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Abstract: Digital signal processing (DSP) is an important technology in various research fields.
However, mainstream implementations of DSP algorithms either lack flexibility and scalability or have
performance saturation and bottleneck, which still have the potential to be optimized. In this work,
we proposed DSP-OPU, an FPGA-based overlay processor for digital signal processing. Specifically,
we designed an overlay architecture suitable for various DSP algorithms. A unique data path was
proposed with multiple computation engines and a reconfigurable pipeline. Additionally, we realized
software-hardware co-design for DSP-OPU. On the software side, we achieved excellent scalability
with a customized instruction set and a user-friendly compiler. On the hardware side, the reconfigurable
data path breaks the dependency between instructions and data, enhancing scheduling ability and
transmission efficiency. In addition, we also decreased the performance saturation with increasing
engine numbers. Compared to C6678 SoC, our DSP-OPU achieves up to 29 X speedup and 70 X higher
energy efficiency for different DSP algorithms. Compared to FPGA-based implementations for a single
DSP algorithm, we achieved up to 4.5 X speedup and 4.4 X better energy efficiency.

Keywords: digital signal processing (DSP); software-hardware co-design; reconfigurable architecture;
overlay processor; field-programmable gate array (FPGA); system architecture; wireless communication

1. Introduction

With the rapid development of information science and wireless communication, there has been
an explosive growth in digital signal processing (DSP) [1]. The DSP has become an indispensable
technology in various fields, e.g., control systems [2, 3], communication systems [4, 5], and image
processing [6]. Moreover, to meet the demands for low latency and high throughput in fields, e.g.,
the Internet of Things (IoT) [7], artificial intelligence [8], and 6G [9], the demands for performance
enhancement in digital signal processors are becoming increasingly important.

Existing hardware implementations of digital signal processing designs are mainly divided into
three types, i.e., the application-specific integrated circuit (ASIC), system on chip (SoC), and field-
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programmable gate array (FPGA) [10]. Specifically, ASIC-based designs minimize the area and power
consumption with high performance. However, their fixed hardware circuits are not programmable with
high development costs [11, 12]. Moreover, SoC-based designs such as TMS320C6678 (C6678) can
be programmable and customized to a certain extent, but their performance is likely to be saturated
while leveraging multiple cores [13]. They also suffer from limited performance and massive power
consumption due to low data transmitting speed and insufficient hardware optimization. In contrast,
FPGA has become increasingly popular in DSP design due to its programmability, parallel computing
units, and ability to significantly reduce development costs while maintaining high performance and
flexibility [14].

There are already several works on implementing DSP algorithms with FPGA. For instance, Saeed
et al. [15] introduced an FPGA-based compatible FFT/IFFT processor with lower area and latency.
Paul et al. [16] migrated different forms of FIR and IIR filters to an FPGA. Vijay et al. [17] proposed a
parallel pipeline based on FIR filters to efficiently implement IIR filters. Kavitha et al. [18] designed an
LMS-based adaptive filter algorithm that reduces area and power consumption by eliminating multipliers.

Despite the good performances, the above FPGA-based works are specifically designed for accelerat-
ing one or two DSP algorithms. Constrained by the limited hardware resources, such designs cannot
deploy all the required algorithms on target FPGA [19]. Even if all DSP algorithms are deployed, the
execution efficiency of each algorithm is low due to the small amount of allocated resources. As a
result, such works cannot support complex scenarios. For example, in multi-functional scenarios, where
different DSP algorithms are required and updated, such designs need to re-design and re-generate
related RTL circuits for diverse DSP algorithms, which is difficult to adapt to various applications.

It is a reliable solution to design an FPGA-based processor compatible with multiple DSP algorithms.
This processor has sufficient parallel computing resources and is reconfigured to support new algorithms
by modifying a small portion of the design. However, some challenges are still remaining to implement
a general processor, such as data and control scheduling while users’ requirements are updated, as well
as reusable computation units compatible with different DSP algorithms.

In this paper, we propose an FPGA-based overlay processor for DSP algorithms, named DSP-OPU.
Specifically, we present a customized instruction set and an overlay hardware architecture for the
DSP-OPU. We further incorporate multiple reconfigurable computation engines (RCE) in DSP-OPU
to mitigate performance saturation. These RCEs can be reused for different DSP algorithms, thereby
reducing resource utilization and enhancing system integration. Additionally, we design an efficient
compiler to schedule and convert algorithms into instructions that can be run directly on the FPGA.

In summary, the contributions of our work are as follows:

e An overlay architecture for DSP. We design a reconfigurable and domain-specific overlay processor
for DSP algorithms. Specifically, DSP-OPU is capable of accelerating various DSP algorithms with a
flexible and scalable hardware architecture. It is also optimized to be highly parallel, ensuring high
computation efficiency.

e Multiple reconfigurable computation engines. In DSP-OPU, we propose a series of novel com-
putation engines. The engines are highly flexible, enabling the reconfigurable interconnections to
accelerate the required algorithm and thereby significantly reducing power consumption. Different
from SoC-based C6678 chip, our DSP-OPU alleviates the performance saturation with the increasing
of engine numbers due to efficient bandwidth management.
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o User-friendly SW-HW co-design. On the software side, we customize an instruction set architecture
(ISA) for DSP-OPU, which can be easily enhanced to support new emerging algorithms with strong
scalability. A simple and efficient compiler is also proposed to generate executable instruction streams
from users’ detailed requirements. The compiler provides hardware-friendly optimizations such as
model parsing, instruction generation, along with instruction and data optimization. On the hardware
side, we leverage a reconfigurable data path related to our customized instructions. This data path
breaks the dependency between instructions and data, therefore significantly improving the ability to
schedule on-chip data and enhancing transmission efficiency.

¢ High performance. We implement our DSP-OPU on Kintex-7 XC7K325T (325T) FPGA and Xilinx
Alveo U200 (U200) FPGA. With comprehensive evaluations, DSP-OPU demonstrates competitive
performance, achieving up to 29 X lower latency and 70 X better energy efficiency compared to
C6678 SoC. In addition, compared to other DSP implementations for a single algorithm on FPGA,
DSP-OPU achieves up to 4.5 X speedup and 4.4 X better energy efficiency.

2. Background and motivation

DSP is an essential technology in multiple fields like wireless communication systems and IoT.
There are various commonly used and efficient DSP algorithms for different functions, e.g., FFT, FIR,
IIR, and LMS. Specifically, FFT facilitates time-frequency transformations by decomposing the signal
spectrum into distinct frequency components. FIR and IIR are responsible for signal filtering and
frequency response control. FIR processes the signal through convolution with a set of coefficients,
and IIR introduces feedback into the signal output. LMS is an adaptive filtering algorithm that adjusts
filter coefficients based on the input signal. The computational details of different DSP algorithms are
outlined in Table 1.

Table 1. Descriptions of common DSP algorithms.

Algorithm Expression of the algorithm

FFT X (k) = Y50 xm)Wy;

FIR y(n) = Yoy h(k) x(n—k)

IR y(n) = Yo bix (n—k) — XL awy (n — k)
y(n) = wl (n) x(n)

LMS e(n)=dn)—-yn)

wn+1)=w(n)+ 2ue(n)x(n)

In recent years, there has been a continuous rise in performance demands for DSP technology,
especially in terms of latency requirements for a single algorithm [20,21]. However, existing DSP chips
have not updated their production lines for several years with limited performance. In contrast, there
is a growing number of high-performance DSP algorithm accelerators proposed on FPGA, which can
accelerate DSP algorithms 2-300 X faster than existing DSP chips, as indicated in Table 2. Therefore,
considering FPGA for implementing DSP algorithms is a worthy option [22]. The throughput in Table 2
represents the millions of samples (MS/s) that can be processed per second. The specific throughput is
obtained by analyzing the processing time of samples.
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Table 2. Practical throughput comparison on different platforms while implementing a single
DSP algorithm.

Designs Platform Algorithm Point Throughput (MS/s)
) Virtex-7
Garrido et al. [23] XCTVS33T FFT 1024 2720.00
Virtex-7 FIR \ 195.00
Potsangbam etal- 241y oy 3357 R \ 212.00
) Virtex-5
Ezilarasan et al. [25] XC5VLX30 LMS \ 112.00
FFT 1024 97.00
FIR \ 57.00
DSP SoC TMS320C6678 IR \ 116.00
LMS \ 0.35

However, the mainstream FPGA-based DSP implementations are primarily tailored to support a
single DSP algorithm and cannot simultaneously handle diverse algorithmic workflows. There is
a feasible solution to accelerate different algorithms by deploying various DSP IPs on the FPGA.
Nevertheless, such designs often require a trade-off between the number of supported algorithms, FPGA
hardware resources, and the throughput of IPs. Moreover, deploying multiple IPs on an FPGA allocates
limited resources for each IP. However, for most algorithms, fewer allocated resources always lead to
lower throughput, which restricts the performance of each IP.

There are several widely used SoC designs in the industry such as C6678, which support the
implementations of multiple DSP algorithms. The C6678 is based on SIMD instruction architecture and
generates corresponding instructions for different algorithms through a specialized compiler. However,
the C6678 still suffers from resource waste, resulting from the inability to leverage multiple computing
cores simultaneously for single-task acceleration. Moreover, the practical performances in multi-task
workloads are severely limited by transmission speed. Constrained by the available transmission
bandwidth, the data transferring time of C6678 often surpasses the time of the computation part. This
limitation becomes even greater with an increased core number and leads to performance saturation as
shown in Figure 1.
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Figure 1. Performance saturation caused by transmission bandwidth limitation.

In order to address the above challenges, we devise an FPGA-based overlay processor called DSP-
OPU to support the acceleration of various DSP algorithms with multiple RCEs and less performance
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saturation. We introduce a multi-level datapath and integrate it with RCEs efficiently, achieving complete
separation of instructions and data, which enhances overall throughput and computation efficiency. A
flexible ISA is also proposed in our work with a user-friendly compiler. The compiler can transform
the requirements of users into detailed instruction streams, which can be decoded and executed on the
underlying hardware architecture.

3. Hardware architecture

3.1. DSP-OPU architecture overview

A substantial challenge in the design of the OPU lies in microarchitecture design. The micro-
architecture must minimize control overhead while preserving the convenience of runtime adjustment
and functionality. To address this challenge, we have developed a unique data path module that
facilitates parameterized register-based customization and mode switching for the data path. These
parameter registers directly receive parameters provided by instructions, enabling seamless transitions
between different data paths. Additionally, this data path module can establish connections between
different computation engines, forming a reconfigurable pipeline structure for high-performance DSP
algorithm computations. Furthermore, we propose a multi-engine system with shared memory to meet
the high-bandwidth demands when accessing data.

We deploy DSP-OPU on FPGA and design a dedicated instruction set on the software side. The
microarchitecture is depicted in Figure 2. Our DSP-OPU primarily consists of the following components:
data pre-processing, instruction subsystem, L3DP, multiple engines shared memory (MESM), multiple
engines shared memory controller (MESMC), processing element of reconfigurable pipeline (PERP),
and reconfigurable computation engines (RCE). Upon receiving user-supplied parameters and the data to
be processed, the compiler initially converts them into corresponding instructions while simultaneously
handling the data. Subsequently, the instructions and data are transmitted for execution on the hardware
processor. A detailed description of the instruction set and compiler will be provided in the following
chapter.
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Figure 2. The hardware microarchitecture of DSP-OPU.
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The data path module serves as the core of DSP-OPU, and the proposed microarchitecture, instruction
set, and compiler are all designed with the data path as the central focus. The data path realizes the
majority of data scheduling in the architecture. Once the data path is constructed, input data will
be continuously transmitted according to the data path. Therefore, this architecture possesses innate
hardware advantages for accelerating algorithms with fixed computation flows. To reduce logical
complexity and resource consumption, the data path of our DSP-OPU can be divided into three levels,
i.e., LIDP, L2DP, and L3DP. In L1DP, the data paths mainly exist between the adder, multiplier, register,
and transformation unit, and these units form a computing module PERP. In L2DP, the data paths mainly
exist between different PERPs, and four PERPs form an RCE along with the RCE input and output
modules. In L3DP, the data paths mainly exist between architecture input and output, multiple RCEs,
and MESM.

3.2. Reconfigurable computation engines (RCEs)

To meet the high parallel computing demands of DSP algorithms, a distinctive computing module has
been devised, which houses multiple RCEs. Balancing control complexity and parallelism, four PERPs
are employed instead of directly interconnecting all computing modules within the RCE. Within a single
RCE, while maintaining a constant number of internal computing modules, an increase in the number of
PERPs significantly reduces the number of data paths, concurrently lowering pipeline complexity. To
strike a balance between control overhead and reconfigurable pipeline complexity, evaluations of various
metrics on the RCE are performed, as shown in Figure 3. Pipeline complexity indicates the number
of different pipeline types to which a single computational PERP can be reconfigured, while pipeline
length denotes the number of PERPs in a single RCE. Each pipeline type corresponds to a computational
process that a PERP can support. By considering control overhead, reconfigurable pipeline complexity,
and deployable PERP count, and based on the curve intersections and instructions design in Figure 3,
we conclude the utilization of four PERPs per RCE.
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Figure 3. PERP number determination based on four aspects of total resource consumption,
computing resource ratio, single pipeline complexity, and pipeline length.

Within the RCE, PERPs are connected via the Level 2 RCE data path (L2DP), as illustrated in Figure
4. All PERPs are connected through the data path. According to the selection of different data paths,
PERPs can transmit data to the next PERP, obviating the need for data scheduling using caches. It is
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worth noting that the simplified representation of data paths in the figure understates the actual count,
given that each PERP encompasses multiple computing modules. The selection of paths is specified by
instructions, empowering the RCE for reconfiguration to different pipelines through data paths, thereby
substantially elevating hardware optimization for algorithms.

It is noteworthy that DSP-OPU achieves robust scalability and compatibility with new digital signal
processing algorithms by increasing the number of RCEs based on FPGAs with more resources. This
scalability can be achieved by simply concatenating additional computation modules, enhancing paral-
lelism and pipeline length without significantly increasing control complexity. We retain instructions in
the instruction set for switching RCEs, requiring no modification to the instruction set.

——> Data Unidirectional Data Path Bidirectional Data Path

Figure 4. The structure overview of L2DP and L1DP.

3.3. Processing element of reconfigurable pipeline (PERP)

Each PERP comprises three functional modules: an addition module, a multiplication module, and a
transformation module, as shown in Figure 3. PERPs are connected through a first-level processing
element data path (L1DP), using the same connectivity method as L2DP.

The addition module can simultaneously perform four 32-bit floating-point additions or one 64-bit
floating-point addition. The multiplication module can simultaneously execute four instances of 32-bit
floating-point multiplication or one instance of 64-bit floating-point multiplication. The memory control
module primarily performs logical operations and cache control on data, such as memory protection,
data shifting, data rearrangement, and similar operations. Due to the different clock cycles required
for various operations and to ensure that each piece of data enters the module at the correct time, each
module can implement delayed or continuous data output. The required delay time is specified by the
input together with instructions specifying the module’s state.

3.4. Instruction subsystem

Given the DSP-OPU structure, there is no need for instructions and data to be input simultane-
ously. Additionally, there are no extra requirements for the order of instruction input. Therefore, the
instructions generated by the compiler will be stored in the instruction cache module. After retrieving
these instructions from the instruction cache, the unpacking module first segments them into control
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instructions for different modules and transmits them to the decoders of each module. Instructions
destined for multiple RCEs also undergo further processing through a multi-engine navigator to ensure
rapid and precise instruction input.

3.5. Level 3 data path (L3DP)

The architecture we propose ensures versatility by configuring different data paths, achieving high
parallelism for various functionalities. The L3DP, located external to the RCE, is a critical component
ensuring structural generality and is primarily divided into three parts: the external input-output data
path (EIODP), memory input-output data path (MIODP), and computation module input-output data
path (CIODP). The data path connections among these three parts are similar to L2DP.

The EIODP in our DSP-OPU supports up to eight 32-bit data paths or four 64-bit data paths for
input or output, with data paths directed by instructions to either the RCE or the BRAM components in
the architecture. Without BRAM caching, sending data directly through the CIODP to the RCE can
reduce instruction complexity and computation delay, and enhance the versatility of the structure in
our design. When BRAM caching is needed, the design meets the data retrieval rules, enabling the
characteristic of high parallelism of our architecture and supporting specified algorithms like FFT that
meet the requirement of repeated data access.

The MIODP consists of 32 channel groups with 128 channels in total. Each channel is constructed
to include two 32-bit data paths, facilitating efficient data transmission and processing. What sets the
MIODP apart is its remarkable flexibility in data handling. The MIODP can support up to 256 32-bit
data paths or 128 64-bit data paths for input or output according to related instructions. In order to
ensure the flexibility of data access, each channel group can be connected to all other channel groups
within the CIODP or EIODP.

The CIODP is equipped with 16 input channel groups and 16 output channel groups with 128
channels in total, and the channel includes two 32-bit data paths. Unlike the MIODP, the functions of
the channel groups in the CIODP are fixed and do not support the conversion of input and output. To
minimize control complexity and ensure the versatility of the structure, the CIODP configuration is
based on channel groups, similar to that of the MIODP.

3.6. Multiple engines shared memory (MESM) and controller (MESMC)

According to the computation flows of various DSP algorithms, some algorithms require frequent
access to previously used data. To ensure efficient parallel data retrieval, data caching is necessary. The
caching capacity can be specified by allocating different block RAM (BRAM) according to the amount
of resources in the target FPGA. The BRAM module in our DSP-OPU includes 32 BRAM groups, each
with 4 BRAM instances and eight 32-bit data paths. This configuration supports up to 256 32-bit data
paths or 128 64-bit data paths simultaneously. For simplified control and consistency, the channels in
each BRAM group are mapped one-to-one with the channels in the MIODP.

3.7. Data pre-processing

Leveraging the distinctive structure of DSP-OPU, there is no simultaneous entry requirement for
instructions and data into the FPGA. Consequently, the compiler transfers data to the FPGA in the form
of instruction blocks and data blocks. Preliminary processing of the data received from the compiler is
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essential to identify instruction and data blocks. Subsequently, these blocks are transformed into the
necessary data structures for transmission to the instruction subsystem or L3DP.

4. Instruction set architecture

4.1. Instruction set overview

A concise and efficient instruction set is of paramount importance for a reconfigurable processor
[26,27]. In our DSP-OPU, we classify instructions into two types: computational instructions (C-type)
and memory instructions (M-type). The C-type instructions are under the length of 32 bits, responsible
for the state specifications of computing modules and configurations for various data paths. The M-type
instructions are also 32-bit long and are responsible for configuring memory address, memory state, and
initiating the commencement of data transferring.

The instruction set design enables our DSP-OPU to dynamically generate instruction streams that
can be directly executed on hardware circuits. The instruction streams can control the operation mode
of underlying hardware modules after loaded into the FPGA board. On the software side, the compiler
analyzes user requirements, i.e., algorithm type, data type, data length, number of computation points
and filter order, and transforms them into bitstreams with specific configurations. The DSP-OPU ISA
includes instructions that control data path connections, computation module state, and data access.
By calling and combining these instructions, we can describe the computation process and support the
execution of arbitrary DSP algorithms. Note that our DSP-OPU can support multiple DSP algorithms
simultaneously by specifying the number of algorithms with required types and configurations.

- LMS »la FFET >
| : Data Process : Instruction | : Data Process :
T T T T T
| | | | State | | |
—— —— — —{ = — —_—_ ] — — — | - — —
| | IPC | | |
N R S I - — - — | ==
| | I| IEC | I
- I 4 S [ I
| | | | |
o _ __I| g JE I -
| | |
1 1 : Addr : |
-1 = — I/ — — — - T - 1T - —\1— — — — |\ — —
I I I MSS I I
—_——— —{ = — + —_ ) — — — | — —
| CFS | | | CES |
Y - | - |
Data :; \\ Trans | Compute Trans ‘| Trans | Compute Trans
~ — _ —-¥ Computation Flag ~~__~-"" Computation Flag — >
t1 t2 t3 Wt to t7 tg funtime

Figure S. Instruction scheduling of a single proposed RCE.

The instruction operational process of the proposed RCE is elucidated in Figure 5. The beginning of
the computation is predetermined by the Compute Flag Signal (CFS) instruction. At ¢;, the compiler
initiates the transmission of instructions to the hardware in the form of instruction blocks. The order
of instruction block transmission is determined by the number of instructions of the current functional
type rather than the instruction functionality. To be specific, we prefer to transmit blocks with a higher
instruction number. This is because the construction of data paths does not need a specific order, but
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the execution speed of instructions of the same functionality is limited. The more instructions of the
same functional type, the longer the execution time required. Specifically, the underlying hardware
executes instructions from #; to #,. The execution time depends on the total number of instructions
of the current instruction type. At f,, algorithmic data transferring begins, triggering post-processing
at 3. Data processing and output end at #,, followed by the configuration of the next algorithm. The
configuration time is variable according to the complexity of different algorithms.

Based on the above execution process, we realize a complete separation of instructions and data,
where they are not input at the same time. The advantage of this approach is that the execution of
instructions can be simplified, and there is no need to adjust the instruction input order. Moreover, in the
instruction optimization process, after the instructions and data are transferred into a certain core, other
operations are not needed for this core. As a result, when a certain core is performing data processing,
other cores can be configured in parallel, which makes full use of hardware caching and significantly
improves the throughput of multi-core tasks.

4.2. Computation instruction

The C-type instructions are determined by the opcode and can be divided into four types.

Module state specification. The module status specification (state) instruction defines the operation
type and synchronization operation of the computation module within the PE. It controls the operation
type within a single PE and determines whether a delayed operation is necessary, along with specifying
the delay duration. For example, an adder can be adjusted for operations such as 32-bit floating-
point addition, 32-bit floating-point subtraction, or 64-bit floating-point addition. Considering the
similarity among various operations, e.g., addition and subtraction, configuring the operation type
through instructions facilitates minimal control overhead, while ensuring synchronized data output of
distinct operation types with different computation cycles.

Inter-PE connection. Inter-PE connection (IPC) instruction is responsible for the connectivity of
the L1DP within the RCE. The existence of L1DP serves as a partial substitute for the data scheduling
operations instruction found in the general instruction set for the engines. Moreover, it significantly
enhances the data scheduling capability of the engines, particularly in the context of DSP algorithms.

Inter-engine connection. Inter-engine connection (IEC) instruction specifies the connectivity of the
L2DP between engines. Serving as a bridge between L1DP and L3DP, L2DP significantly reduces the
resource overhead of data path control. Concurrently, the existence of L2DP simplifies multi-engine
optimization. The collaborative acceleration of a single algorithm by multiple engines can be achieved
by serially connecting them to the RCE through L2DP.

External engine connection. External engine connection (EEC) instruction is utilized to specify
the connectivity of the L3DP for engines. L3DP functions as a bridge connecting external data,
MESM, and RCE. The existence of L3DP broadens the algorithm support range for the entire processor.
Complex algorithms can be supported by employing operations such as data caching and rescheduling
through L3DP.

As mentioned above, C-type instructions are primarily employed for reconfiguring computation
modules and various levels of data paths. The construction of diverse pipelines using different data paths
enables the realization of a wide range of algorithmic operations. In multiple RCE architectures, the
number of RCEs directly influences the complexity and total length of the pipelines. Thus, the number
of RCEs directly affects the variety and types of algorithms that can be supported. Simultaneously, this
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method efficiently utilizes hardware computation resources through a pipelined format, avoiding the
need for complex data scheduling operations and effectively harnessing the abundant computational
resources of FPGA.

4.3. Memory instruction

The M-type instruction is responsible for performing configuration operations related to memory
functionality with a length of 32 bits. The definitions for three distinct types of M-type instructions are
as follows:

BRAM group address specification. BRAM group address specification (Addr) instruction is
designed to identify the BRAM group responsible for storing data and the initial address within that
BRAM group. Due to various data requirements across multiple RCEs, this instruction is essential for
precise data allocation, specifying exact data storage addresses, and providing offset addresses to ensure
the accurate reading and storing of different data.

Memory state specification. Memory state specification (MSS) instruction is designed to specify
the status of individual channels in the memory. It encompasses details such as whether the channels
are enabled, operating in data input or data output mode, whether the output is looped, the total number
of outputs, and other relevant parameters.

Computation flag signal. Compute flag signal (CFES) instruction is designed to control the output of
data from the memory. The instruction indicates the computation commencement, where data starts
to flow out from the BRAM. A single CFS instruction is adequate to initiate the execution of each
computation stage. For algorithms requiring data buffering through memory, it is necessary to wait for
data buffering to complete before the instruction input. Consequently, this instruction can specify the
number of cycles to delay execution. Algorithms not requiring data buffering through memory do not
need to issue this instruction.

5. Compiler

Compilers serve as vital tools to bridge the gap between user requirements and low-level hardware
computation. Specifically tailored for our DSP-OPU, we carefully design a dedicated compiler for
our end-to-end execution. This compiler parses models and optimizes data structures to reduce the
overhead of algorithm execution. It enables the transformation of DSP algorithm models into a series
of instructions executable by DSP-OPU through compilation. These instructions are then transmitted
via PCle to the cache of our DSP-OPU and subsequently executed by the decoding module. As shown
in Figure 6(a), the end-to-end compiler consists of three different stages: model parsing, instruction
generation, and data optimization. During the model parsing and instruction generation stages, the
compiler’s primary function is to extract essential information from the model file and generate the
necessary instruction sequences. In the data optimization stage, the compiler must structurally optimize
the model file and instruction sequences based on hardware characteristics.

5.1. Model parsing

We abandon the conventional general-purpose instruction architecture, trading off some universality
to achieve enhanced processor performance comparable to custom accelerators. The instructions
rely heavily on the interconnection between various levels of data paths. Consequently, for different
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algorithms, even if the differences between them are minor, the types and quantities of corresponding
instructions can be significantly diverse. It poses a significant challenge in designing a compiler that
supports a series of algorithms.
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Figure 6. Overview of our flexible compiler. (a) The three stages of our compiler, i.e., model
parsing, data and instruction optimization, and instruction generation. (b) Data block structure
consisting of detailed data and related instructions.

Within the compiler, two instruction libraries are introduced, one contains pre-set algorithmic instruc-
tion sequences, and another comprises general computational flow instruction sequences. The compiler
can adeptly assemble these instruction fragments, generating corresponding instruction sequences for
various algorithms or models of different sizes, thus minimizing situations where certain algorithms are
left entirely unsupported.

In order to fully harness these two instruction libraries, the compiler is initialized by determining
the current algorithm type. The codes supporting the algorithms are stored within the compiler. In the
first phase of the model parsing stage, the compiler can deduce the current algorithm type for digital
signal processing based on user invocations of pre-stored algorithmic functions and extract the required
parameters. Additionally, the compiler can analyze the needed algorithm type or instruction fragments
based on the description provided by the user.

5.2. Instruction generation

Following the details of the algorithm type and parameters, the compiler determines whether the
current algorithm is part of the existing algorithms. If so, the compiler retrieves the instruction
fragments for that algorithm directly from the existing algorithmic instruction library and assembles the
required instruction sequence. If not, the compiler chooses appropriate instruction segments from the
computational flow instruction library based on the computational process of the current algorithm and
generates the instruction sequence.

5.3. Data and instruction optimization

To fully exploit the hardware capability, it is crucial to further optimize the instructions and data based
on the hardware architecture. DSP-OPU boasts multiple computation engines, and the key challenge
in instruction optimization lies in achieving the multi-engine acceleration for algorithms. To tackle
this challenge, we have integrated two additional instruction libraries into the compiler: the engine
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instruction library and the memory instruction library. Similar to the existing algorithmic instruction
library and computational flow instruction library, these two new libraries mainly store instruction
fragments related to the linkage methods of engines and memory.

At the outset of the optimization phase, the compiler evaluates the scale of the current task based on
the model parameters obtained in the previous stage. Subsequently, it selects the necessary instruction
fragments from the two instruction libraries and integrates them into the existing instruction sequence to
generate an optimized instruction sequence.

After optimizing the instruction sequence, we ensure the full utilization of all engines within the
hardware. However, achieving accurate computations requires us to confirm the correct allocation
of model data to their respective computation engines. According to the instruction design in our
DSP-OPU, our instruction sequence imposes no requirements on the input order. Therefore, we evaluate
the current method of instruction partitioning and data storage based on the data path configuration
information and memory address details within the instructions. Using this information as a foundation,
we appropriately partition the data and instructions.

We package the optimized instructions and data into data blocks, as shown in Figure 6(b), and transmit
them to the hardware. Considering the notable differences in the quantity of different instructions,
we prioritize the transmission of the larger quantity of instructions to maximize the transfer rate and
hardware decoding efficiency. In addition, we employ distinct identification markers for partitioning,
ensuring that the hardware can correctly distinguish between different types of instructions or data.

6. Experiment

6.1. Experimental setup

For the implementation of DSP-OPU, we deploy our work on the 325T FPGA and the U200 FPGA.
Two RCE units are deployed on the 325T, and eight RCE units are deployed on the U200. We implement
DSP-OPU by Verilog HDL and synthesis it by Vivado 2020.1. For the compiler, we design and
implement it in C++.

6.2. Theoretical and practical speedup

In theoretical evaluations, we compared the theoretical and practical accelerations of DSP-OPU with
the C6678 SoC, a widely used and high-performance digital signal processor, as depicted in Table 3. The
theoretical values for C6678 are derived from its official documentation applicable to 32-bit floating-
point data. In practice, we utilize the throughput of LMS as a benchmark for comparison. DSP-OPU
exhibits actual acceleration far surpassing the theoretical ratio when compared to C6678, owing to the
efficient data path mechanism that achieves acceleration effects comparable to custom accelerators.

Table 3. Theoretical and practical speedup of DSP-OPU compared with the C6678 SoC chip.
Designs Theoretical RCE performance (GMAC/s) Practical throughput (MS/s)

C6678 44.89 (1x) 0.952 (1x)
Ours-325T 38.4 (0.86x%) 10 (10.50x)
Ours-U200 71.6 (1.60x) 18.67 (19.61x)

We also evaluated the proportion of different data in transmission, as depicted in Figure 7. Specif-
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ically, we propose a statistical analysis of the proportion of logic and instruction data for various
algorithms under different sizes. It is noticeable that the instruction data is of a smaller magnitude. This
enables our architecture to be more effective, as the data transmitted from the host are mainly used for
logic computation, alleviating the performance saturation issue resulting from transmission bandwidth
limitations in a multi-task scenario.

[ ]OurInstruction Data [ | Our Algorithm Data
. [ ]c6678 Instruction Data| | C6678 Algorithm Data
100% —

80% —
60% —
40% —

20% — —

0%
IKFFT 2KFFT 4KFFT B8KFFT 16KFFT 1KLMS 1KFIR 1KIIR

Algorithm
Figure 7. The proportion of instruction and logic data in DSP-OPU compared with C6678.
The larger logic data scale indicates better transmission efficiency.

6.3. Resource consumption and overlay latency performance

In the context of the FFT algorithm, we establish a 1024-point radix-2 FFT as a reference benchmark.
For filtering algorithms, our attention is focused on 32-tap LMS, 5th-order IIR, and 32-tap FIR filters,
and the performance on the C6678 SoC is also included. Specifically, the results of both the C6678 SoC
and DSP-OPU are based on 32-bit floating-point data.

Due to the absence of support for LMS and IIR algorithms in Xilinx IP, and the suboptimal throughput
of the 1024-point FFT IP at 64 MS/s, we implement customized IPs based on Xilinx IP to address these
limitations. The customized IPs employ 32-bit fixed-point data, providing certain advantages in terms
of resource utilization and throughput. The customized IP leverages a similar implementation approach
to DSP-OPU, except that it encapsulates the implementation of each algorithm as a separate IP, in order
to evaluate the resource consumption when deploying multiple IPs simultaneously.

Table 4. The resource utilization of DSP-OPU. Results are based on two optional FPGA
platforms under different resource sizes.

Num of LUT FF DSP BRAM
FPGA RCE Usage Utilization Usage Utilization Usage Utilization Usage Utilization
XCT7K325T 2 197,624 96.97% 118,736 29.13% 512 60.95% 256 57.53%
Alveo U200 8 770,496  65.17% 474,944 20.09% 2048  29.94% 256 11.85%

Table 4 details the hardware resource utilization. In this context, 325T employs 2 RCEs, and U200
utilizes 8 RCEs. The U200 retains unused resources suitable for additional RCE deployment, in order to
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refrain from deploying more RCEs to avoid potential frequency impacts associated with excessive data
paths. We further summarize the overlay performances of DSP-OPU compared with other works in
Table 5. The frequency (MHz), latency (us), throughput (MS/s), power (W), LUT, FF, DSP, and BRAM
utilization are reported. The power consumption in Table 5 is obtained by the analysis report of the
Vivado Power Estimator, which reflects the design characteristics of the FPGA chip.

Table 5. The overlay performance of DSP-OPU compared with other implementations.

N ) . Freq Latency  Throughput  Power
Designs Plantform WL  Alg Order  Point (MHz) (ns) (MS/s) W) LUT FF DSP BRAM
Pakize et al. Virtex-7
28] XCTVS330T 16 FFT \ 1024 339 \ 1261 \ 12.5k  22.5k 150 6
Garrido et al Virtex-6 16 FFT  \ 1024 475 \ 1900 \ 103k 103k 12 0
[g]” oetal XC6VSXAT5T : :
Virtex-7
XCTVS330T 16 FFT \ 1024 680 \ 2720 1.6 10.5k 105k 12 0
. Virtex-4
Ezilarasan et al. XCAVFX12 \ LMS 32 \ 109 9.152 109 \ \ \ \ \
. Virtex-3 \ LMS \ \ 111 8.95 112 \ \ \ \ \
XC5VLX30 ’
Potsangbam et al. ~ Virtex-7 \ FIR 3 \ 120 5.12 195 8.053 \ \ \ \
[24] XC7AS200T \ IR 1 \ 4.72 212 5203\ \ \ \
32  FFT 1024 \ 135.8
32 LMS 16 \ 1044 0.952
DSP SoC TMS320C6678 3 IR - \ 1400 105 9.5 15.00 \ \ \ \
32 FIR 32 \ 12.56 79.8
32 FFT |\ 1024 \ 200
. Xilinx 32 LMS 16 \ 20.08 50
Customized IP Alveo U200 3 IR - \ 200 509 196 6.32 59k 116k 153 58
32 FIR 32 \ 5.09 197
32  FFT \ 1024 \ 480
Kintex-7 32 LMS 16 \ 100 10
DSP-OPU XCTK325T 3 IR 7 \ 150 6.67 150 34 197k 118k 512 256
32 FIR 32 \ 6.67 150
32 FFT \ 1024 \ 896
Xilinx 32 LMS 16 \ 53.57 18.67
DSP-OPU Alveo U200 3 IR 7 \ 280 3.57 280 12.3 770k 475k 2048 256
32 FIR 32 \ 3.57 280

Our implementation is superior to C6678 SoC in throughput and processing speed, which is mainly
due to the high parallelism of the DSP-OPU engine. In terms of FFT performance, our architecture
deployed on the U200 FPGA achieves 6.6 X higher throughput compared to C6678. For the LMS
algorithm, the throughput is improved by 19 X. As for the filter algorithm, we are 3.5-29 X faster
and 1.2 X lower in power consumption with the same filter order. Compared with customized IP, the
latency of DSP-OPU is higher in LMS due to the longer cycle of the floating-point data type. In other
algorithms, the latency is basically the same in different data types.

Note that the four customized IPs can achieve execution throughput similar to DSP-OPU. However,
they can only support the four algorithms in Table 5 with great limitations. Specifically, for the FFT
algorithm, the customized IPs cannot support more than 1024 points. For the LMS algorithm, the
customized IPs cannot support the case that the filter order is more than 16. At the same time, the
customized IPs cannot support IIR and FIR algorithms with larger orders. In contrast, our DSP-OPU is
compatible with complex algorithm configurations, and can support up to 100,000 points for the FFT
algorithm and up to 128 filter orders for the FIR algorithm.

Compared with algorithm accelerators deployed on FPGA, our architecture demonstrates superior
performance in all areas except FFT. In contrast to the accelerators designed by Pakize et al. [28] and
Garrido et al. [23], our architecture uses 32-bit floating-point data, while their accelerators utilize 16-bit
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fixed-point data. Doubling the word length within the same architecture results in a fourfold increase in
throughput. Additionally, the use of floating-point computation generally offers better precision and
higher latency compared to fixed-point computation. If the same word length is used, our architecture
can achieve equal or even better throughput than other architectures.

6.4. Multi-task comparison

In Figure 8, a comparison is made between the DSP-OPU architecture and the C6678 chip in terms
of time for different multi-task scenarios. We utilize a workload from the radar domain [29], where
16 segments of data are applied to the FFT, FIR, and IFFT operations. Each segment consists of 1024
32-bit floating-point data, and both the ideal and practical time are compared. The ideal time is the
sum of the computation time for the algorithms on the cores, while the practical extra time includes the
transmission time for instructions and algorithm data. The transmission rate is determined by the PCIE
rate supported by C6678.

[ | Practical extra time [ | Practical extra time
[ ]ldeatime [ ]ldeatime
58 90% &8 | 89%
E7] ] 89% | E 7] ] 88% |
26 | 87% | 6] | 86% |
Ss| ] 85% | 50 | 83% |
4 ] 82% | 4 | 79% |
3 7% 3 72% |
2 \ 69% | 2 \ 61%)|
1 \ 53% 1 | 33% |
0 200 400 600 800 1000 1200 O 100 200
Time (us) Time (us)

(@) (b)
Figure 8. Comparisons of ideas and practical extra latency in multi-task workloads. (a)
TMS320C6678 SoC chip, (b) DSP-OPU on Alveo U200.

It is evident that DSP-OPU outperforms C6678 by a significant margin in both ideal time and
practical extra time. Moreover, the proportion of the practical extra time is also lower than that of C6678.
If the instruction data in DSP-OPU have the same size as C6678, the proportion of practical extra time
should be increased. Furthermore, our proportion of practical extra time is lower than C6678 and offers
higher transmission efficiency.

6.5. Influence of different RCE numbers

In Table 6, we compare the influence of different numbers of computing engines. With an increased
number of computing engines, longer reconfigurable pipeline lengths are available, making it more
suitable for accelerating complex algorithms. In order to facilitate the performance analysis of multi-core
design, we set the operating frequency of both 325T and U200 FPGAs to 150MHz. Our architecture
has two computing engines when deployed on 325T, and there is a significant decrease in throughput
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when the order of the LMS algorithm exceeds 32. On the other hand, the architecture is deployed
on U200 with 8 computing engines. It can support higher-order LMS algorithms without any change
in throughput. For the FFT algorithm, the throughput corresponds to detailed points, and has little
relationship with the increase of the core number. The implementation of the FIR algorithm is relatively
simple, and two computation engines can already support the filter order of 64, which indicates that the
number of engines does not affect FIR throughput.

Table 6. The throughput of DSP-OPU under different RCE numbers.
Platform Num of RCE Algorithm Order Point Frequency Throughput (MS/s)

\ 1024 480
FFT \ 2048 436
\ 4096 400
16 \ 150
FIR 32 \ 150
64 \ 150
XCTK325T 2 16 \ 150 150
IIR 32 \ 150
64 \ 35
16 \ 10
LMS 32 \ 2
64 \ 0.8
\ 1024 480
FFT \ 2048 436
\ 4096 400
16 \ 150
FIR 32 \ 150
64 \ 150
Alveo U200 8 6 \ 150 150
IIR 32 \ 150
64 \ 150
16 \ 10
LMS 32 \ 10
64 \ 10

6.6. Energy efficiency comparison

In Figure 9, we compare the energy efficiency of the DSP-OPU architecture with the C6678 chip
and customized IP. The efficiency is calculated by dividing throughput by power. It is worth noting that
we use a logarithmic scale in the graph. Therefore, the actual differences are larger than the results in
Figure 9. The efficiency of our architecture deployed on 325T is 8.3-70 X better than that of C6678.
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Figure 9. Energy efficiency of the DSP-OPU architecture compared with the C6678 chip and
customized IP.

7. Conclusions

In this paper, we propose DSP-OPU, a reconfigurable and overlay processor based on FPGA to
implement various DSP algorithms. First, we introduce a reconfigurable data path that allows for
the reconfigurable pipeline of specific algorithms by connecting multiple computing cores through
instructions. Second, we design an instruction set for DSP-OPU, ensuring the flexibility of our design.
A simple and efficient compiler is also introduced to schedule and optimize the computation flow.
Compared to C6678, our DSP-OPU achieves up to 29 X speedup and 70 X higher energy efficiency for

different algorithms. Compared to FPGA-based implementations for a single algorithm, we achieve up
to 4.5 x speedup and 4.4 X better energy efficiency.
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