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IAbstract

IApplication Specific Instruction Set Processor (ASIP) is an application do-
main-specific processor designed to obtain the maximum performance when
executing a domain of particular applications. ASIPs have been increasingly
studied and deployed into SoC chips needed for fifth-generation (5G) wire-
less networks and even potential sixth-generation. That fact has led to a need
for better performance, energy efficiency, and application flexibility. Fur-
thermore, different architectures could be deployed on top of an ASIP to
achieve a better performance ASIP. This work mentions three models: super
pipelining, superscalar, and Very Long Instruction Word (VLIW). Each
model is studied, resulting in advantages and disadvantages for each model
in the ASIP deployment perspective. As a result, the author selects a VLIW
model for the implementation. After that, the author performs a further per-
formance study on the VLIW-based ASIP with multithreading. Multithread-
ing is a traditional technique for tolerating latencies, improving functional
unit utilization, and increasing instruction throughput. There are three mod-
els in multithreading: coarse-grained, simultaneous, and fine-grained.
These models are studied, and a fine-grained multithreading model is cho-
sen for the final implementation. In fine-grained multithreading, the proces-
sor switches to a new thread every cycle in a round-robin fashion. The im-
plementation includes numerous changes to the existing register file, in-
structions, fetching, and controlling logic of the VLIW-based ASIP. In addi-
tion, the implementation introduces some new instructions and intrinsics to
support writing programs for the multithreaded core. Benchmarking activity
includes two tests for parsing ORAN messages. The results show that with
multithreading when running these tests, there are significant speed-up in
processing time (> 20% for the control plane and >10% for the user plane)
in the case of a high number of sections per processed message. Regarding
synthesis results, fine-grained multithreading implementation leads to an

increase of 72% in the total processor area.




Keywords ASIP, processor, 5G, SoC, performance, instruction through-
put, energy efficiency, application flexibility, architecture models, VLIW,
multithreading, fine-grained multithreading, ORAN, message section.
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1 Introduction

Recently, the development of fifth-generation (5G) wireless networks has be-
come more complex and time-consuming due to the evolution of 5G specifi-
cations. This development has led to complexity in developing System-on-
Chip (SoC) used in 5G networks. As processor vendors have been competing
to develop and release new processors for 5G networks, there is a need to
reduce time-to-market. Unfortunately, the bottlenecks are caused by the
lengthy development time required for SoC when defining the specifications,
designing, and rigorous verification activities. Moreover, instead of waiting
for a more mature standard, many chip makers have decided to opt for a
more software-programmable solution in blocks that were previously imple-
mented as fixed-function hardware [1] Fixed-function hardware is a type of
processor designated for maximum performance and silicon cost, but this
type of processor is non-programmable. Traditional processors used in many
SoC for wireless and radio packet processors do not fulfill the required power,
energy, and performance efficiency, nor do they fulfill application flexibility.
Examples of these processors include general purpose processors (GPPs),
Field Programmable Gate Arrays (FPGAs), or Application Specific Integrated
Circuits (ASICs).

There is an alternative solution for the deployment of many 5G SoCs called
Application Specific Instruction Set Processor (ASIP). ASIPS are superior in
providing hardware specialization performance while retaining sufficient
programmability and flexibility. In terms of designing an ASIP, processor de-
signers are beneficial from the availability of several commercial tools, for
example, Synopsys ASIP Designer, Codasip Studio, or an open-source tool-
set, such as TTA-based Co-Design Environment (TCE). These tools are typi-
cally equipped with specific templates, thus allowing ASIP designers to create
their custom instructions and intrinsics and define the data path or different
functional units on top of a basic processor template. These templates' avail-
ability helps designers avoid designing the processors from scratch, which is
labor-intensive and time-consuming. According to [2] the deployment of
ASIPs as key architectural blocks will offer an attractive solution and oppor-
tunity to reduce 5G chip development time and 5G system acceleration
rollouts.

1.1 Problem Statement
As ASIPs are being increasingly deployed into SoC for communication sys-
tems, better ASIPs in terms of performance, instruction throughput, and re-

duced latency are needed. However, modern ASIPs typically experience
many latency sources, including data and instruction cache misses, branch
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misprediction penalties, or pipeline hazards. The most common latency
sources are pipeline hazards, including structural, data, and control hazards.
These hazards downgrade the instruction throughput and the system's over-
all performance. One of the designer challenges when designing an ASIP is
the ability to identify, tolerate and hide processor latencies. Traditionally,
typical solutions for resolving pipeline hazards include additional hardware
(for structural hazards), bypassing network (for data hazards), or branch pre-
dictor (for control hazards). However, these methods for resolving pipeline
hazards are complex and expensive.

Nevertheless, the challenges and costs in resolving the pipeline hazards have
led to a promising solution using a traditional multithreading technique.
Multithreading is a popular architecture technique for tolerating and hiding
different types of latencies and improving functional unit utilization in pro-
cessors. Additionally, Very Long Instruction Word (VLIW) processors are
popular solutions for exploiting instruction-level parallelism (ILP) to achieve
high instruction throughput by exposing the internal structure to the com-
piler. An ASIP with much better performance can be implemented by com-
bining with VLIW, allowing the issue and execution of multiple instructions
simultaneously while sustaining a reasonable level of power and area cost.

Therefore, the objective of this thesis is to evaluate the feasibility and deploy
a multithreading architecture model on top of a VLIW-based ASIP. To ac-
complish this objective, the thesis will perform different feasible perfor-
mance studies on ASIP and then select one of the studies for implementation.

1.2 Thesis Structure

This thesis is structured as follows. Chapter 2 addresses the definition,
basic implementation of an ASIP, and ASIP-related pipeline hazards. Chap-
ter 3 performs a feasible performance investigation for ASIP on three differ-
ent architecture models. This chapter also provides the readers with an over-
view of the VLIW-based ASIP core, namely pktAsip, used as the basis for fea-
sible performance improvement. Chapter 4 describes a number of multi-
threaded execution models and reasons for the chosen model for this
work. Chapter 5 explains the implementation of the chosen multithreading
model on the top of pktAsip. Chapter 6 presents the benchmarking results,
some discussions about the results, and some limitations during the work
implementation. Finally, chapter 7 summarizes the work and addresses
some potential future improvements for the processor.
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2 ASIP Overview

Section 2.1 provides the audience with an overview of an ASIP and
reasons ASIPs advantages as well as explains the purpose of why ASIPs are
being deployed in many SoCs.

After that, before going to the feasibility of some techniques used for
improving ASIP performance, it is beneficial for the readers to understand
the RISC-V Instruction Set Architecture (ISA) described in section 2.2 as
later on in this thesis, some modifications will be done to the units that
executes one of those instructions listed in the ISA as well as the Register
File. Further, some basic implementations of RISC-V Core, such as non-
pipeline and pipeline version with related hazards, are listed in sections
2.3, 2.4, and 2.5. They are described with the primary purpose of getting
readers familiarized with pipeline stages and internal components inside a
basic RISC-V core as later, the target ASIP core with further modifications
used in this work for the study and implementation are built on top of a
similar 5-stage RISC-V core.

2.1 ASIP and Benefits

Application Specific Instruction Set Processor (ASIP) is an application do-
main-specific processor usually used in System-on-Chip (SoC). It is a proces-
sor designed to obtain a high performance when executing a particular appli-
cation while retaining a sufficient level of software programmability flexibil-
ity. The assembly instruction set is tailored to benefit the execution of specific
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applications: it supports the acceleration of complex and frequent instruc-
tions execution.

Power and
Performance
Efficiency

D

Application Flexibility

Figure 1: Power, Performance Efficiency and Application Flexibility of several
hardware implementations. Retrieved and adapted from Synopsys [3]

General-purpose processors (GPPs), as their names state, are designed to of-
fer very high programming flexibility. However, because general-purpose
processors are aimed to run a wide range of applications, when running some
specific applications, often result in poor energy and performance efficiency.
Some examples of general-purpose processors are x86 and ARM-based pro-
CEessors.

On the other side of Figure 1 are Application-Specific Integrated Circuits
(ASICs), which are designed for a dedicated task rather than general-purpose
use. As a result, they are superficial in terms of performance and silicon cost
but non-programable. Another disadvantage of ASICs is the difficulty in test-
ing and debugging, resulting longer time-to-market path, and thus higher de-
velopment costs. Some examples of ASICs are cryptocurrency mining ma-
chine processors or satellite chips.

According to [4] ASIPs are a balance between general-purpose processors
and ASICs. In terms of achieving energy, power, performance efficiency, and

application flexibility, ASIPs deploy customized data path and specialized
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hardware to allow more parallelism [3] Compared to GPPs, ASIPs provide
much greater performance and power by utilizing special hardware architec-
ture and a set of instructions that allow the acceleration of some domain-
specific operations. Some parallel mechanisms, including instruction, data ,
or task-level parallelism, can be deployed to the architecture to improve per-
formance while reducing processor power consumption. Unlike ASICs,
ASIPs allow sufficient flexibility via software programmability. With 5G net-
work standards getting more mature, there are likely upcoming changes in
the existing standards and SoC requirements. In many cases, users can re-
program the processors without the expensive cost of any SoC re-spin. The
ability to re-program the processor is critical in reducing the costs, develop-
ment time, and time-to-market path.

The primary purpose of deploying an ASIP is not to surpass ASICs or DSPs
in terms of throughput but to add a certain level of flexibility while maintain-
ing satisfactory performance when running specific applications. According
to [5] the aim of an ASIP design is to achieve the maximum performance over
silicon, the highest performance over power consumption, and the highest
performance over design cost, based on the carefully specified function cov-
erage. Instead of maximizing flexibility, a sufficient level of flexibility for the
specified class of application is more important. Similar to flexibility, the per-
formance is not aimed to be the best overall but application-specific.

Another benefit of ASIP in terms of development time and implementation
lies in the variety of existing open-source or commercial toolsets, including
PEAS, Tensilica, Synopsys ASIP Designer, RISC-V, Rocket, or TCE. As the
development of an ASIP, its components, and extensions depend on these
tools, the need for creating an entire ASIP from scratch no longer exists. That
is a significant advantage during the development in terms of timeline.

Additionally, besides designing activities, different additional features from
the tools have been incorporated, such as supporting, debugging, and simu-
lating the core on both the simulator and RTL-based environment. The avail-
ability of different features helps the testing and verification activities on
ASIPs, leading to a shorter development time and reducing failure risks, thus
significantly bringing down the development cost.

Over the past two years, chip makers have deployed some ASIPs for their use
as hardware accelerators and algorithm processors in 5G networks. [6] de-
ployed an ASIP for accelerator task allocation, load-store operation, and
scheduling for 5G micro base stations. [77] also introduced an ASIP based on
a simple RISC-V core with custom instruction extensions for maximizing the
throughput of a set of radio resource management algorithms. Another pro-
grammable 16-lane Single Instruction Multiple Data (SIMD) ASIP for
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baseband processing in massive Multiple-Input Multiple-Output (MIMO)
[8] was presented, showing its high performance when doing vector pro-
cessing operations and complex accumulator for various massive MIMO al-
gorithm.

2.2 RISC-V Instruction Set Architecture

Instruction Set Architecture is a set of instructions that can be implemented
and executed on the processor architecture. It can be seen as an interface be-
tween hardware and software that allows programmers or compiler writers
to write programs or compilers for the processor. When a processor runs a
program, it sees the program as a sequence of instructions supported by its
microarchitecture and guidance on what to do. ISAs can be licensed, custom,
or open-sourced. Many ASIPs use RISC-V open-source base ISA with the op-
tion of adding vendor-specific custom extensions to allow more flexibility.

RISC-V is a family of open-source ISAs developed by the University of Cali-
fornia, Berkeley. RISC-V has several base integer variants, including 32, 64,
and 128-bit variants. Different ISAs are classified based on integer register
widths, address space size, and a number of registers. In addition to the base
integer ISA, some standard extensions have been developed to support dif-
ferent operations in general software development:

e I: contains arithmetic operations, load, store, and control instruc-
tions for 32-bit integer numbers.

e M: contains standard multiplication and division instructions for
integer numbers.

e A: contains atomic operations.

e F: contains single-precision floating-point operations, including
single-precision load and store instructions.

e D: contains double-precision floating-point operations, including
double-precision load and store instructions.

e C: contains compressed instruction set extension including arith-
metic operations, load, store, and control instructions for 16-bit in-
struction encoding.

From the mentioned variants, developers can optionally add their own ex-
tensions containing custom instructions and custom registers per needs. The
flexibility in adding custom instructions allows developers to create an ASIP
that is customized for a specific application, hence maximizing performance
and energy efficiency. As the RISC-V communication is growing, ISA specifi-
cation keeps evolving and updating. Therefore, during the development of
this work, the base integer 32-bit ISA described from “RISC-V Unprivileged
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ISA V20191213” released on December 12, 2019, is used as a reference source
for the RISC-V ISA literature explanation.

The ISA defines some specifications and requirements about register file
structure, memory size, and function units required to perform arithmetic
operations such as arithmetic logic unit (ALU) or load store unit (LDST). De-
tails about these are explained in the following subchapters.

2.2.1 Register File

Register File is a component in processor architecture for storing general-
purpose registers. Depending on the ISA type and processor architecture de-
cision, register file can have different structures in different processors. The
32-bit base integer ISA, RV32I [RISC-V Instruction Set Manual, 2017] spec-
ifies the required register file structure and size for RISC-V Core. RV32I con-
tains 32 fields, with each field being a 32-bit integer number (See appendix
A).

For some applications requiring fewer register file accesses and fields, an op-
tional 16-bit compressed extension can be added with only eight registers to
save the instruction memory and encoding space. In that situation, eight reg-
isters can be mapped or aliased to registers x8-x15 of the RV32I register file.
In addition to the mentioned 32 registers, RV32I also specifies an extra pro-
gram counter (PC) register needed to contain the current instruction address
of the executed program. PC is a 32-bit integer number, and its value should
be positive only.

2.2.2 RV32l Instruction Set

RV32I ISA has six instruction formats including: R-Type, I-Type, S-type, B-
type, U-type, and J-type. These formats shown in the Figure 2 below.

i1 a0 25 24 21 20 19 15 14 12 11 8 T ]

i}

| funct? [ rs2 | w1 | hmetd | rid [ opeode | R-type

| imm[11:0] | sl | hmetd | ri | opcode | Ltype

| imm[11:5] | rs2 | sl | funct3 | imm|4:0)] | opeode | S-type

[imm[12] | imm|10:5] | rs2 | sl | functd | imm[4:1] | imm[11] | opeode | B-type

| imm|[31:12] | red [ opcode | U-type

[imm[20] | imm|10:1] [imm[11] ] imm[19:12] | rel [ opcode | J-type

Figure 2: RV32I instruction formats. Retrieved from RISC-V Instruction Set
Manual [9]
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R-Type is the format for integer register-register arithmetic and logical oper-
ations. These instructions take two source registers as operands and store the
result into destination register rd in the register file. Instruction type and op-
eration are selected via 7-bit field functy and 3-bit field funct3. R-type format
instructions including;:

e ADD

e SUB

e XOR

¢ OR

e AND

o Shift Left Logical (SLL)

o Shift Right Logical (SRL)

o Shift Right Arithmetic (SRA)

e Set Less Than (SLT)

o Set Less Than Unsigned (SLTU).

I-type is the format for integer register-immediate arithmetic, logical, and
memory load operations. These instructions take one source register and one
immediate as operands and store the result into destination register rd in the
register file. The immediate field is a 12-bit signed value and operation type
is selected via 3-bit field funct3. I-type format instructions including:

e ADD Immediate (ADDI)

e SUB Immediate (SUBI)

e XOR Immediate (XORI)

e OR Immediate (ORI)

e AND Immediate (ANDI)

o Shift Left Logical Immediate (SLLI)

o Shift Right Logical Immediate (SRLI)

o Shift Right Arithmetic Immediate (SRAI)
e Set Less Than Immediate ( SLTI)

o Set Less Than Unsigned Immediate (SLTUI).
e Load Byte (LB)

e Load Half Word (LH)

e Load Word (LW)

e Load Byte Unsigned (LBU)

¢ Load Half Word Unsigned (LHU)

e Jump and Link Register (JALR)

¢ Environment Call (ECALL)

e Environment Break (EBREAK)
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S-type is the format for integer memory store operations. These instructions
take two source registers: rs1 for the base memory address, rs2 for the data
to be stored ,and one immediate offset i value as operands. The result is
stored into memory address rs1 + i with the content of rs2. The operation
type is selected via 3-bit field funct3. S-type format instructions including:

e Store Byte (SB)
e Store Half Word (SH)
e Store Word (SW)

B-type is the format for branch operations. These instructions take two
source registers for comparison and one immediate as an operand. The im-
mediate is a 13-bit value in two’s complement representation indicating a
number of 32-bit instructions move to when branch is taken. When branch
is taken, the program counter (PC) is advanced to PC + immediate*4. When
branch is not taken, program counter is advanced normally (PC+4). The op-
eration type is selected via 3-bit field funct3. B-type format instructions in-
cluding:

e Branch If Equal (BEQ)

e Branch If Not Equal (BNE)

e Branch If Less Than (BLT)

e Branch If Greater Than Or Equal (BGE)

e Branch If Less Than Unsigned (BLTU)

e Branch If Greater Than Or Equal Unsigned (BGEU)

U-type is the format for large immediate operations. These instructions take
a 20-bit unsigned immediate to load upper 20 bits of destination register rd
with this value. U-type format instructions including:

e Load Upper Immediate (LUT)

e Add Upper Immediate To PC (AUIPC)

J-type is the format for dealing with jump instruction (JAL). This instruction
takes a 20-bit immediate value for the jump offset (PC + offset) while saving
the next instruction address (PC+4) into destination register rd.

The simplicity of the RISC-V core in terms of the same instruction length al-
lows easier fetching of all the instructions. In addition, similar location for
source and destination fields in all the instructions significantly reduces the
decoder complexity. As a result, all the instructions can be fetched in one cy-
cle and decoded in the following cycle. Finally, memory access is only allowed
for load and store instructions. This restriction means one stage can be used
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to compute the memory address while the later stage can use the computed
address to access the memory. Those benefits can lead to a simple, short
pipeline design, which will be discussed in a later chapter.

2.3 Basic RISC-V Core Implementation

g —=
Add
|-- Data
Register #
=+ PC [#=| Address  Instruction 4 Registers >ALU Address
Register #
Instruction m::t:
memaory Register # vy
Data

Figure 3: Basic implementation of RISC-V core. Retrieved from [10]

Figure 3 above represents a basic RISC-V core implementation with some
basic units:

e Program Counter (PC): holds the current instruction address to be ex-
ecuted.

e Instruction Memory: contains sequence of 32-bit instructions to be
fetched by the core with given address.

e Adders: to advance PC ( PC+4) to next instruction or compute jump
targe address (PC + immediate).

o Register File: contains 32 32-bit registers for different instructions
needs, has two read ports and one write port.

e Arithmetic Logical Unit (ALU): performs arithmetic operations.

e Data memory: keeps data for load and store operations.

The datapath can be visualized from the left side of the figure. PC is supplied

to Instruction Memory to fetch instruction. The instruction is then decoded
by the decoder, containing different fields, including:

22



Instruction Opcode: to identify the instruction type (R, S, I, B, U, or
J).

Source registers: registers to be read from Register File.

Immediate: Immediate value for S, I, B, U, and J instructions
Destination register: register to be written to Register File

ALU always takes the first input from Register File and produces one output.
However, depending on the opcode field, the way how the core accesses and
uses different blocks can vary:

For R-type format, the second ALU input is taken from Register File.
ALU performs an arithmetic operation, and its output is written back
to a destination register (rd) in Register File.

For I-type format except for load instructions, the second ALU input
is taken from instruction immediate field. ALU performs an arithme-
tic operation, and its output is written back to a destination register
(rd) in Register File.

For load and store instructions, ALU second input is taken from in-
struction immediate field. ALU performs arithmetic add operation to
compute an address. The computed address is then used to read the
data from Data Memory in case of a load or to write data to Data
Memory in case of a store. The loaded result is then written back to a
destination register (rd) in Register File.

For branch instructions, an adder is used to add the source register
(rs) with an immediate offset to compute a jump target address.
Whether the branch condition is met (branch taken) or not (branch
not taken), PC will be either advanced to the next instruction or the
jump target address.

While the above implementation is easy to follow and understand, there is a
fundamental issue: for every instruction, all executions must be completed
within one clock cycle. This limitation causes an increase in the core clock
cycle period as it has to accommodate time for all the instructions to be exe-
cuted in a single cycle, which leads to an inefficient and low throughput sys-
tem and is not suitable for modern processor design. This fact leads to the
introduction of a better and more practical implementation using pipelining.
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2.4 Basic RISC-V Implementation with Pipeline

IFAD IDFEX EXIMEM

Instruction
memory

MEMMWB

Figure 4: Basic 5-stage pipeline implementation of a RISC-V core. Retrieved
from [10]

Figure 4 above shows a basic high-level implementation and datapath of a
basic RISC-V core with pipelined implementation. Compared to the imple-
mentation explained in Figure 4, this implementation has two more units.
They are an Immediate Generate block to sign-extend 12-bit immediate to a
64-bit value and four pipeline registers used for storing data passing through
different pipeline stages, including IF/ID, ID/EX, EX/MEM, MEM/WB.
Note that the core in the figure above supports the execution of 64-bit in-
structions, while a typical basic ASIP core supports 32-bit instructions.

The pipeline above has five stages that are connected with each stage is re-
sponsible for performing a specific task:

1. Instruction Fetch (IF): PCis given to the Instruction Memory port for
which a 32-bit instruction is fetched out and stored into pipeline reg-
ister IF/ID to be decoded later. In addition to instruction fetch, the
logic for updating PCis also implemented at this stage. The controlling
logic allows the update of PC with different possible values:

e During normal execution, PC is incremented by 4 to advance to
the next instruction in the sequence.

e If a jump signal is taken, PC is updated with the jump target
address. A jump signal can be asserted as a result of a normal
jump instruction or PC is at loop end instruction which needs a
jump to the loop start instruction.
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e If any of the hazards occur for which the processor inserts any
stall cycle, PC value is not updated as the exiting value remains
unchanged. More information about different hazard types will
be discussed later in chapter 2.5.

2. Instruction Decode (ID): After fetched instruction is loaded into pipe-
line register IF/ID, it will be decoded at this stage. Depending on the
instruction opcode, different possible fields can be extracted, includ-
ing source register numbers (rs) and immediate value. The source reg-
ister numbers are then forwarded to read out the corresponding reg-
ister fields from Register File and store that information into pipeline
register ID/EX. The calculated PC at IF stage, which is stored in pipe-
line register IF/ID as well as sign-extended immediate, are also passed
into pipeline register ID/EX. Note that in order to read two register
fields at the same stage, Register File needs to have two read ports.

3. Execute (EX): This stage reads the content of pipeline register ID/IF
to obtain operands for ALU operation or branch condition check. For
arithmetic operations, the first operand is always taken from the reg-
ister file. The second ALU operand is taken from the bottom mux,
which is controlled by the control unit. The multiplexor decides
whether the second operand value should come from the register file
or from the sign-extended immediate. In the case of a branch instruc-
tion, the jump target address is computed by adding the PC with a
sign-extended immediate value. In the case of load/store instruction,
the address for accessing data memory is computed using ALU to add
rs1 with immediate value. All the computed outputs at this stage are
once again passed into pipeline register EX/MEM.

4. Memory Access (MEM): This stage is needed for data memory access
operation using load or store instructions with the address taken from
pipeline register EX/MEM. In the case of arithmetic operation, this
stage is bypassed with the ALU result that is passed from EX/MEM to
MEM/WB register. In case of a load instruction, load result is read
from memory to store into MEM/WB register. In case of store instruc-
tion, data memory is written with a value stored in MEM/WB register.

5. Memory Write-back (WB): This stage takes either a bypassed ALU
computed result or a memory load result from MEM/WB register and
writes that value into the destination register (rd) of the Register File.
If rd is x0, no write is made.
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Time

t0 tl t2 t3 t4 tS to
Instruction 1 IF ID EX MEM WB - -
Instruction 2 IF ID EX MEM WB -
Instruction 3 IF 1D EX MEM WB
Instruction 4 IF ID EX MEM
Instruction 5 IF ID EX

Figure 5: Instructions are overlapped in a 5-stage pipeline

Considering instructions in Figure 5 above, each instruction enters the pipe-
line at different clock cycles. They are all passing through different pipeline
stages. Note that no more than one instruction can be at the same pipeline
stage simultaneously.

2.5 Pipeline Hazards

While the pipeline implementation reduces the core cycle time and increases
instruction throughput as more instructions can be issued and executed con-
currently, some hazards always exist. A hazard prevents the processor from
executing a new instruction in the next cycle. Pipeline hazards include three
types, which all need to be resolved.

2.5.1 Data Hazards

Data hazards occur when different instructions in different pipeline stages
access the same register. When that situation happens, the core has to stall
to allow the operation that has earlier access to that register to be completed
first. There are three situations when data hazards could occur:

e Read After Write (RAW): occurs when the later instruction tries to read a
register before it is written by earlier instruction.

Time

t0 tl 2 t3 t4 t5
add x3, x2, x4 IF D EX MEM WB (Write x3) -
sub x5, x3, x4 IF ID (Readx3) EX MEM WB

Figure 6: Example of RAW hazard

Figure 6 demonstrates an example of the RAW hazard between 2 instruc-
tions: ADD and SUB. The ADD instruction reads two registers x2, x4 at the
ID stage then performs x3 = x2 + x4 at the EX stage and writes x3 at the WB
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stage. The SUB instruction reads two registers, x3 and x2, at the ID stage.
RAW hazard occurs as the SUB instruction tries to read register x3 at the ID
stage (at t2) when x3 content has not yet been written by the ADD instruction
(at t5). As a result, the processor has to stall the SUB instruction for three
cycles until the ADD instruction is finished (when writing to x3 is done).

e Write After Read (WAR): occurs when later instruction tries to write to a
register before it is read by earlier instruction.

add x2, x1, X3

or X1, x4, X5
In this case, if there exists any situation when the OR instruction writes to x1
before it is read by the ADD instruction, WAR hazard occurs.

e  Write After Write (WAW): occurs when later instruction tries to write a
register before it is written by earlier instruction.

sub x1, X2, X3

and x1, x4, X5
In this case, if there exists any situation when the AND instruction writes to
x1 before it is written by the SUB instructions, WAW hazard occurs.

The data hazard is caused by the unavailability of needed data at subsequent
instruction. Therefore, the data hazards can be practically resolved by by-
passing or forwarding. Forwarding means having additional hardware to cre-
ate a bypass network in which data needed by the subsequent instructions
can be available at the ID stage without having to wait for the data to be

27



written into memory or register file at the later instruction. This concept is
represented in the example in Figure 7 below.

Time (in clock cycles)
CCA1 ccz2 CCc3 CC4 CCs CC6 cc7 ccs [o(03:]
value of register x2: 10 10 10 10 10/~20 —20 -20 —20 -20

Program
execution
order

(in instructions)

sub %2, x1, x3
and x12, x2, x5
or x13, x6, x2
add x14, x2, x2

g 9

Figure 7: Data needed by subsequent instruction can be forwarded from prior
one. Retrieved from [10]

Figure 7 shows the data dependency of accessing register x2 between the first
four instructions. The first instruction (SUB) computes a subtraction of two
values, x1 and x3, and writes the result into x2 at the WB stage. The following
three instructions (AND, OR, ADD) require the read of x2 at the ID stage for
decoding. Usually, without forwarding logic, the SUB instruction will write
x2 at clock cycle 5. All the instructions that want to read x2 must wait until
clock cycle 5 when the x2 data is available in the register file. Otherwise, the
wrong value of x2 will be read. With forwarding or bypassing, as soon as the
data for x2 is computed, in this case after ALU at clock cycle 3, it can be for-
warded to the later instructions without having them to wait till clock cycle
5:
e the AND instruction gets x2 value by having a path from EX/MEM
pipeline register to its ALU first input.
e the OR instruction gets x2 value by having a path from MEM/WB
pipeline register to its ALU second input
e The later ADD and SD instructions do not need any path because x2
value is already available in the register file.
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The needed pipelined implementation context with forwarding showed in
Figure 8. Forwarding logic is implemented by adding a path from each of the
pipeline registers back to the ALU inputs.

IDIEX EX/MEM MEMMWB
— ~ B I
e M
— — ] u
— +©
i Forwa
Registers 4 ALU !
- H
Ly Data
X memory
Y
4
ForwardB|
[Rs1
% EX/MEM.RegisterRd
T — ~ T
T Earwarding
{ Fo : N3 |+— | MEMIWE RegistarRd

Figure 8: Basic RISC-V core with forwarding. Retrieved from [10]

For each of the ALU inputs, the data source can either come from the register
file (ID/EX), prior ALU result (EX/MEM), or from prior ALU result or data
memory (MEM/WB). Note that in this implementation, the multiplexors
have to be expanded to accommodate new data sources from the new for-
warding unit.

2.5.2 Structural Hazards

Structure hazards occur when there is hardware resource contention between
different instructions in the pipeline at the same clock cycle. Typically, struc-
ture hazards can be seen at multi-cycle functional units when the use of those
units is spread into several clock cycles. Some examples of such units are
multipliers or dividers. In addition, hardware resources used and shared by
different pipeline stages are also the sources of structure hazards. When the
functional unit or hardware resource is occupied by one instruction, if any
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other instructions intend to use the unit, they have to be stalled until the unit
is free.

Consider the following example in Figure 9 of a processor with a single
memory unit being used to fetch instruction at the IF stage and to be accessed
at the MEM stage for Load and Store operations.

Time

t0 1 12 j£] td 5 16 t7 8
Load/Store F m BEX MEM WB - -
Instruction 2 IF D EX MEM WB -
Instruction 3 IF D EX MEM WB - R
Instruction 4 stall IF D EX MEM WB

Figure 9: Structure hazard caused by same hardware resources shared be-
tween different pipeline stages

At time t3, the memory unit is occupied by the Load/Store instruction at the
MEM stage. At the same time, instruction 4 enters the pipeline at the IF stage
and needs to fetch instruction from the same memory. In this case, a struc-
tural hazard occurs as two instructions are racing for the memory interface
occupation. The prior instruction has higher priority than the subsequent
one, so the processor needs to stall instruction 4 for one clock cycle. Another
example is shown in Figure 10 below.

Time

t0 tl 5 t6 t7 8
mul x1, x2, x3 IF D - -
mul x4, x5, x6 IF MEM WB -
Instruction 3 EX MEM WB -
Instruction 4 D EX MEM WB

Figure 10: Structure hazard caused by multi-cycle unit

The processor has a multiplier functional unit that takes two cycles to com-
pute the multiplication operation: EX and MEM stages. The first multiplica-
tion instruction occupies the function unit at time t2-t3. When the second
multiplication instruction at EX stage at time t3 tries to use the multiplier,
the processor inserts a stall cycle because the unit is occupied by the first in-
struction. The structure hazards can be avoided by:

e Making the functional unit fully pipelined
e Having additional hardware units

The penalty for making the functional unit fully pipelined is increased delay
and possible gate counts. On the other hand, having an additional hardware
unit could increase the processor area significantly if the hardware unit itself
is already area-consuming. The tradeoffs between the cost of adding hard-
ware versus the increase in system throughput (by avoiding stall cycles)
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should be examined carefully based on application specifics. Sometimes, it
could be worthful to have structural hazards in the system if the hazards oc-
cur infrequently.

2.5.3 Control Hazards

Control hazards arise when there appear delays in determining the subse-
quent instructions after a branch instruction. Recapping the branch instruc-
tions (B-type instructions, JAL, and JALR) described in chapter 2.2.2, they
are instructions in which the branch taken condition is checked to determine
whether the subsequent instruction address is the jump target (PC + offset,
branch taken) or the one already in the pipeline (PC+4, branch not taken). A
new instruction is already in the pipeline because in every clock cycle, in a
regular flow, instruction memory always fetches out a new instruction for de-
coding. In case of a branch is not taken, as the next instruction is already
fetched and enters the pipeline after the branch instruction, there is no delay,
thus no control hazard. In the case of a taken branch, as the branch taken
result is only known until the ID or EX stage, there is one or two stalled cycles
delay until the jump target instruction is determined and fetched. The fact
that the processor has to insert one or two stall cycles due to the branch in-
struction is called a control hazard. The branch is always taken in the case of
JAL or JALR instruction. The example in Figure 11 shows how the control
hazard exists in the pipeline due to a branch instruction and how the proces-
sor resolves it.

Time
0 tl 12 t3 t4 t5 16 t7 t8
PC jal x3,20 IF D EX MEM WB - -
PC+4 add x2, x4, x5 IF stall stall - -
PC+8 mul x7, x7, x4 stall stall - - - -
PC+20 sub x8, x9, x8 IF D EX MEM WB
(Target)

Figure 11: Control hazard when branch is taken

For the first instruction (PC), the jump signal is asserted at the ID stage at
time t1, and the jump target address is computed and known at the EX stage
at time t2. However, to sustain the pipeline, a new instruction (add) is already
fetched at cycle t2. Therefore, at time t2, the processor has to:

¢ Signal the controller to kill any fetched instruction (PC+4) at previous
cycle

e Signal the decoder not to decode any instruction for the next two cy-
cles t2 and t3

¢ Signal the fetch unit not to fetch any new instruction (PC+8)
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Finally, the target instruction (sub) entered the pipeline at time t3 and de-

coded at time t4.
In case the branch is not taken (Figure 12), the processor needs to stall for

only one cycle, then continue to decode the fetched subsequent instruction in
the pipeline.

Time

0 tl ] t4 5 6 t7 8
PC beq x3.x7,20 IF D MEM WB -
PC+4 add x2, x4, x5 IF D EX MEM WB -
PC+38 i x4, 2000 IF D EX MEM WB -
IF D EX MEM WB

PC+12 sub x8 x8 1

Figure 12: Control hazard when branch is not taken

At time t2, the branch taken condition is checked. Therefore, at time t2, the

processor has to:

e Signal the decoder not to decode any instruction at this cycle
¢ Signal the fetch unit not to fetch any new instruction at this cycle

The add instruction (PC + 4) is ready to enter the decode stage at time t3.
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3 Investigation of Feasible Performance Improve-
ment Method

Before conducting this research, different options have been considered for
improving the core throughput. However, before addressing different archi-
tectures, it is advisable to understand the concept of processor waste and
functional unit utilization in the processor. Each architecture is designed to
tackle either or both mentioned issues.

3.1 Functional Unit Utilization and Issue Bandwidth Waste

An ASIP architecture typically contains several functional units, including an
arithmetic logic unit (ALU), an address generation unit (AGU), a load-store
unit (LDST), a multiply unit (MPY), and other units. For each unit in a pipe-
lined processor, functional unit utilization is an important metric indicating
how frequently the instructions are executed on the unit: the higher utiliza-
tion, the better.

Time

1 1wl Imim] Im

Figure 13: Functional unit utilization

Each filled box in Figure 13 above indicates that the functional unit is execut-
ing an instruction, while an empty box indicates that the unit is free or not
being utilized. An unutilized unit is typically caused by data dependency be-
tween instructions (pipeline data hazards). For example, an ALU in some cy-
cles might not be used because the unit is waiting for one of its operand in-
puts, resulting from an earlier instruction. In this case, the ALU is not uti-
lized.

An ASIP could have multiple issue slots to allow the issue of multiple instruc-
tions in parallel. This technique increases processor performance by exploit-
ing instruction level parallelism (ILP). However, a single thread ASIP with
multiple issue slots can still encounter some waste in processor issue band-
width due to data dependency and long latency as stalling penalty due to the
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hazards. This kind of waste is classified into two types: vertical and horizontal
waste.

Cycle

1 2 3 4 5 6 7 8

= NN N
Slot

i
|
i
|
i Vertical waste

No Waste Horizontal waste

Figure 14: Vertical and horizontal waste of an ASIP with 4 issue slots

Vertical waste occurs during a cycle when no instruction from any slot is is-
sued. This problem results in a big waste in the issue bandwidth and is nor-
mally caused by a long latency operation in the system like memory access or
division instruction. For example, from Figure 14 above, vertical waste can
be seen in cycle six and seven when none of the issue slots is able to issue any
instruction.

Horizontal waste, on the other hand, is the waste in the issue bandwidth
when only some of the issue slots are able to issue instructions in the same
cycle. The causes of horizontal waste are the dependencies between instruc-
tions that prevent the processor from consuming all the issue slots in a given
time. In Figure 14, horizontal wastes can be seen in most of the cycles, in-
cluding cycles one, two, three, five, and eight. Cycle four is the ideal case when
there is no waste in the issue bandwidth. An ASIP with a single pipeline or
single-issue slot should never have horizontal waste because there can be
only one issued instruction at a time, while vertical waste could exist because
in a single-issue core, vertical waste occurs as a result of any stall.

3.2 Super Pipelining Processor

As discussed in chapter 2.4, despite the fact that pipelining is valuable in im-
proving processor clock cycle time and instruction throughput, having a
pipeline in a processor also has some limitations.
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The processor speed is determined and limited by the slowest stage of the
entire pipeline. As a result, some processors decompose the long latency
stage into several smaller ones, and this technique is called super pipelining.
A deep pipeline allows multiple instructions to run simultaneously at a very
high clock rate. Some commercial examples of super pipelining are the 10-
stage pipeline Intel Pentium 3 shown in Figure 15 and the 20-stage pipeline
Intel Pentium 4 processors [11] shown in Figure 16. However, the downside
of having a very deep pipeline is the difficulty in avoiding stalls, for example,
stalls caused by control hazards, cache misses, or stall penalty consequences.
When the hazard occurs, the pipeline needs to be flushed, and the deeper the
pipeline, the worse this penalty gets. Typically, in such cases, a very accurate
branch prediction logic needs to be implemented inside the processor, add-
ing more complexity to the design. Furthermore, high power consumption is
typically seen as a result of a high clock rate.

L 2 3 4 5 6 7 8 9 10
Fetch Fetch | Decode | Decode | Decode | Rename | ROB Rd | Rdy/Sch | Dispatch| Exec
Figure 15: Intel Pentium 3 with 10 pipeline stages
1 213 ‘ 4 5 6 7 8 9 10 L1 12 ] 13 14 | 15 16 | 17 18 19 20
TC Nxt IP | TC Fetch | Drive | Allocate | Rename | Que | Sch | Sch | Sch | Disp |Disp| RF | RF | EX | Flags | Br Ck| Drive

Figure 16: Intel Pentium 4 with 20 pipeline stages
3.3 Multi-issue Processor

An improved pipeline implementation for improving instruction throughput
by exploiting ILP is to have multiple pipelines or issue slots. This type of ar-
chitecture allows the issue of multiple instructions in the same clock cycle.
Practically, in terms of implementation, multi-issue processors can be classi-
fied into two types: superscalar and very long instruction word (VLIW).

3.3.1 Superscalar
Superscalar can schedule multiple instructions statically and dynamically,

while VLIW can only statically issue multiple instructions. Superscalar can
be understood simply as having multiple pipelines overlapped that allow the
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issue, decode, execute, memory access, and writeback of multiple instruc-
tions simultaneously, as shown in the example in Figure 17 below.

Clock cycle
0 1 2 3 4 5
PC IF ID EX MEM WB -
PC+4 IF D EX MEM WB -
PC+8 IF ID EX MEM WB
PC+ 12 IF D EX MEM WB

Figure 17: Simple 2-way superscalar pipeline

Similar to the basic pipeline implementation, single thread superscalar pro-
cessor also encounters some hazards: data, structural, and control. During
the instruction scheduling, the scheduler examines these hazards and then
decides which instructions should be issued in parallel. There are two execu-
tion modes in superscalar architecture: in-order and out-of-order. In in-or-
der issue implementation, the instructions are scheduled statically, and the
compiler generates the order of instruction execution in the pipeline. During
the instruction execution, if there exists any stall sourced by any instruction,
the entire pipeline stalls. For example, suppose there exists a situation when
the second instruction in the pipeline is not issued due to the data depend-
ency with the first instruction. In that case, the entire pipeline is stalled, and
no new instruction is issued until the data dependency is resolved. Out-of-
order execution, on the other hand, allows dynamic scheduling. In the same
case with in-order execution, the compiler looks at the third instruction in-
stead of stalling the entire pipeline. In case of no data dependency of the third
instruction with the first one, the compiler can schedule both the first and
the third instruction to issue them simultaneously. Despite the instruction
throughput gain in superscalar processors, this architecture has some limi-
tations when implemented in ASIP:

e The limitation of performance in in-order architecture due to static
scheduling.

e The dynamic scheduling mechanism of out-of-order architecture pro-
vides better performance than in-order architecture. However, dis-
patching multiple instructions into multiple execution units relies
heavily on the scheduler, which is typically hardware expensive and
complex to design.

3.3.2 VLIW
Another multi-issue architecture called very long instruction word (VLIW),
while avoiding the complex scheduler and hardware costs from additional

pipelines, can still exploit ILP. VLIW is a computer architecture technique
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that increases system performance by exploiting instruction level parallelism
(ILP) via deploying multiple issue slots. As its name states, VLIW supports
instructions that can be seen as a large instruction containing encoding for
several smaller instructions that can be run simultaneously. With VLIW,
there is great potential in increasing instruction throughput by having mul-
tiple instructions executed in parallel. Unlike out-of-order superscalar pro-
cessors that rely heavily on the hardware scheduler, in VLIW, the compiler
performs the instruction scheduling. During the runtime, the compiler deter-
mines the instructions dependencies and packs the sub-instructions that can
be executed concurrently into a wider one. The wide instruction can contain
one or more small instructions depending on the number of issued slots in
the microarchitecture and how tight the compiler can schedule the instruc-
tions. The width of the wider instruction is the sum of the widths of all sub-
instructions it contains. For example, a 3-way VLIW ASIP core shown in Fig-
ure 18 contains three issued slots, each capable of executing a 32-bit instruc-
tion. When scheduling, the compiler can pack all the instructions, resulting
in a 96-bit wide instruction.

Clock
Cycle
0 1 2 3 4 5 6
IF ID EX MEM WB - -
ID EX MEM WB - -
ID EX MEM WB - -
IF D EX MEM WB -
ID EX MEM WB -
ID EX MEM WB -
IF ID EX MEM WB
ID EX MEM WB
D EX MEM WB

Figure 18: a 3-way VLIW pipeline. Note that unlike superscalar pipeline when
each issue slot has its own instruction visible at IF stage. In VLIW case, the
fetched instruction appears to be a wide one that contains one or more sub-
instruction for the issue slots.

For the parallel execution of three instructions, each instruction is executed
in a separate slot, and they all access the register file in the same cycle. Be-
cause all the slots share the same register file, each slot needs a separate reg-
ister file read and write ports.

VLIW processors encounter several drawbacks. First, in a practical ASIP im-
plementation with VLIW, each slot can have more read and write ports to
allow the creation of more complex instructions that need access to register
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file. However, the downside of having more read/write ports is the increase
in the register file size, thus impacting the total core area and size. Therefore,
the tradeoff between more parallelism versus core area needs to be evaluated
carefully.

Another bottleneck when designing a VLIW core is the compiler complexity
and intelligence. As the compiler is responsible for parallel scheduling in-
structions that can be packed together, the question of how smart the com-
piler is or how tight the compiler can schedule instructions to fill all the VLIW
slots as up as possible is to be discussed and considered. So, the tighter the
scheduling, the higher the issue slot utilization. When the slots are not uti-
lized well, the compiler needs to add no-ops (NOPs) instructions to fill up
these slots. As a result, code density might suffer because of the mentioned
reason. Finally, the functional unit utilization can worsen due to the intro-
duction of new functional units and issue slots. The more issue slots and
functional units the core has, the more likely these slots and units are not
utilized well even with a good compiler. Additionally, similar to superscalar,
single-thread VLIW still encounters some stalls related to pipeline hazards,
thus, hardware resource waste.

3.4 Investigation Summary and Choice of Architecture

Different architecture models have been studied, and they are summarized
in Table 1 below.
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Table 1: Investigation summary of different architecture models on ASIP and
their implementations on ASIP perspective.

Pros

Cons

ASIP perspective

Super Pipe-
lining

Allow very high
clock rate

Difficult in avoiding stall
Stall penalty is significant
Typically requires branch
predictor, which is expen-
sive

High power consumption

Stall penalty is signif-
icant

High power con-
sumption is  un-
wanted

Not targeting for
maximum clock rate

Supersca-
lar

Allow high instruc-
tion throughput
Allow high issue
slot and functional
unit utilization

Hardware scheduler is
complex and expensive
Pipeline hazards still exist

Hardware scheduler
is complex and ex-
pensive for ASIP

VLIW

Allow high instruc-
tion throughput

Instructions sched-
uling is done by
compiler, less ex-
pensive than hard-
ware scheduler

Issue slot and functional
unit utilization could be low
Code density might suffer
as compiler need to add
no-operations (NOPs)
when one or more slots
cannot be utilized.

Good compiler for tight in-
structions scheduling
could be complex.

Pipeline hazards still exist

Issue slot and func-
tional unit utilization
could be improved by
deploying another ar-
chitecture on the top
of an VLIW ASIP
Good compiler is
available from some
ASIP designing tool
manufacturers, thus
less overhead.
Pipeline hazards
could be resolved by
deploying another ar-
chitecture on the top
of an VLIW ASIP

Despite the benefit of achieving a high clock rate, super pipelining has several
drawbacks when considering deploying into an ASIP. First, the stall penalty
of having a deep pipeline is significant for an ASIP. Secondly, for this work,
the main intention when designing an ASIP is not to maximize the clock rate
but to achieve a sufficient level of energy efficiency and application flexibility.
Additionally, a high clock rate typically means high power consumption,
which is against ASIP characteristics. Therefore, an implementation of super
pipelining on ASIP is neither carried out nor described in this work.

The second studied architecture is superscalar. Despite its superior charac-
teristics in allowing high instruction throughput and functional unit utiliza-
tion, its hardware schedule is very complex and expensive for an ASIP and
this work. Thus, a superscalar model is not implemented in this work.
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Finally, VLIW architecture is studied, showing its ability to statically issue
multiple instructions via compiler techniques. Compared with the hardware
scheduler in superscalar architecture, the tacking compiler is simpler and
less expensive in the VLIW model. Furthermore, other techniques can still be
deployed on top of the VLIW model to resolve pipeline hazards, hide laten-
cies, increase instruction throughput, and function unit utilization. There-
fore, a VLIW model is selected for the implementation.

3.5 pktAsip core

Fortunately, before conducting this work, an ASIP named pktAsip with 4-
way VLIW implementation is already developed on top of an ASIP with bit
manipulation extension [12] and available for radio packet processing.
Therefore, this section describes an overview of the pktAsip core, its internal
pipeline, fetching, and controlling logic.

3.5.1 Overview
pktAsip is a 4-way VLIW ASIP developed for radio packet processing, with

each lane capable of issuing and executing 32-bit instructions via independ-
ent functional units.

Register File

Wt - "
i i i [
| | | [
I I I
I I I
I I I
I I I
[ | i

ALUL || avve LDST || Az MPY 1| aLug DIV
I | i
| | 1
| | 1
L] ! — | R R e AN
| | I
| | I
| AL Instructi ‘ ALU/Load-Store Instruction ‘ ALU/Multiply Instruction | ALU/DIV instruction | Long Instruction
Slots | Slot = | Slot 3 I Slot 4

I I I

Figure 19: A 4-way (4 issue slots) VLIW core with each slot has its own ALU

In Figure 19, there are four ALUs, with each issuing slot having its own ALU.
Each ALU requires two read ports and one write port to register file access.
For example, slot two has an extra Load-Store Unit (LDST), which requires
three read ports and one write port. Next, slot three has an additional multi-
ply unit (MPY), and slot four has a division unit (DIV), each requiring 2 read
ports and 1 write port.
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pktAsip features variable length instruction property. Variable length in-
struction means that when there are not enough instructions to fill all the
VLIW slots, short instructions are present instead to improve the code den-
sity. In the case of pktAsip, the wide instruction is 128-bit. A shorter instruc-
tion is visible to the pipeline when one or more slots are not filled. For exam-
ple, they could be 32-bit( for one filled slot), 64-bit(for two filled slots), or
96-bit(for three filled slots).

B96 add x13, x0, x0 | mv x20, x1 | 11 x12, © | addi
912 add x11, x0, X0 ] 1i x10, @ | call -144

924 lui x13, @ ] 1i x10, 1 | 11 x11, @ | 1i
948 call -172

944 lui x13, @ | i xl2, 20 | 1i x11, @ | 11
960 call -192

964 lui x13, @ | i x10, -25 | 11 x12, 4 | i
980 call -212

984 lui x13, 0 | 1 x10, -122 | 11 %12, 53 | 1i
1000 call -232

1004 lui x19, 1 | Wi %21, 17

1812 addi x22, x10, -2048
1016 c.swsp x22, B(x2)

1018 do x21, 36

1822 1w x23, 8(x2) | do x21, 38
1030 1w x10, 4(x22')

1034 1w x12, 4(x23!)

1038 1w x11, -4(x22!)

1042 1w %13, 4(x231) | eall -274

Figure 20: Multiple Lengths Instructions

As can be seen from Figure 20, multiple instructions with different widths
are scheduled for code density purposes. For example, instructions at row
one (PC = 892), row three (PC = 924), row five (PC = 944), row seven (PC =
964), and row nine (PC = 984) are both 128 bits as all four slots are filled
with instructions. Others are partially filled. However, from the decoder and
compiler perspective, they see all these instructions as 128-bit wide. When
scheduling, the no-ops (NOPs) instructions are inserted into the empty slots
by the compiler and then are seen by the decoder when decoding for the sake
of complexity reduction.

3.5.2 pktAsip Pipeline
Similar to basic ASIP Core implementation with pipeline discussed in chap-

ter 2.4, pktAsip also features a 5-stage pipeline including Fetch, Decode, Ex-
ecute, Memory Access, and WriteBack.
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Figure 21: pktAsip Pipeline

However, an extra step is hidden from the compiler, the prefetch stage (PF),
shown on the left side of Figure 21 above. This stage occurs before the IF
stage. In this stage, the instruction from the program memory is prefetched
into an instruction fetch buffer, and the fetch program counter (FPC) is cal-
culated. At the IF stage, besides issuing and fetching a new instruction, the
processor controller performs the loop end check to determine whether the
current PC matches the loop end address. In a later chapter, more details
about the loop checks and related signals that the processor controller trig-
gers will be addressed. The ID stage decodes the fetched instruction from the
IF stage and reads corresponding register fields from the Register File. The
decoder then outputs decoded operands for different functional units, in-
cluding ALU, LDST, Multiplier, or Divider, and forwards them into pipeline
registers PID.

e For some instructions such as Jal, as the jump is direct, the jump tar-
get address can be extracted from the instruction itself at the ID stage,
and this information is sent to the controller for calculating the next
PC and the next Fetch PC (FPC). Furthermore, as the jump is uncon-
ditional, the controller can already trigger a jump signal to flush the
pipeline (flush all signals come after the Jal), the fetch buffer as well
as insert the number of required stall cycles.

At EX stage, there are ALU, LDST, Multiplication, or Division operations
with its operands are obtained from the PID registers.

e Forbranch instructions, as the jump is conditional, the logic for check-

ing whether the branch is taken is implemented at this stage. Depend-
ing on whether the branch is taken or not, the controller provides
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different behaviors. First, a jump signal is initiated with the taken
branch to flush the pipeline and the fetch buffer. The controller then
inserts a number of stall cycles into the pipeline due to the jump when
determining the target address. After that, it updates the PC/FPC with
the direct jump target address. With the not taken branch, neither the
jump signal is initiated nor PC/FPC is updated with the jump target
address. The PC /FPC is, on the other hand, updated with the next
sequential instruction address in the pipeline.

e For some instructions, such as Jalr, as the jump is indirect, the jump
target address needs to be computed using ALU at the EX stage before
updating the program counter.

e The multiplication operation starts from this stage and takes two cy-
cles.

e For load/store instructions, the load/store addresses are computed
using AGU.

At the MEM stage, for non-memory access operations, data is passed be-
tween pipeline registers PEXs and PMEs.
e The multiplication result of 2-stage multiplier is obtained at this stage.
e Forload instruction, the data memory read result is read, and for store
instruction, the data written to memory is prepared.

Finally, the results are written into registers at the WB stage for instructions
that need written access to the register file. For example, for a load operation,
the load result is available for writing to register file fields. In contrast, the
data memory is accessed and written with the prepared data from the MEM
stage for store operation.

3.5.3 Fetching Logic and Processor Controller
As mentioned in chapter 2.7, there is an extra stage for prefetching instruc-
tions from program memory into a fetch buffer. The idea of having an in-

struction buffer is to support the issue of unaligned instructions to avoid
sending unaligned addresses directly to the program memory.
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Figure 22: Fetching Logic and Processor Controller. Described and adapted
based on original Synopsys example fetch and controlling logic implementa-
tion [3]

Figure 22 describes the instruction fetching logic and the calculation of the
next instruction program counter. The fetching process starts with the Next
Fetch Logic unit on the top right for determining the fetch signal and com-
puting the fetch address (pm_addr) that go to Program Memory (PM). The
fetch signal is forwarded to PM when:
e Inanormallinear advance of PC and the Instruction Buffer is not full.
e Ajump signal indicates a change in control flow.

In these cases, pm_addr is computed from FPC as an input to the Next Fetch
Logic unit. At the same time, FPC is updated by adding a value of 16 (bytes)
for the next fetch or with the jump destination address. If the buffer is full,
indicated by a feedback signal from the Instruction Buffer to the Next Fetch
Logic unit, the fetch signal is driven low, and no new instruction is fetched
from the PM. After that comes the Instruction Alignment unit. The primary
duty of the Instruction Alignment unit is to produce instructions for issuing
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even with an unaligned address. After producing an instruction for issuing,
the Instruction Buffer is updated according to the pm_read from the PM. Af-
ter an instruction is fetched from the Instruction Alignment unit, the Instruc-
tion Issuer handles the issuing. As mentioned earlier, pktAsip features vari-
able length instruction property. Therefore, the instruction width format
needs to be determined for issuing. The opcode field inside the instruction
contains instruction format information indicating the instruction length
(32/64/96/128 bits). Instruction Issuer unit outputs issued instruction and
its length for advancing the current PC. PC should remain the current value
if the Issued Length has zero value, meaning no instruction is issued. Other-
wise, PC is advanced by adding the corresponding Issued Length (PC = PC +
Issued Length).

On the top left is the decoder that decodes the fetched instruction from the
IF stage. The decoder then generates corresponding control signals: stall, is-
sue, end-of-loop (EOL) related signals, or jump signal.

o The stall signal could arise from pipeline hazards, previous instruc-
tions waiting for the memory read access, or when an interrupt re-
quest is detected. In this case, the controller halts all the ongoing ac-
tivities, and no instruction is issued.

e Theissue signal is an indicator to the Instruction Issuer for issuing the
fetched instruction from the Instruction Alignment unit.

e The jump signal can come from control instructions (jal, jalr), branch
instructions, EOL jump, or an interrupt request. When a jump occurs,
a target address is computed by the ALU or directly taken from the
instruction field. For example, if the jump is an end-of-loop jump, the
jump target is the loop start address. Finally, if the jump is caused by
an interrupt request, the jump target is the interrupt vector, which is
the address of the associated interrupt handler called for the request.
This jump target address is then forwarded to both FPC and PC to up-
date these registers with that value. Additionally, the Instruction
Buffer needs to be flushed because there is a change in the control
flow. That is indicated by the Flush Buffer signals as input to the In-
struction Buffer.

Despite the benefit of executing multiple instructions concurrently, when it
comes to issue slot utilizations, there is a great challenge in pktAsip. With
more issue slots, the issue slot utilization tends to be relatively low in pktAsip.
In other words, if the compiler is not able to perform an efficient code gener-
ation, poor hardware resource utilization, where all the fields of the long in-
struction word are not filled [13] can appear. In addition, pktAsip experiences
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multiple short stalls related to pipeline hazards. When a stall occurs, the
whole pipeline is stalled, and no functional unit is utilized. Therefore, some
techniques for hiding the stalls and avoiding pipeline hazards for pktAsip are
needed, and they are described in the next chapter.
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4 Hardware Threads and Multithreading

In computer architecture, multithreading is a traditional solution for reduc-
ing the processing time of programs containing tasks that can be run inde-
pendently by exploiting thread-level parallelism (TLP). A multithread pro-
cessor can be understood as one in which a single processor can follow a
number of streams of execution without the help of software context switches
[14] In this work, the study of implementing hardware multithreading on
pktAsip is carried out. Hardware multithreading means having multiple
thread contexts (threads) in a single-core processor to benefit from task-level
parallelism by utilizing the resources more efficiently. This architecture is
particularly useful in cases of long instruction latencies and multiple execu-
tion units where the compiler cannot effectively utilize all the execution slots
of the processors. There are several types of multithreading, each with differ-
ent scheduling methods for tolerating different sources of latency and utiliz-
ing the issue bandwidth in the case of a multi-issue processor. These types
will be discussed in this chapter.

4.1 Hardware Threads

In the computer architecture context, a hardware thread is a separate execu-
tion context with its own set of registers, stack memory, fetch buffer, and se-
quential instruction stream for execution. Figure 23 below displays a simple
view of the hardware thread.

Set of Registers

Stack

Fetch Buffer

Sequential instruction
stream

Figure 23: Hardware Thread Component. In the case of pktAsip, each hard-
ware thread contains a register file, some registers like PC, Stack Pointer
(SP), or instruction fetch buffer.
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Since each thread can independently execute a sequential instruction stream,
this enables the creation of a system of multiple threads to execute parallel
tasks in a given process. In this system, some common functional units are
shared among the threads. Typically, compared to a single processor, a mul-
tithreaded one can achieve better functional unit utilization (by counting the
number of white squares in Figure 24 below).

Thread A Thread A Thread B Thread C

HEN B . [ EE

Instruction Stream

Figure 24: Single thread Processor vs Multithreaded Processor. Typically, a
processor with more hardware threads results in a higher functional unit and
issue slot utilization.

4.2 Types of Multithreading

There are three types of multithreading, and they are described in this sec-
tion.

4.2.1 Coarse-grained Multithreading

Coarse-grained multithreading [15] (CGMT) tolerates the latency by switch-
ing to another thread when the current thread, during its program execution,
encounters a medium or long latency operation. Those latencies typically
arise from accessing slow memory, or L2/L3 cache misses. In other words,
from the issue bandwidth utilization perspective, CGMT tackles the idea of
preventing vertical wastes. Because there can be only one thread at the pipe-
line at a time, CGMT is sometimes called block multithreading or switch-on-
event multithreading. An example of a CGMT pipeline with two threads and
four issue slots is introduced in Figure 25 below.
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Figure 25: CGMT pipeline with 2 threads and 4 issue slots

CGMT hardware allows the detection of long latency events and the store of
the current thread context before switching to a selected thread. As the
CGMT pipeline can have only one thread at a time, one advantage of this
model lies in the number of required threads to keep the processor busy. Fur-
thermore, single-thread application execution is much less likely to slow
down in CGMT. Some examples of coarse-grained multithreaded processors
include Sparcle processor [16] Sun MAJC processor [17]

However, CGMT suffers a major drawback: throughput loss exists due to the
stall cycle when switching between 2 threads. This stall cycle is needed to
flush and fill the pipeline for the following thread. Therefore, the overhead of
the switching penalty and start-up cost becomes more significant in the case
of processors that has shorter stalls.

4.2.2 Simultaneous Multithreading

Simultaneous multithreading [18] (SMT) is a common multithreading imple-
mentation for tolerating long latency events. In SMT architecture, multiple
instructions from multiple threads can be dynamically scheduled and issued
simultaneously. Figure 26 demonstrates an SMT model with four threads
and four issue slots.
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Figure 26: SMT model with 4 threads and 4 issue slots

As seen from Figure 26 above, SMT can issue multiple instructions from dif-
ferent threads into all of its issue slots at the same clock cycle. Looking at
multiple instructions from different threads, both horizontal and vertical
wastes are tackled and minimized. The latency that arised from the execution
of one thread can be hidden by the execution of other threads.

In the SMT model, the functional unit and issue bandwidth are maximally
utilized as all the threads compete for the available execution unit. Because
of its similarity in dynamic instruction scheduling with superscalar, SMT fits
well with superscalar processors. Some examples of simultaneous multi-
threading include Compaq Alpha 21464 [19] Intel Pentium 4 [11] IBM
Powers [20] or IMB Power6 [21] Though SMT maximizes the processor
throughput, the main disadvantage lies in its implementation practically re-
quiring an out-of-order superscalar processor, which is complex and expen-
sive.

4.2.3 Fine-grained multithreading

Finally, the last type of multithreading to mention is fine-grained multi-
threading [22] (FGMT). Fine-grained (interleaved) multithreading means
the processor interleave switches to a new thread in every clock cycle on the
same pipeline. Therefore, FGMT sometimes is called interleaved multi-
threading [23] (IMT). In this mechanism, threads enter and execute in the
pipeline one by one in a round-robin fashion, hence the interleaved instruc-
tion executions. Whenever one of the threads causes a stall, that thread will
be skipped, and another thread instruction will be executed instead. This
mechanism allows the elimination of vertical wastes, as there should always
be a new instruction from a different thread in every clock cycle. However,
horizontal wastes still exist because the elimination depends on how well the
pipeline is filling up and how tight the compiler can schedule instructions to
fit all the slots in the case of the VLIW processor. Unlike CGMT, the main
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advantage of FGMT lies in its ability to tolerate and hide both long and short
latency: when one thread is stalled, the pipeline can still handle useful work
from other threads. As a result, more instructions are executed, hence in-
creasing instruction throughput. Some examples of fine-grained multi-
threading include the Denelcor HEP [24] Tera [25] or the Sun Niagara [26]

However, the main disadvantage of FMGT is the downgrade in execution
time of single thread program: even if the next instruction from one thread
is ready to enter the pipeline after the current one, it has to wait for other
thread's instructions until its turn. In an N-thread processor, the waiting time
is N cycles because each thread only executes once every N cycles. Secondly,
because each thread has its own register file, the more threads the processor
has, the higher the gain in the area due to the duplication of registers accord-
ing to the number of threads. Finally, FGMT adds complexity in development
and verification, which is resource costly and increases the time-to-market
path. However, the work effort and complexity level are not as bad as SMT.
An example of FGMT with four threads and four issue slots is displayed in
Figure 27 below.

Cycle
—_—
8 9

1 2 3 5 6 7 10 11
il 1 1 19 Wi
Slot

_JEE | i )
g _J a1

Thread A B C D read C is stalled == skip to thread D
Figure 27: FGMT with 4 threads and 4 issue slots
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4.2.4 Multithreading Summary and Model Choice

Different multithreading models have been studied, and they are summa-
rized in Table 2 below.

Table 2: Summary of different multithreading models and their implementa-
tions on pktAsip perspective.

Pros Cons pktAsip perspective
Coarse- e Requires few threads to | ¢ Thread switching | ¢ Thread
grained keep the core busy penalty and thread penalty and startup
multi- e Execution of single startup cost could be cost are significant
threading thread program is less significant for pktAsip

likely slow down e Area gain in duplica-
tion of registers and

Register File

Simultane- | ¢ Ability in tolerating long | ¢ Implementation re- | e

Hardware scheduler

Functional units and is-
sue slots are highly uti-
lized

tion of registers and
Register File

ous multi- latency quires an out-of-order for out-of-order pro-
threading High instruction superscalar proces- cessor is complex
throughput sor and expensive for
Functional units and is- Area gain in duplica- pktAsip
sue slots are maximize tion of registers and
utilized Register File
Fine- Ability in tolerating both Execution of single | ¢ pktAsip has lots of
grained short and long latency thread program is short stalls related to
multi- High instruction slow down pipeline hazards so
threading throughput Area gain in duplica- FGMT is a good can-

didate.

FGMT could poten-
tially remove most of
complex bypassing
logics in pktAsip

For coarse-grained multithreading, despite its advantage in the number of
required threads to keep the core busy, the level of parallelism is insufficient.
Furthermore, because pktAsip encounters many short stalls related to pipe-
line hazards, the thread switching penalty and thread startup cost become
significant. Finally, in pktAsip, there do not exist such costly stalls like L2
cache miss or accessing slow memory to benefit from the behavior of CGMT.
Therefore, CGMT implementation in pktAsip will not be carried out in this
work. However, CGMT could be later introduced if some hardware accelera-
tors are introduced in the data path when there is a need for an easy calling
for these accelerators while maintaining a good issue slot utilization.

For simultaneous multithreading implementation, regardless of its ability to
keep a high level of issue slot utilization, its implementation on pktAsip re-
quires a hardware scheduler, which is complex and expensive. Therefore, an
SMT implementation is not performed in this work.
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Finally, fine-grained multithreading has many potentials for implementation
on top of pktAsip. pktAsip has several characteristics that need to be consid-
ered when adding more parallelism into its architecture. First, it has many
short stalls related to control and branch instructions (one-three cycles) as
well as medium stalls (<10) due to memory access, and L1 instruction cache
misses. This fact opens an opportunity for FMGT implementation in tolerat-
ing both short and medium latencies and potentially the removal of the in-
struction cache. In addition, pktAsip has a 5-stage pipeline with complex by-
passing and stalling logic for resolving control and data hazards. Having an
FGMT implementation with four threads should remove the need for all the
mentioned logic since each thread has its own register file, and instructions
from the same thread are four cycles apart, guaranteeing the non-existence
of data dependency. Therefore, based on the mentioned feasible benefit, an
FGMT with four threads is selected as the implementation target for this
work.
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5 Implementation of fine-grain multithreading on
VLIW core

This chapter describes some work done for the implementation of fine-
grained multithreading on pktAsip. During this work, the authors started the
work by duplicating some existing registers and Register File in Section 5.1.

5.1 Duplication of Registers and Register File

Because each hardware should be seen as a virtual standalone ASIP and all
the threads are independent of each other, each thread should have its own
set of registers. Therefore, when creating 4-way fine-grain multithreading
out of a single thread VLIW core, the first task is to duplicate the register set
four times, except the ones that are shared between threads. The ones that
need to be duplicated are:

e Register file (X), each contains 32 registers including link register
(LR) and stack pointer (SP). Because each thread runs its own pro-
gram, different stack pointers are expected for multiple threads.

e Program Counter (PC)

e Fetch Program Counter (FPC)

e Loop Start, Loop Count and Loop End registers for loop instruction

e Instruction Fetch Buffer

The registers are shared among all the threads are:

e Thread_ID: Specifying current thread ID in the pipeline.
e Thread_EN: Thread enable status, to keep trach of active threads.
o CSRregisters

New registers to be added for the implementation are:

e TK: token registers for supporting mutual exclusion mechanism be-
tween threads.

The shared registers between threads need to be notified to the compiler.
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Figure 28: Duplication of Register File. Note that in this figure, only Register
File is duplicated 4 times while the number of FUs remain.

Figure 28 above shows the duplication of the Register File in pktAsip as one
of the first modifications toward an FMGT model. Note that when Register
File is duplicated four times, the associated ports related to it also need to be
duplicated. With the current Register File containing 12 ports, the total num-
ber of ports needed for FMGT implementation will be 48.
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5.2 Modification to Fetch Logic and Controller

Thread_ID
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Reg Unit Logic
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Figure 29: Modification to Fetch Logic and Control for FGMT implementation

The fetch and control logic modifications required for implementing fine-
grained multithreading are displayed in Figure 29. The most notable changes
are the duplication of registers needed for fetching (FPC and Instruction
Buffer) and controlling (PC), which are already mentioned in chapter 5.1. An-
other significant change is the introduction of a Thread Select Unit (TSU).
TSU is responsible for scheduling the threads that enter the pipeline and
providing thread (context) numbers for other units and registers. For thread
scheduling, as mentioned in chapter 4.2.3, at every clock cycle, a thread
switch activity occurs in a round-robin manner: when a thread switches, the
following available thread enters the pipeline, and the thread number ad-
vances until the last thread. At this point, the first thread is switched back
again then the switching process continues until all of the threads have fin-
ished their own tasks. With four threads, each is issued every four clock cy-
cles.

TSU also provides the context for writing to the Thread_ID register, to be
used in a custom instruction thread_id for indicating the thread number at
the pipeline EX stage. More details about this instruction are discussed in
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chapter 5.4.1. On the other hand, TSU reads the content of the Thread_EN
register for issuing an instruction for the switched thread. In case of the
switched-to thread is deactivated (Thread_EN register is low), no instruction
should be issued, and the core proceeds to the next thread number. In addi-
tion to that, as there is only one division unit (DIV) in the core and its oper-
ation takes multiple cycles to complete, when one thread is using the division
unit, after four clock cycles when the same thread enters the pipeline again,
the controller should:

e Not issue any new instruction for the current thread

e Kill any fetched instruction in the pipeline

e Revert the PC to the division instruction address since the current
thread is still busy doing the division calculation.

That logic is implemented by having an extra signal called Div_thread_bsy
for indicating the thread number that is using the DIV unit. This signal is
then compared with the existing thread number at the IF stage (Thread_IF)
for determining the issuing of a new instruction.

The fetch logic starts from the Next Fetch Logic. A new signal from TSU is
introduced and comes as input to this unit. This signal indicates to which
thread the Next Fetch Logic should fetch the instruction. Similar to the
change in Next Fetch Logic, there are incoming signals for TSU to all other
units, including EOL Check, Instruction Alignment, Instruction Issuer, and
to registers, including PC, FPC, and Instruction Buffer. Note that because
each thread is supposed to run a different program, they do have different
target instructions and contents. Therefore, all the thread register read/write
activities and the related units accessing them are tied to their own thread
number, guaranteeing the correct fetch and control logic operation. Depend-
ing on which pipeline stage each of these units or registers is accessed, TSU
provides the corresponding thread number currently at that pipeline stage.

Finally, after issuing an instruction, the Instruction Issuer should provide the
issued context (thread) to the Thread Select Unit for its operation to other
units. Some new signals are also generated at the end of this phase to connect
to other modules, such as the division unit and interrupt unit, to indicate the
thread number.
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5.3 Instruction Modifications

The core runs on a basic RISC-V instruction set architecture (ISA) with a few
other extensions. As with 4-thread interleaved multithreading, pipeline la-
tency is hidden, resulting in instructions from the same threads being four
cycles apart. Some control instructions like jump (Jal) can benefit from this
as they do not have to be executed in the ID stage but in stage EX instead
(shown in Figure 30 below). The uniformity of having all jump instructions
executed in the EX stage simplifies the decoder and the logic for advancing
PC for a jump.

PF F D EX ME WB
Decode Writeback
Fetch PC Loop End
Calculation Check Pipeline AGU Pipeline Pipeline
Regs Regs Regs
PID Branch PEX PME
Instruction
Issue & Check Jump
Fetch Condition
Jal Instruction | | Jalr
Instruction
Forward Jump
Target Address | | Calculate
Jump Target
MPY
| LDST Unit, DM Access |
I I

Figure 30: The execution of Jal instruction is moved from ID to EX stage for
decoder simplicity

Additionally, certain stalling properties related to control hazards of some
instructions and all the bypassing rules are no longer needed. For example, a
3-cycle jump instruction in a single thread core will cause the core to be
stalled for two cycles because the target instruction for the next PC is not
available until the EX stage. Only when two cycles have passed from the time
jump instruction at the EX stage the next instruction after the jump (target
instruction) can enter the decode stage. These instructions include:

e Control instructions
e Branch instructions
e Loop instruction

However, in the case of multithreading, there is no data dependency between
threads, and control hazards no longer exist. Figure 31 represents an example
case. In this example, three consecutive jump instructions belonged to three
different threads but resulted in no stall cycle. That is because each thread
has its own Register File and Program Counter register, so the latency of one
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thread when determining the next fetch instruction is hidden by other
threads.

Clock

cyele

t0 tl 12 3 4 t5 t6 17
Thread 0 jal =3,20 IF D EX MEM WB -
Thread 1 jalr x3, x10, 5 IF D EX ME WB -
Thread 2 jalx3. 8 IF D EX ME WB -
Thread 3 beq =8, x3, 28 IF ID EX MEM WB

Figure 31: Neither data nor control hazard exist in this case as instructions
belong to different threads with each thread has their own register file

Division instruction is a particular case as we have only one division unit in
the core. This limitation means that when the division unit is busy and occu-
pied by one thread, all other threads with intentions to use the unit must
queue for access. In addition, the division instruction is modified to provide
the thread number occupied by (Div_thread_bsy signal, which is mentioned
in chapter 5.2).

5.4 Custom Instructions

This section lists some custom instructions that are added for FMGT imple-
mentation. These instructions are developed with the primary purpose of
helping the writing of multithreading programs and providing mutual exclu-
sion mechanisms between threads.

5.4.1 thread_id instruction

This instruction reads the thread_ID register at EX stage and writes the re-
sult values at WB stage into destination register X[rd].

This instruction can be used to set different stack pointer (SP) values for dif-
ferent threads. An example of this will be discussed in a test example in
benchmarking section.

5.4.2 state_change instruction

This instruction reads the set_bit() function and writes the result into
Thread_EN register. This instruction can be used to turn on or off specific

thread in the pipeline.

5.4.3 tk_set instruction
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This instruction sets the token register (TK). It can be used to implement a
mutual exclusion mechanism between threads to allow only one thread to
access shared data at a time.

5.4.4 tk_clear instruction

This instruction clears the TK register. Unlike the tk_set instruction, this in-
struction can be used to release the shared data access by one thread.

5.5 Custom Intrinsics

This section discusses some custom intrinsics for supporting the writing of
multithreading programs. They are developed to call the instructions from
Section 5.4.

5.5.1 thread_id() intrinsic

This function provides the usage of thread_ id instruction at application level.
Calling this function in the test program will return the existing thread at
pipeline EX stage.

5.5.2 set_bit() intrinsic

This function has three arguments: thread_status, context and value.
It sets a specified context in thread_ status with the input value.

e thread_status: a 4-bit value, representing Thread_EN register
e context: a 2-bit value, representing thread number.

e value: a 1-bit value for enable(1), or disable (0) chosen thread.

Example: Calling set_bit( Thread_EN, 2, 1) will turn on thread 2.
Example 2: Calling set_bit( Thread_EN, 3, 0) will turn off thread 3.

5.5.3 tk_set() intrinsic
This function provides the usage of tk_set instruction at application level.
5.5.4 tk_clear() intrinsic

This function provides the usage of tk_clear instruction at application level.
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6 Benchmarking Results and Discussions

6.1 Pipeline View of Multithreaded Core

After applying the mentioned modifications in chapter 5, a pipeline example
of multithreading pktAsip is presented in Figure 32 below.

119(120(121/122(123[124/125126|127]128[129[130131132
684 <3>| ID | EX | ME|WB| 684 <3>[1b x10, 4(x0)
324<0>|  ID | EX|ME|WB 324 <0>[lui a3, -1218 | luz x19, 1
652 <23 D | EX 652 <2>[bnez  x10, 16
688 (3:‘ ID EX 688 <3> bnez x10, 32
332 <0> ID | EX | ME |wB 332 <0>|addi x10, x3, 1377 | nop | addi x11,
348 <1>‘ ID | EX | ME |WB 348 <1>|addi X2, x2, -24 | U x10, 200 | 1 %6,
656 <2>| EX | ME|wa| 656 <2>[call 232
692 <3>| 1D | EX | ME|WB 692 <3>[1b x10, BIxD)
124 <0>| D EX| w8 124 <0>div  x11, x16, x11

364 <1>‘ D ‘ EX ME WB 364 <1>|1i x3, 18 | U x12, 5 | addi x11, x2,

Figure 32: Pipeline view of multithreaded core when running a test program

As illustrated in Figure 32, a new thread is scheduled and entered the pipe-
line at every clock cycle. The first column on the left indicates the current PC
of that thread, followed by the thread number in the pointy bracket. It is pre-
sented clearly that each thread runs its own program, indicated by the non-
linear PC values between threads. For example, at cycle 119, thread zero en-
ters the pipeline and issues a 64-bit (eight-byte) instruction at address 324.
At cycles 120, 121, and 122, threads one, two, and three subsequently enter
the pipeline and issue their own instructions. After that comes thread zero
again at cycle 123 with the issue instruction has PC (332) is the summation
result between the previous PC (at cycle 119, PC = 324) and issue length( cycle
119, length = eight).

6.2 Message Queue Generator and Message Processing

To benchmark the performance of the code, two tests have been taken into
use: fast control plane message parsing and user plane message parsing. The
motivation behind these tests is to measure the total message processing time
of a 4-thread pktAsip core, then compare that with the same test running on
a single-thread pktAsip core. In these tests, thread o will take control of three
tasks, including generating a message queue, starting the message pro-
cessing, and stopping the program. Figure 33 below presents the process of
assigning tasks to different threads and conditional checks to stop the pro-
gram. At the start of the program, the thread_id() function is called to iden-
tify the current thread being executed. Then if the return thread id is zero, a
message queue containing a large enough number of messages to be pro-
cessed is generated by this thread. After the message queue is generated, the
next available thread starts processing the message by:
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gD

Check if the queue is empty and call tk_set() function to lock the

queue.

Pop the message at the front of the queue by calling MsgQueue.pop()
Release the MsgQueue access by calling tk_ clear() function
Process the message

Raise a signal when message processing is done.

The above process is repeated until the MsgQueue is empty, and when all the
threads complete their processing, the program will exit and finish.

Init function
Set stack pointer for each thread

x = thread_id()

<>

/

{

\

while (lexit)

exit = msg_0,.empty()

&t0_done & t1_done

&t2_done & t3_done

if (Imsg_Q.empty() &&

{

i
}

\.

token not set)

1.set token
2.message =msg_Q.pop()
3.Release token
4.Process message

5.t0_done=1

v

nh ile (lexit) \
{
exit = msg_Q.empty()
8t0_done & t1_done
&t2_done & t3_done

if (Imsg_Q.empty() &&
token not set)

{
1.5et token
2.message = msg_Q.pop()
3.Release token
4.Process message
5.t1_done=1

}

)

N /

Figure 33: Message processing program with 4 threads

while (lexit)
{
exit = msg_Qempty()
&t0_done & t1_done
&t2_done &t3_done

if (Imsg_Q.empty() 8&
token not set)

{
1.5et token
2.message = msg_Q.popf)
3.Release token
4.Process message

5.t2_done =1

6.3 Fast Control Plane Message Parsing

while (lexit)

{

exit = msg_Q.empty()
&t0_done & t1_done
&t2_done & t3_done

if (tmsg_Q.empty() 88
token not set)

{
1.5et token
2.message = msg_Q.pop()
3.Release token
4.Process message

5.t3 done=1

N

The Open Radio Access Network (ORAN) fast control plane messages are
generated from a python script. A sample of 120 messages was generated via
a python script with the number of sections ranging from one to 12. These
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test samples are then pushed into the message queue to be processed both by
single-thread pktAsip and multithread pktAsip.

Fast control plane message parsing

160000 -29.7%
140000 -29.0%
120000 -28.0%
wn
% -27.0%
> 100000
% -25.5%
E 80000 -23.3%
E 60000 -20.7%
“ -17.1%
40000 -10.9%
[ .
20000 -
o
1 2 3 4 5 6 7 8 9 10

m Single Thread VLIW core 18120 29640 41640 54480 68160 82680 98040 114240 131280 149160
m Multithreading VLIW Core 18542 26401 34503 43194 52246 61622 71567 82254 93150 104806

Number of Sections

Figure 34: Fast control plane message parsing comparison when running on
pktAsip and multithread pktAsip.

Figure 34 represents that, compared to running the test on single-thread
pktAsip core, the number of cycles required to parse 120 fast control plane
messages decreases proportionally to the number of sections per message,
except for one case when there is only one section per message. This result is
explained by the fact that with more sections per message, the program con-
tains more control and loop instructions, resulting in fewer spent cycles for
stalling and, thus, a shorter total message processing time.
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6.4 User Plane Message Parsing

The Open Radio Access Network (ORAN) user plane messages are generated
from a python script. A sample of 200 messages was generated via a python
script with the number of sections ranging from seven to 30. These test sam-
ples are then pushed into the message queue to be processed both by single
thread pktAsip and multithread pktAsip.

User Plane Message Parsing

160000
-16.89%

140000
120000
-14.60%

100000
-12.84%

80000
-10.99%

-9.65%

60000 7.67% 9:05%

-4.04% -6.20%
40000 -1.34% 2.20% o4
20000
Number of Sections
7 8 9 10 11 12 14 16

Number of Cycles

o
22 30

m Single Thread VLIW core 33575 36311 40514 44624 49787 57257 67259 80579 104018 144200
m Multithreading VLIW Core 33125 35506 38514 41858 45970 51733 59870 70234 88830 119846

Figure 35: User Plane Message Parsing

Figure 35 above shows different test cases of parsing 200 user plane mes-
sages containing different sections per processed message. Comparing the
performance of running the same test cases on a single thread pktAsip core,
the multithreaded pktAsip results in a reduction in total processing time. The
reduction can be seen from parsing a minimum number of seven sections per
message. Similar to fast control plane message processing on multithreaded
pktAsip, with more sections per message, the test program contains more
control and loop operations. As a result, multithreaded version leads to fewer
spent cycles for stalling, resulting in shorter total processing time.
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6.5 Hardware Synthesis Result

Table 3 below shows the synthesis results between multithreaded pktAsip
core and single-thread pktAsip core.

Table 3: Synthesis Results Comparison between single-thread pktAsip and
multithread pktAsip

Relative Area Register File Relative Power
percentage on
the processor

Single-thread 1 0.239 1
pktAsip
Multithread pktAsip 1.72 0.556 1.016

It is clearly visible that with four threads, the gain in the area is primarily
dominant from duplication of registers as expected, while the gain in the total
power is insignificant (<2%). The register file area impact relative to the total
core area is getting much more prominent, from 23.9% to 55.6 %, while the
core area increased 72% from its original number. 72% gain in total area is
considered significant in a design. However, placing the core into a larger
system where it typically is used, at an SoC level, where there are other com-
ponents that dominate the chip area much more than the core, such as mem-
ories, interconnect system, or IP block wrappers, the amount of area increase
could be acceptable considering the gain in instruction throughput. There-
fore, it is potentially reasonable to implement FGMT on pktAsip with the sac-
rifice in the mentioned area gain. Table 4 below lists the results for fast con-
trol message and user plane message parse tests as well as the synthesis num-
bers for both processors.
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Table 4: Summary Result

Single-thread Multithread Gain

pktAsip pktAsip
Control plane message parsing 1 section 18120 18542 -0.02
Control plane message parsing 2 sections 29640 26401 0.1
Control plane message parsing 3 sections 41640 34503 0.17
Control plane message parsing 4 sections 54480 43194 0.21
Control plane message parsing 5 sections 68160 52246 0.23
Control plane message parsing 6 sections 82680 61622 0.25
Control plane message parsing 7 sections 98040 71567 0.27
Control plane message parsing 8 sections 114240 82254 0.28
Control plane message parsing 9 sections 131280 93150 0.29
Control plane message parsing 10 sections 149160 104806 0.30
User plane message parsing 7 sections 33575 33125 0.013
User plane message parsing 8 sections 36311 35506 0.022
User plane message parsing 9 sections 40514 38514 0.049
User plane message parsing 10 sections 44624 41858 0.062
User plane message parsing 11 sections 49787 45970 0.077
User plane message parsing 12 sections 57257 51733 0.096
User plane message parsing 14 sections 67259 59870 0.110
User plane message parsing 16 sections 80579 70234 0.128
User plane message parsing 22 sections 104018 88830 0.146
User plane message parsing 30 sections 144200 119846 0.169
Relative Area 1 1.72 0.72
Relative Power 1 1.016 0.016
Register File Percentage on the processor 0.239 0.556 4.00

6.6 Limitations

Despite the performance gain with multithreading, there are several notable
limitations. The first limitation is the complexity of the design when adding
a multithreading feature. Compared to the original fetch and control logic
introduced in chapter 3.5.3, a significant amount of work is needed to have a
working version, as shown in chapter 5. In addition, extra efforts need to be
spent on modifying or creating applications for running on multithreaded
core. The amount of work and resources need to be considered when imple-
menting such a big feature not to affect the project and product timeline, es-
pecially when the time-to-market is critical in SoC development.

Secondly, the question of how well the multithreaded core can be used in
real-world applications or in a larger system needs to be discussed. A typical
SoC system can contain multiple similar cores arranged in a cluster manner.
The tasks' loading to each core is typically handled by Direct Memory Access
(DMA). With the introduction of four hardware threads for all the cores, each
thread is seen as a separate virtual core. Therefore, the workload for DMA
can easily become more extensive, especially in the case of keeping the work
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balance between all the cores and ensuring that hardware threads are filled
up with enough work not to waste the added resources. As a result, the actual
performance might be less expected or even worse with insufficient jobs to
run on threads. As mentioned earlier, the execution time is likely worsening
when running a single-thread program.
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7 Summary and Potential Future Improvement

This chapter summarizes all feasible study findings, implementation, and
benchmarking results. Some limitations during this work are also addressed.
Finally, some proposed improvements are introduced to serve as a future
work reference for the multithreaded pktAsip.

7.1 Summary

In this thesis, the initial goal is to implement a feasible study on different
architectures that could be deployed into an ASIP to improve the instruc-
tion throughput, functional unit utilization, and hiding the processor stalls.
Different models have been studied, including super pipelining, supersca-
lar, and VLIW. VLIW is then chosen as an implementation on ASIP due to
its superior ability to issue multiple instructions simultaneously while keep-
ing the work effort at a sufficient level.

pktAsip is a Nokia in-house developed processor for radio packet processing
with 4-way VLIW architecture. However, pktAsip features many short stalls
related to pipeline hazards that downgrade the core performance. There-
fore, a further study about applying multithreading on pktAsip to tolerate
pipeline stalls latencies is carried out. Different multithreading models are
put into the research, and fine-grained multithreading is chosen due to its
ability to hide short and long stalls.

An implementation of four threads on pktAsip is chosen. For the implemen-
tation, some modifications are required to the existing core. First is the du-
plication of existing Register File and other registers that are not shared be-
tween threads. With four threads, the duplication is four times. Some new
registers are also added, for example, Thread_ID for keeping track of exist-
ing thread number in the pipeline or Thread_EN for keeping track of ena-
bling status for all the threads. Next is the modification to the fetch and
controller logic. A thread select unit (TSU) is introduced, with the responsi-
bility lying in scheduling the threads entering the pipeline and providing
different thread numbers to other functional units. Finally, some new in-
structions and intrinsics are added to serve as helpers in writing multi-
threaded programs in pktAsip.

For benchmarking activities, two tests program were used to determine the
performance of multithreaded pktAsip. Both programs significantly reduce
total processing time when processing a high number of message sections.
A basic synthesis is done on multithreaded pktAsip, resulting in an increase
of 72% in the total core area. Most of the changes arise from the duplication
of the register file and the fetch buffer.
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7.2 Future Improvements

Due to the limitation in the timeline in developing the core as well as the lim-
itation from tool for developing, some features could have been added. Nev-
ertheless, they should be mentioned here for potential future implementa-
tion.

7.2.1 Separation of Register File

As hardware synthesis results present, with VLIW cores that need multiple
read and write ports, the register file and instruction buffer size can easily
grow relative to the number of intended hardware threads in the core. How-
ever, when the register file and instruction buffer size become considerable
and dominate the core area, the performance (or power)/area metrics might
get worse to the point where the gain in the instruction throughput is no
longer worthy. There is a potential solution for reducing register file size by
reducing the number of accessed read/write ports. That is by reusing the
read/write ports of one or more execution slots in other slots in different
stages. For example, with four threads, there are four cycles apart between
two instructions from the same thread. That provides the possibility to move
all the single-cycle calculation instructions writing into the register file from
the WB stage into the ME stage for two other lanes. For example, two lanes
can access the register file using the same write port at different stages with-
out violating the structure hazard rules. However, the current tool for devel-
oping pktAsip does not support the full separation of the register file.

A handcraft RTL version of the core was created with the suggested solution,
with the number of ports reduced from 12 to seven, showing a reduction in
the area of the shared register file by 31%, which is 19% total core area reduc-
tion compared to the original version.

7.2.2 Registering Loop Start Instruction

At the existing EOL Check Unit in the processor controller, at loop end ad-
dress, if the loop is not finished, the EOL Check unit issues a jump signal to:

¢ Indicate a jump to loop start instruction, then update PC and FPC
with the loop start address.
e Flush the instruction buffer

However, if the length of the loop start instruction is too long that the In-
struction Issuer Unit cannot issue that in a single cycle, the core has to stall
for loading the remaining words before issuing. In typical control plane mes-
sage processing, there are typically many loop instructions, so the stall from

69



jump to loop start instruction can be problematic. Therefore, having some
solutions to register the loop start instruction could theoretically remote this
kind of stall.

7.2.3 Sharing The Same Program Memory Between Multiple Threads

With the current multithread implementation, each thread will likely han-
dle an independent task. Therefore, the memory size allocation to each
thread should be equal to the size that is allocated to the whole single
thread core. The allocation means the total size of the program memory
needs to be big enough to accommodate all the programs from all the
threads. However, even if each thread will handle an independent task, for
pktAsip, the tasks are somewhat similar to each other. The similarity in pro-
cessing tasks creates an opportunity for some dynamic accessing of the
same program memory between threads for reducing memory area impact
at the system level outside the core.
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Appendix A — Register File

X0 — Zero

X1
x2 - SP
X3
x4
x5
X6
x7
x8
X9
X10

X11
X12
X173
X14
X15
X16

x30
x31
PC

Figure 36: RISC-V base integer register file structure

74



The length for each field in the figure 37 above has a value of 32, correspond-
ing to 32-bit integer number for each register.

Register field x0 is hardwired to 0 meaning writing to xo0 is forbidden. Each
register has its own purpose:

e x1: return address

e x2: stack pointer (SP)

e x3: global pointer

e x4: thread pointer

e x5: Temporary/alternate link register
e x6-x7: Temporaries

o x8: Saved register/frame pointer

e x0: Save register

e x10-x11: Function arguments/return values
e x12-x17: Function arguments

e x18-x27: Saved register

e x28-x30: Temporaries
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