The core programs the memory-mapped 32-bit register file,

allowing each interface’s independent configuration flexibility.
By scaling the peripheral clock, the peripheral features 2 clock
dividers for generating the interfaces’ BCLK signals. The
four dedicated and independent FSYNC blocks generate the
FSYNC signal accordingly to the I?S and DSP modes for each
interface.

This operation mode is designed for multiplexing 16 devices
that work with a maximum 48 kHz sample rate. The BCLK
frequency of the TDM DSP mode depends on the combination
of nDevices x frameBits x sampleRate. A SoC frequency
of around 25 MHz (much lower than the maximum achievable
in ECHOES) is sufficient to support the best available rate
when samples have a frame length of 32 bits. Thanks to the
high frequency reached by ECHOES, it is possible to read and
compute data before nDevices new data have been received
and stored. To deal with different implementations of the DSP
mode, ECHOES can also be programmed to choose the clock
polarity and program the frame alignment.

III. PHYSICAL IMPLEMENTATION AND MEASUREMENTS

ECHOES has been implemented in TSMC 65 nm technology
performing synthesis with Synopsys Design Compiler [28],
Place & Route with Cadence Innovus [29], and verification and
sign-off with Calibre [30]. The die area is 4 mm?, partitioned
as shown in Fig. 3 where the majority of the area is occupied
by 256 kB L2 Memory and the 64 kB private memory. The
FFT accelerator occupies 6%, the 12S occupies 2% of the total
area, and the core occupies 3%.

The ECHOES chip has been tested and characterized using
an Advantest SoC hp9300 integrated circuit testing device. The
measurements are taken by executing Matmul and both soft-
ware and hardware-accelerated FFTs on the chip. Fig. 4 reports
the maximum operating frequency and the power consumption
over 0.9V to 1.2V for representative of many compute-
intensive workloads in the field of audio processing. The
Matmuls kernels have been performed using 16 x 16 matrixes
and consume respectively 33mW at 1.2V for INT32, and
33.6mW at 1.2V for FP32. The power consumption of the
FFT accelerator has been measured executing C'64/C32/C16
workloads respectively on 512/1024/2048 FFT points. The
peak power consumption of the FFT reaches 133.5mW at
1.2V when executing the FFT C'64 on 512pt.

IV. BENCHMARKING

To demonstrate the capabilities and flexibility of ECHOES,
we used benchmark representative of typical frequency-
domain and audio DSP workloads. Fig. 5 shows the perfor-
mance and energy efficiency of the RISC-V core computing
FP32 DSP kernels. Thanks to the high versatility of the pro-
grammable core, ECHOES can execute a variety of workloads
from frequency- and time-domain processing applications. Fig.
6 reports the performance and the energy efficiency of FFT
kernels computed using the accelerator and the core, as well
as the related speed-up. Thanks to the multiple data sizes
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supported by the FFT accelerator, the precision of a specific
kernel can be tuned to the application requirements, enhancing
the performance and energy efficiency by 2x when moving
from C'64 to C'32 formats.

To put our results in perspective, we benchmark the Mel-
Frequency Cepstral Coefficients (MFCC) feature extractor and
compare it against the solution proposed in [31]. Contrarily
to [31], where the execution is offloaded to a parallel 8 cores
cluster, in ECHOES, we exploit the tightly-coupled cooperation
between the single general-purpose core and the specialized
FFT accelerator, leading to a much more compact form factor
of the system (4mm? vs 10mm?). Despite the fact that the
inference of a single MFCC on ECHOES is executed in 120us,
1.3x slower than [31], due to non-FFT kernels executed on
a single core instead of a multi-core cluster, our solution
outperforms [31] by 2x in area efficiency, despite the less
scaled technology node used for implementation.

V. CONCLUSION

We presented ECHOES, a SoC composed of a RISC-V
core enhanced with fixed- and floating-point DSP exten-
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sions and an FFT hardware accelerator targeting emerging
frequency-domain applications. The proposed SoC features
an autonomous I/O engine able to interface to a wide range
of sensors such as MEMS, ULP radars, and digital micro-
phones over 128 protocol with full-duplex TDM DSP enabling
simultaneous communication with up to 16 I/Os devices.
Thanks to the many configurations implemented, ECHOES
reaches extreme flexibility and makes it the first open-source!
SoC, which implements all the TDM DSP configurations
available in the market. The proposed SoC, fabricated in
TSMC 65nm technology, can achieve FP32 peak perfor-
mance up to 0.18 GFLOPS at 1.2V with an efficiency of
9.68 GFLOPS/W at 0.9V. The FFT accelerator for fre-
quency domain DSP processing achieves performance up to
10.16 GOPS at 1.2V with an efficiency of 199.8 GOPS/W
at 0.9V which is 11.2x higher compared to the software
implementation and 41.1x faster.
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