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Abstract

Objectives. Developing the element base of field-programmable gate arrays (FPGA) may significantly affect the
design of electronic devices due to the enhanced logical capacity of such chips and the general tendency towards
increased subsystem integration. The system-on-a-chip (SoC) conceptis aimed at combining receiving, processing,
and exchange subsystems onto a single chip, as well as at implementing control, diagnostic, and other auxiliary
subsystems. The study aimed at developing a method for soft processor applications, i.e., processors based on
configurable logical resources, for implementing control functions in an FPGA-based SoC.

Methods. A digital system design methodology was used.

Results. For soft processors, a unified design route based on selecting architectural parameters qualitatively
corresponding to controltasks was considered. In particular, such parameters asinstruction setaddressness, number
of pipeline cycles, and arithmetic logic unit configuration are adjustable at the design stage to allow the optimization
of the soft processor in the discrete parameter space. An approach to rapid prototyping of the assembler based
on stack-oriented programming language with regular grammar was also considered. The control of digital signal
processing hardware as part of an SoC is the promising application area for soft processors. An implementation is
considered on the example of an SoC based on Xilinx Virtex-7 FPGA containing several processor cores developed
using the proposed methodology.

Conclusions. The considered approaches to soft processor design allow the rapid prototyping of the control
processor core for operation as part of an FPGA-based SoC.
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HAYHYHAA CTATbA

IlepcnekTUBBI IPUMEHEHHMs COPT-MPOLECCOPOB
B CHCTEMAaX Ha KPUCTAJLJIe HA 0a3e MPOrpaMMHUpyeMbIX
JIOTHYECKUX MHTErPAJIbHBIX CXeM
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Pe3iome

Llenu. Pa3BuTre aneMeHTHON 6a3bl MPOrpamMMnUpPyeMbIX JTOMMHECKNX MHTerpanbHbix cxem (MJINC) kayecTBEHHO
MEHSIET TPebOBaHNA K MapLLPYTY NPOEKTUPOBAHUS 3NIEKTPOHHBLIX CPEACTB BCNEACTBME POCTA JIOTMYECKON eMKO-
CTM 9TUX MUKPOCXEM N TEHAEHLMMN K MOBbILLEHUIO CTEMNEHN NHTErpaLmm nogcuctem. NpenmyLLecTBeHHbIM Hanpas-
NIEHNEM NPUMEHEHUs JaHHOW nnaTdopMbl ABNSETCH KOHUENnumsa cuctembl Ha kpuctanne (CHK), HanpaBneHHas
Ha COBMELLEHME B OOHOM KpUCTasie NoacmucTeM npmema, o6paboTkm n obMeHa JaHHbIMK, @ Takke peannsaumio
YNPaBASioLMX, ANArHOCTUYECKNX U APYTrMX BCMOMOraTesbHbIX noacucTeM. Llenb paboTel — pa3paboTka MeToaukum
npYMeHeHns codT-NpPoLLECCOPOB, T.€. MPOLECCOPOB, CO3aaBaeMbix Ha 6ase KOHOUIypUpPYyEMbIX JIOFMYECKUX pe-
CYpPCOB, Ans peanusauum GyHKUMA ynpasneHus B coctaBe CHK Ha 6ase MJTNC.

MeToabl. /Icnonb3oBaHbl METOAbI NPOEKTUPOBAHUSA LUDPOBLIX CUCTEM.

PesynbTtaTbl. 1019 COPT-NPOLECCOPOB PACCMOTPEH YHUDULMPOBAHHbIV MapLUPYT NPOEKTUPOBaHWSA, OCHOBaHHbIN Ha
BbIOOPE apXUTEKTYPHBIX MapPaMeTPOB, KAHECTBEHHO COOTBETCTBYIOLLMX 334a4aM ynpasneHus. B yacTHocTu, Takue na-
pameTpsbl, Kak afpeCcHOCTb CUCTEMbl KOMAHZ, KONMYECTBO TakTOB KOHBEMepa, KoHpurypaums apndmeTnko-normye-
CKOro yCTPOMCTBA, ABASAIOTCS PEryMpyeMbIMU Ha aTarne NpoeKkTUPOBaHNS, YTO NO3BONSET NPOBOANTL ONTUMU3ALMIO
codT-npoLeccopa B ANCKPETHOM NPOCTPAHCTBE NapamMeTpoB. PAacCMOTpeH Takxke Noaxon, K 6bICTPOMY NPOTOTUMNPO-
BaHUIO accembnepa Ha OCHOBE CTEKOBOI0O A3blka MPOrpaMMUPOBaHNS C PEryISPHON rpamMMaTuKoN. [epCnekTnBHbIM
HanpasfieHNeM NPUMEHEHUS COPT-NMPOLECCOPOB ABMSETCH ynpasfieHne annapaTHbiMU KOMIOHEHTaMU LndpPOoBOM
06paboTku curHanos B coctaBe CHK. B ctaTbe paccmoTpeH npumep peanudaummn CHK Ha 6a3e MJINC Xilinx Virtex-7,
B COCTaBe KOTOPOro NMPMMEHEHbI HECKOJIbKO NMPOLIECCOPHbIX 9AepP, Pas3pabdoTaHHbIX MO NPeASIOKEHHOM METOAMKE.
BbiBOAbI. PaCCMOTPEHHbIE MOAXOAbl K MPOEKTUPOBAHMIO CODT-MPOLECCOPOB MO3BONSAIOT NPOBOAUTL ObICTpOE
NPOTOTMNNPOBaHME YNPaBSIOLLLErO NPOLECCOPHOro sapa ansa padotsl B coctaBe CHK Ha 6a3e MJINC.

KnroueBble cnosa: npoueccop, MJIMC, cuctema Ha kpuctanne, umdppoas obpadoTka CUrHanoB, KOMMUAATOP

e Moctynuna: 10.01.2022 ¢ flopa6oTaHa: 21.03.2022 ¢ MpuHATa k ony6nukoBaHuio: 22.04.2022

Ana untuposaHus: Tapacos W.E., MotexuH O.C., MNnatoHoBa O.B. MNepcnektnBbl NpyMeHeHns copT-npoLLEeCCOpPOB
B CuUCTEMax Ha kpuctamie Ha 6as3e nporpaMMUPYeEMBbIX NOMMYECKMX WHTErpanbHbix cxem. Russ. Technol. J.
2022;10(8):24-33. https://doi.org/10.32362/2500-316X-2022-10-3-24-33

Mpo3payHoCcTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin Mmetogax.

ABTOpbI 3as9BAAOT 06 OTCYTCTBUMN KOHMANKTA MHTEPECOB.

INTRODUCTION

Disadvantages inherent to programmable logic
cell arrays in digital system designs based on field-
programmable gate arrays (FPGA) include inferior clock
rate, chip area, and power consumption characteristics.
However, such disadvantages may be compensated
by combining hardware architectures to allow the
reconfiguration of circuits, as well as the development

of devices having optimized architectures for particular
tasks [1]. Moreover, since FPGA functionality involves
a number of digital nodes and subsystems, hardware
architecture has evolved to progressively add specialized
non-reconfigurable hardware components embedded in
logic cell design. For example, dual-port static memory
blocks and hardware multipliers of independent operands
later converted into digital signal processing (DSP)
modules were added to the FPGA architecture at the turn
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of 2000s [2]. Later on, the PowerPC (Xilinx Virtex-II
Pro, Virtex-4, Virtex-5)! and Advanced RISC Machine
(ARM) (Xilinx Zyng-7000, Xilinx Zynq UltraScale+,
Xilinx Versal?, Intel Cyclone V?3) hardware processor
cores were added to FPGAs. By separating the ARM
processor subsystem into an independently operating
part of the chip, the Xilinx Zyng-7000 family became
a fully programmable system-on-a-chip (SoC)* rather
than FPGA.

The practical use of fully programmable SoCs has
demonstrated the increasingly auxiliary role of processors
due to the significant lag in their performance as compared
with the overall performance of the array of configurable
logic elements supplemented with DSP components.
However, attempts to build a system around a processor
core with configurable peripheral devices resulted in
economically inefficient solutions as compared to similar
capabilities provided by a wide element base range of
microcontrollers based on ARM, MIPS (microprocessor
without interlocked pipeline stages), RISC-V (reduced
instruction set computer) cores, etc. Thus, the key factor
determining the competitive technical and economic
performance of FPGAs is the demand for reconfigurable
resources as the main element of a computing system.

Among the main areas of application for high-
performance computing are video processing systems,
virtual and augmented reality, robotics, industrial
automation, digital radio communication, and
measurement equipment systems [3, 4]. Current areas
of signal processing include digital filtering [5], spectral
analysis [6], and machine learning algorithms [7],
including those based on specialized neuroprocessors
[8] or FPGA-based reconfigurable accelerators.’

ARCHITECTURE OF DIGITAL SoC
BASED ON PROCESSOR

The requirements for a processor used as part of
an SoC are determined by its tasks and role in the
system. Since the main computational load is provided

! Virtex-4 FPGA. User Guide. UG070 (v2.6). December 1,
2008. URL: https://www.xilinx.com/support/documentation/
user_guides/ug070.pdf. Accessed December 27, 2021.

2 Versal ACAP Technical Reference Manual. AMOI11
(v1.3). October 27, 2021. URL: https://www.xilinx.com/support/
documentation/architecture-manuals/am011-versal-acap-trm.pdf.
Accessed December 27, 2021.

3 Cyclone® V FPGA u SoC FPGA. URL: https://www.
intel.ru/content/www/ru/ru/products/details/fpga/cyclone/v.html.
Accessed December 27, 2021.

4 Xilinx Adaptive SoCs. URL: https://www.xilinx.com/
products/silicon-devices/soc.html. Accessed December 27, 2021.

5 Versal Architecture and Product Data Sheet: Overview
DS950 (v1.0). October 2, 2018. Advance Product Specification.
URL: https://www.xilinx.com/support/documentation/data_
sheets/ds950-versal-overview.pdf. Accessed December 27, 2021.

by hardware accelerators implemented on the basis of
logic cells, static memory blocks, and DSP hardware
modules, it becomes hard to ensure the continuous
participation of a processor (or even several processor
cores) in dataflow computing. Therefore, hardware
accelerators implemented in FPGA should provide
dataflow computing that does not require constant
processor participation, but instead allows the
processing of parameters, reconfiguration, monitoring,
and similar tasks, to be controlled by software.
The implementation of complex software protocols
for data exchange, such as support for wired and
wireless networks, user interfaces, etc., also becomes
a significant challenge. The flowchart illustrating
interaction between the processor and hardware
acceleration subsystem is shown in Fig. 1.

Figure 1 shows that the main computational
performance is determined by a hardware accelerator
implemented based on reconfigurable FPGA resources.
At the same time, the control of low-speed peripherals
may be assigned to the soft processor, while its low
capacity allows the use of a second (and, if necessary,
the third, fourth, etc.) processor core for simplifying
software development. Here, a significant factor is the
need to reduce response time to events generated by
peripheral controllers.

Two significant tasks may arise in the development
of control processors:

e providing an efficient topological implementation;
e tool support by software development tools.

The design route of an FPGA-based digital device
can be divided into principal stages of synthesis and
topological implementation. At the synthesis stage,
the main part of circuit design is performed to convert
the design source code into a hardware-independent
netlist. The predicted clock rate may be significantly
reduced by the subsequent placing of components
and tracing of configurable connections. Achieving a
high clock rate usually involves additional efforts by
developers to clarify the mutual arrangement of the
processor subsystems and even its individual digital
nodes. Therefore, newly developed processors, even
with implementing additional features, are initially
disadvantaged compared to widespread processor cores
optimized at the FPGA topology level.

The second significant factor hindering the active
spread of using new soft processors optimized for
the combined action with hardware accelerators is
the requirement for tool support. Since additional
instructions entered into the processor are not
automatically supported by universal compilers, the
basic soft processor model can additionally be defined
by focusing on common retargetable compilers, such as
GNU compiler collection (GCC) and low-level virtual
machine (LLVM). This may drastically reduce the value
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Fig. 1. Interaction between processor and hardware acceleration subsystem in SoC class device

of hardware modifications by allowing the efficient use
of low-level programming.

SOFT PROCESSOR ARCHITECTURES

The reconfigurable nature of the programmable
cell array defines a sufficient range of possibilities for
implementing soft processors. On the other hand, using
FPGA for processor layout intended for subsequent
implementation in very large-scale integration
(VLSI) should be distinguished from developing SoC
components intended primarily for control, monitoring,
and interface support functions. In this case, the soft
processor added to the system should not overload it in
terms of occupying logical resources or unnecessarily
reduce the clock rate of the design due to excessive trace
complexity.

Thesselection of soft processor architecture is strongly
dependent on the hardware architecture. For example,
ARMSO, MIPS’, and RISC-V?® solutions are currently
widely used. Nevertheless, implementing processors
based on FPGA configurable logic cells is only trivially
less efficient as compared with a hardware solution. At
the same time, the widespread MicroBlaze soft processor
has been strongly influenced by the PowerPC and then
ARM hardware core architecture. Here, a significant

6 URL: https://www.arm.com/products/silicon-ip-cpu. Accessed
December 27, 2021.

7 URL: https://www.mips.com/products/architectures. Accessed
December 27, 2021.

8 URL: https://riscv.org/risc-v-foundation/16. Accessed
December 27, 2021.

advantage of a soft processor has been software
compatibility with corresponding hardware solutions
present in the market. Therefore, for early FPGA families
with PowerPC hardware cores, MicroBlaze cores were
considered as a lower performance alternative suitable
for low-cost FPGAs allowing the transfer of partially
methodological developments and program code for
PowerPC.

Thus, the implementation of widespread processor
architectures based on logic cells aims at preserving
methodological and tool support, but does not fully meet
the requirements for the adaptation of the soft processor
to the system architecture of the design. A possible
solution to this problem may be the implementation of
architecture features better adapted to FPGA, as well as
to those designed for specific tasks.

It may be noted that the machine code density is the
significant parameter for soft processors. This is due to
the relatively low specific capacity of the FPGA on-chip
static memory. In addition, since static memory blocks
may be also used by hardware accelerators, memory
saved for storing programs may be significant when
selecting the processor architecture.

The general approach to instruction coding
distinguishes between the two fundamental trends of
strong and weak coding [9]. In strong coding, the binary
representation of the instruction and its action is not
accessible requiring transformation of machine code.
In weak coding, conversely, some binary representation
fields are directly responsible for particular processor
devices encoding the operation, operands, and additional
features.
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The generalized instruction format

represented as follows:

may be

<Dest> = <Operand1> op <Operand2>

where Dest is the destination device (register) for placing
the operation result; Operand] is the first operand; op
is the type of operation; and Operand2 is the second
operand.

For the instruction set, the notion of addressness
reflecting the number of registers described in the
instruction code is used. The representation of instructions
having different addressness is shown in Fig. 2.

CmdType

Zero-address

| CmdType | Operand | One-address
| CmdType | Operand1 | Operand?2 | Two-address
| CmdType | Operand1 | Operand?2 | Dest

Three-address

Fig. 2. Representation of instructions
with different addressness

Figure 2 shows that, although an overall increase
in the addressness results in increased tool software
capabilities, the control word length is also increased.
Therefore, the memory size required for storing the

LReg—b

program also increases. The absence of a reference to
a particular type of resource follows implicitly from the
type of operation being performed or coincides with
specified resources. For example, in the x86 processor
instruction set, the destination register coincides with
the first operand, while, in accumulator architectures,
the accumulator is always the destination register and
the first operand. In stack architectures, the operands are
always positioned at the top of the data stack along with
the result.

The instruction set architecture may be supplemented
with hardware microarchitecture defining the interaction of
the main circuitry components forming the processor core.
While the instruction set architecture and microarchitecture
are generally designed independently, the list of permitted
operations is largely determined by the presence of
hardware components and communication between them.
Basic versions of the processor microarchitecture limited
to the 5-cycle architecture are depicted in Fig. 3.

As well as supporting a number of instruction
formats, raising the number of pipeline stages allows the
clock rate to be increased. For example, only one data
memory operation (read or write) may be performed in
3-cycle architecture. Here, the synchronous data memory
interface conditions the outcome of the read instruction
to be available at the “execution” stage only, while
one additional cycle would be required for writing the
read data to the destination register. However, 5-cycle
architecture is free from this limitation.

While soft processors do not permit a further increase
in the number of the pipeline clock cycles, the introduction
of pipelining in an arithmetic logic unit (ALU) may reduce

2-cycle architecture:
fetch—execute

fetch—decode—execute—memory-write

Cmd 3-cycle architecture:
fetch—decode—execute
L Opl p—
Reg
Op2
Cmd 5-cycle architecture (version):
L Op1
Reg ALU
Op2
Cmd

Fig. 3. Basic versions of the processor microarchitecture. ALU is the arithmetic logic unit
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the critical path length in this module. Nevertheless,
this approach may be less efficient for FPGAs where
computational implementation is based on logic cells due
to the larger granularity of cells compared with some of
VLSI gates.

Considering the reconfigurable nature of FPGAs and
the possibility of creating an instruction set optimized
for a subclass of tasks, attention should be drawn to the
possibilities of describing ALU. For example, in [10],
a unified description of a computational node through
four parameters (/, O, D, and S) is considered, where /
is the number of instructions executed per clock cycle,
O is the number of operations defined by instruction, D
is the number of operands (pairs of operands) related to
operations, and S is the degree of pipelining.

For SIMD (single instruction, multiple data)
architectures, D > 1; for MIMD (multiple instruction,
multiple data) architectures, / > 1, D > 1. Datapaths
at the level of a separate computational node may be
additionally considered for mass parallelism, thus
allowing the architecture to be described according to
the node in the form of four (R, <O>, <D>, and <S>),
where: R is the number of independently calculated
results, <O> is the vector of the number of operations
performed by the instruction for each of the data paths,
<D> is the vector of the number of operands (pairs
of operands) for each of the datapaths, and <S> is the
vector of pipelining for each of the datapaths.

This approach implies the replacement of parameters
O, D, and S by vectors describing the characteristics of
the corresponding datapaths forming R outputs.

The examples of ALU implementation are shown
in Fig. 4. This description does not consider possible
variations in the composition of computational nodes
shown as ALUI1, ALU2, and ALU3, although their
functionality may differ both within a single path and
for separate paths.

The datapath design route may be as follows:

1) selecting an architecture model in space (R, <O>,
<D>, and <§>);

2) compiling pseudocode by the set of model tasks,
identifying the most frequent sequences of
operations along with creating computational nodes
for their single-cycle execution, checking the result
using emulator, and creating the processor element
nodes at the register transfer level description;

3) checking the synthesizability of the obtained scheme
and performing functional verification at the system
level,

4) evaluating the topological implementation in the
selected technological basis.

USE OF STACKED PROCESSORS
IN FPGA-BASED DESIGNS

When providing tools for designing systems for new
processor architectures, an important component consists
in the design of compilers [11, 12]. Although so-called
regular grammar imposes significant limitations on the
input language, its low implementation complexity is
of interest. A regular grammar may be conveniently
supported by a stack-oriented computational model.

Reg

Fig. 4. Examples of the ALU architecture implementation
based on unified representation
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Data
stack

ALU \

Cmd

Data

Fig. 5. Stacked processor microarchitecture

The stacked processor is an example of a zero-
address architecture allowing the reduction of instruction
size. This feature may be useful for FPGA-based systems
in which on-chip static memory size is limited. Such a
stacked processor microarchitecture is shown in Fig. 5.

Formalized approaches to program code generation
for the stack-oriented computing model include those
originally developed during the 1970s in the Forth
programming language [13] and implemented, e.g.,
in the Java Virtual Machine, the intermediate code
representation of NET technology, and others. Although
the Forth programming language itself is no longer
widely used, the stack-oriented computing principles it

' XS7 DRB-9FA
UnBlanc

embodies allow this approach to be used for low-level
programming of stacked processor cores for efficient
use as auxiliary processors in SoCs due to their compact
code requirement and relatively low hardware costs.
When combined with regular grammar, such a stack-
oriented computing model supports rapid prototyping
of tool software. This may be relevant for enabling
the ALU rapid reconfiguration and the instruction set
modification.

The external appearance of the developed 16-channel
spectrum analyzer based on FPGA with multiprocessor
control subsystem based on stacked processor cores is
shown in Fig. 6.

pr -
- L]

1-0060

Fig. 6. External appearance of the developed 16-channel spectrum analyzer
based on FPGA with multiprocessor control subsystem
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Along with their positive impact on the system
performance, the characteristics of stacked processor
cores have been noted in the process of spectrum
analyzer development and pilot operation. In particular,
the selection of processor cores for auxiliary and
communication tasks has allowed the complex
programming requirement to be significantly simplified
by focusing auxiliary cores on main computational
processes without allocating resources of the main
computational node for processing rarely occurring
events. Combined with the large size used by FPGA
(more than 500 000 logic cells), this confirms the
feasibility of extensive use of soft processors for
computational load distribution in complex computer
systems.
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CONCLUSIONS

In the paper, described approaches to the use of
soft processors are aimed at accelerating the design of
FPGA-based systems having medium and high logical
capacity. The design methods allow the selection of
microarchitecture versions and approaches to designing
the processor instruction set intended mainly for
supporting main hardware auxiliaries and performing
auxiliary tasks as a part of an SoC. The use of stacked
soft processors to reduce program memory size is
relevant for solving auxiliary tasks associated with a
deficit of on-chip FPGA memory.
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