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Abstract: Many modern real-time applications involve fast execution speed and complex computation algorithms, which 

requiring fast execution and low energy consumption. These requirements can be satisfied through execution of these 

applications on massively parallel processors with the adequate application-specific designs. However, the hardware 

design of complex parallel processor usually tends to be complex because of application-specific character of cores and 

communication network between cores as well as cores and memories. Moreover, to perform an application specific 

design, it often requires several different hardware processor instances to be synthesized and analyzed and the last of 

them selected. This project aims to build a SIMD platform for hardware generation for configurable SIMD processors so 

as to substantially improve the productivity of the SIMD processor design. This involves the design and implementation 

of a parameterized generic SIMD processor and its memory template as well as the related template instantiation method. 

After developing the SIMD template and its instantiation, they were tested for their correctness. Subsequently, a variety 

of benchmark kernels were mapped to SIMD processors with different parameters and post-synthesized simulations was 

performed to get power/latency/area estimates. Finally, a further experimental research was performed to show what 

might be potentially efficient SIMD processor parameters for a given benchmark. 

1. Introduction 
The recent information and communication technology progresses stimulate the development of many 
modern applications. Many of them are mobile applications, using limited energy sources such as 
battery power, and therefore, have to perform their high-performance computations when using a small 
amount of energy. Examples of such applications [1] include healthcare wearable devices, automobile 
electronics and mobile autonomous systems (drone). While increasing the clock frequency for achieving 
a high computation performance, general purpose processors are facing the energy inefficiency and 
heating problems. Possible solutions include the application of parallel processor architecture to exploit 
the power of parallel processing. This allows the processor to achieve the same processing performance 
while running at a lower core voltage and clock frequency to reduce the energy consumption. Besides, 
other solutions like application-specific designed/ customized processors are much more efficient than 
the general purpose processors in terms of both performance as well as energy consumption. However, 
both solutions require complex and redundant hardware design, as well as the costly validation and 
verification after implementation of the design. 
To lower the energy consumption, prevent the heating problems without decreasing the processing 
speed, and reduce the complexity of hardware design, this thesis uses a platform of configurable Single 
Instruction Multiple Data (SIMD) processor. A SIMD processor is a heterogeneous data-parallel 
processor for which a variety of application-specific micro-architecture configurations are possible for 
different applications. SIMD processor improves the performance by utilizing its vector processor 
elements (PEs) in parallel. This is so-called data level parallelism (DLP) exploitation. With SIMD 
architecture, the energy reduction is achieved by application-specific exploitation of the data parallelism 
of an application through the construction of an application-specific parallel SIMD architecture instance 
corresponding to the parallel application structures and appropriately mapping of the application on the 
SIMD processor.  An array of Processing Elements (PEs), together with a Control processor (CP), 
constitute the SIMD processor, which aims to perform vector and scalar operations respectively. A 
control instruction such as jump would be much more expensive when performed by those vector PEs 
so that a scalar CP core is utilized for scalar instructions. Different scalar and vector instructions could be 
executed in parallel. This is called instruction level parallelism (ILP). With the PE size growth, the SIMD 
processor becomes wider, thus, a wide SIMD gets its name due to a large amount of parallelism. With 
both DLP and ILP exploited, the frequency and the core voltage could be lowered and in consequence, 
the heating and energy problems could be solved. Besides, the instruction fetch and decode stages are 
shared among all PE and CP, which will further improve the energy efficiency and reduce the chip area 
by amortizing these costs among all PEs. The following Figure 1 shows a SIMD processor [2] which is 
developed by ES group of the TU/e Electrical Engineering faculty. As it can be seen in Figure1, the CP and 
PE cores are separate modules connected by a circular neighborhood network. Such neighborhood 
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network takes responsibility for communication among cores. The communications types include CP 
broadcast to all PEs, neighbor communications between PEs and CP unicast with first and last PEs. 
Moreover, each PE accesses its exclusive data memory to reduce the potential memory access collision.  

 

Figure 1 SIMD architecture 

The text of the thesis is organized as follows: the problem addressed by this project and the project aims 

will be discussed in Chapter 2. Chapter 3 briefly discuss the related research in the field of parallel 

processors, automated hardware generation and architecture description languages. Information on 

SIMD processors, possible configurable parameter list of the proposed SIMD processors and elaborations 

of the proposed configurable SIMD platform will be explained in Chapter 4. Chapter 5 discusses the 

implementation of the configurable SIMD platform and some basic related verification tests. Further 

experimental tests will demonstrate the flexibility of the platform instantiations in Chapter 6. Finally, 

initial experiments on two benchmarks performed to show impacts of different parameters on 

Energy/Delay/Area will be disscussed. 

2. Problem Description and Project Aims 
This project trying to address the following two problems in conclusion:  
1. design of a high computation performance processor hardware, with energy efficiency at the same 
time;  
2. improve the efficiency and flexibility of the processor hardware design process. 
The need to solve the first level of the design problem is stimulated by the gradually increasing amount 
of mobile applications which not only require high computation performance, but also have constraints 
on power efficiency. Several SIMD processors introduced in [2] adequately address both performance 
and energy requirements, thus, they will be adopted in this project. However, these SIMD processors 
lack flexibility, because their hardware is fixed and limited. Besides, the modification or upgrade of these 
SIMD processors requires quite an amount of efforts, thus, an application specified optimization on 
them also becomes difficult, while the SIMD processor architecture should be adequately customized 
for a given application. However, the customization of such a quite complex SIMD processor for a 
particular application, as well as, the corresponding application parallelization and mapping on the 
custom processor instance are time-consuming, costly and error-prone if performed without a support 
of adequate design automation tools. Specifically, the customization requires an automated support 
both for the application analysis and SIMD processor architecture decision making, as well as, for the 
hardware generation of the decided architecture instance. A Semi-automated processor customization 
includes two major steps [6]: 1. application analysis and selection of one or more promising processor 
architectures based on the results of the application analysis; and 2. hardware generation of the 
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selected architectures, application mapping on the architectures, analysis of the correctness and 
performances of the so created hardware / software solutions, and selection of the final solution. 
The subject of this M.Sc. project is customization of a wide SIMD processor with focus on the hardware 

generation of a configurable SIMD processor.  

The aims of the Master project are the following: 

1. to analyze the current research of the automated hardware design methodology for the parallel 

processors;  

2. to generalize several particular wide SIMD processor architectures developed in the ES group into a 

parameterized generic architecture template of the wide SIMD processor. There are four available 

SIMD processors, with 4 or 5 pipeline stages, and transparent or explicit bypass networks. 

3. to implement the developed generic architecture template in HDL (Verilog) and to develop and to 

implement its instantiation as a configurable wide SIMD platform; 

4. to demonstrate the correctness, and the flexibility and efficiency offered by configurable SIMD 

platform by generating HDL code, application code mapping and execution of several application 

benchmarks; 

5. to demonstrate the impact of different hardware parameters on performance when using several 

different benchmarks (binarization and matrix_multiplications). 

3. Related Research  
This Chapter will discuss parallel SIMD processor in 3.1 in order to compare and select an efficient and 

flexible parallel processor architecture for this project. The current methodology of automated 

hardware design/generation will be discussed in 3.2, so as to improve the efficiency of application 

specific design. The hardware description languages will be introduced in 3.3 to find a potentially 

efficient architecture description language for implementation.   

3.1 Single Instruction Multiple Data (SIMD) 
A variety of parallel processors have been introduced for the gradually increased demand for massive 

data applications. For a multicore/multiprocessor system, the communication among cores/processors 

becomes complex with the growth of the parallelism factor, and seems to be less efficient on a large-

scale parallel processing systems. Usually, a shared memory takes the work of communication such that 

all cores/processors read from or write to same global shared memory for communication. This 

mechanism is limited by the performance of memory, because it highly relies on the access speed of 

memory, that is, memory wall (the gap between CPU and DRAM speed). However, the SIMD processor 

utilizes a dedicated memory for each core, which greatly reduces the impact of memory performance. 

SIMD processors are parallel processors that perform the same operation on multiple data 

simultaneously. One major feature of SIMD processor is that only one instruction is issued at a given 

time, which prevents the complex instruction dispatch present in other parallel architectures such as 

super scalar [4][5]. Moreover, the vector processing also reduces energy consumption by limiting the 

number of accesses to the instruction memory which is the result of sharing single instructions.  
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One similar parallel processor architecture is Very Long Instruction Word (VLIW) processor [3], which 

issues multiple (maybe different) operations within a single instruction. Although it supports more 

flexible operation processing [6] (rather than unitary operations in SIMD), the number of simultaneous 

operations are limited by the width of the instruction words. Moreover, VLIW requires a relatively 

complex compiler compared to SIMD. A further information on parallel processing will be found in 

section 4.1.1. 

3.2 Automated Hardware Generation 
Hardware programming (Verilog HDL or VHDL) is tedious and error-prone, so some automated code 

generation techniques are developed to simplify the hardware programming. As a remedy to the 

traditional HDL, [2] [9] provide a solution is to apply other programming language or software 

framework to “glue” and manipulate HDL fragments. This method is especially useful when dealing with 

complex and redundant IO port specifications. However, it does not cover a wider range of possible 

configuration sets of hardware instances and it is quite complex to generate a certain set of hardware 

instances easily. 

One recent study performed by Jóźwiak et. al. [6] [13] aims to enhance the design efficiency of the 

application specified instruction-set processor (ASIP) based MPSoCs by partition a given complex 

application, then select the appropriate set of ASIPs, and finally instantiate the VLIW ASIPs. It also 

introduces an HW-SW co-design, which not only configures the hardware specification as others, but 

also restructures the application software. This project is based on the concepts presented in [6], but 

applied to the wide SIMD architecture, and not to VLIW architectures.  

Besides, commercial tools such as Xilinx Vivado High-Level Synthesis provides another solution: 

automated generating RTL code from the algorithm in high-level language directly. Applying to such 

commercial tools improves productivity since the redundant and tedious details are transparent to 

developers as a result of avoiding programming in HDL by a high abstraction of programming language. 

However, a study [12] shows simply recompiling algorithm using HLS tools will result in a poor 

performance for complex design other than a simple FFT. This is due to the fact high-level design do not 

consider the detailed hardware implementation, therefore, requiring a further reconstruction of the 

algorithm. Similar problems with quality of hardware generation by commercial CAD tools are reported 

in [14]. Therefore, HLS and RTL optimizations offered by commercial tools are not used for this project. 

3.3 Architecture Description Language (ADL) 
The potential architecture is described as a generic template which specifies the presence of module type 

and their possible compositions. However, other detailed structures remain flexible. There are several 

architecture description languages (ADL) to describe such generic template. Language for Instruction Set 

Architecture (LISA) is a description language aims to close the gap between structural description 

language and instruction set language [15] [16]. It also provides a cycle-accurate simulation support. 

Another ADL like i provides a python-like programming language for hardware design. It adopts python 

generator to model hardware concurrency [17]. A MyHDL design could be easily converted to Verilog 

code aims to ease the Verilog programming but is not industrial standardized. SystemC provides data type 

such as method and threads, which is useful in high-level modeling but is not synthesizable. Due to the 

fact that the recent Verilog IEEE Std 1364-2001 supports the parameterized generation and 

multidimensional array, Verilog is feasible to implement this project. Besides, Verilog is well 

standardized and also well supported by industry.  
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4. Choices Made and Solution Proposed 

4.1 Preliminary Knowledge 

4.1.1 Instruction-level Parallelism 
One major trend to further improve processor performance is by exploitation of processor parallelism. 

There are two levels of parallelism applied here in this SIMD processor: Instruction-level parallelism (ILP) 

and data level parallelism (DLP). 

Instructions are often executed in a serial manner in processors, and the compiler also schedules the 

instructions in this way. More precisely, a MIPS ISA four-stage sequential processor [5] (Figure 2.) takes 

four stage to execute a single instruction: Instruction fetch, instruction decode, execution and write back 

serially. However, Instruction-level parallelism aims to put as many instructions as possible into same 

clock cycle, that is, execute multiple instructions simultaneously, as a result of parallel execution of 

instructions. Instead of executing one instruction completely after the previous one, pipelining issues 

the next instruction while the previous being executed. As is shown in the following Figure 2, the decode 

stages have been issued directly after the previous instruction fetch stage, rather than wait until the 

finish of all four stages of previous instruction in Figure 3[5]. 

 

Figure 2. The instruction flow of a sequential processor  Figure 3. The instruction flow of a Pipelined processor 

           

However, there are three issues limiting the speedup of the pipelined processor: 1.the access time to 

the stage buffer; 2.the difference of stage length; 3. The bypass logic is needed to transfer the result of 

the previous stage back to the next execution stage in some cases.  

From the aspect of hardware, pipelined processors introduce registers in between two consecutive 

stages for buffering as well as the bypass logic. Since the same stage of two instructions never been 

executed at the same clock cycle, no duplicated hardware is needed now. 

The next ILP is superscalar, issuing as much as instructions simultaneously, as is shown in Figure 4 

[5]Multiple instructions are issued at the beginning of same clock cycle, multiple instructions are 

fetched, decoded simultaneously then multiple operations been executed, multiple results been written 

back to register files,  so all four stages are overlapped. Obviously, either hardware duplication or 

dependency check logic is necessary for superscalar processors, to meet the concurrent execution of 

multiple operations, to avoid the collisions caused by access register and memory. Besides the area of 

superscalar grows with the parallelism increasing, the other obstacle is that the parallelism strongly 

relays on the application program itself. Either data dependency or the branch limits the speedup.   
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 Figure 4 The instruction flow of a superscalar processor                         Figure 5 The instruction flow of a VLIW processor 

Pipelined processors and superscalar processors could share the same instruction set architecture (ISA) 

so that the instructions of both types of processors are the same. On the contrary, Very Long Instruction 

Word (VLIW) processor achieves similar instruction level parallelism by extending the instruction set 

architecture: inserting a group of operations within a single instruction, thus multiple instructions 

constituting the “very long instruction”. In Figure 5[5], a set of operations are executed as a result of one 

issuing of instruction. The advantages of VLIW is that the instruction fetch, decode and dispatch are 

shared among all operations, therefore reducing the complexity of processor as well as saving energy 

consumption. 

4.1.2 Data Level Parallelism 
Unlike ILP described above, DLP explores parallelism in the data level, executing the same operation on 

multiple data within a single instruction, also known as vector processing.  Single instruction multiple 

data (SIMD) is such vector processor that improves the processing performance without sacrificing 

energy efficiency. A single instruction single data (SISD) processor process scalar data, therefore, in SISD, 

a group of data will take multiple cycles (and instructions) to be processed. As can be seen in Figure 6, 

the raw data are divided into four sections, and are executed serially so that the total execution time 

would execution time of single section multiples the number of the data section, which is ideally four 

times execution time of a single data section. 

 

Figure 6. SISD processors 

An alternative to the scalar processor is vector processor, which issues multiple same operations to 

process multiple data at the same clock cycle. As a result, the throughput is therefore increased ideally 

as a factor of the size of the vector. 
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Figure 7. SIMD processors 

As in Figure 7, the four sections of data are executed within same time period so that the throughput 

becomes four times larger.  

4.1.3 Explicit Bypass of SIMD Processor 
 

 

Figure 8. Architecture of a 5-stage explicit bypass SIMD processor 

One major improvement in this SIMD architecture is the application of Explicit bypass logic introduced 

by Luc Waeijen in “Explicit made bypass”. An explicit bypass data path is introduced to select the bypass 

source (assigned by compiler explicitly) and bypass the access to the Register files for the reason that 

register access takes more than 30% of total energy consumption (reference). In the above Figure 8, the 

bypass source for a five-stage SIMD core is the result of ALU output buffer in the first stage (BP_src27), 
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the MUL(BP_src29), LSU(BP_src28) and output buffer of first execution stage(BP_src30) in the second 

stage, and the output buffer of the second execution stage (BP_src31). Due to the available benchmarks 

applied in this project, the only 5% of Energy saving can be achieved. 

4.2 Parameters  
As a highly paralleled processor, the design space exploration has to be done efficiently: any 

modification of one core should be automatically applied to other cores. Consequently, a pre-designed 

parameterized SIMD template can hit this high maintainability target. Besides, generation and testing of 

new SIMD instances will also be flexible and efficient when adapting to another application as well since 

the whole design is configurable. Based on the initial research, the following parameters are chosen and 

implemented in this project. 

4.2.1 Bypass Type 
As is explained in [9], explicit bypass logic significantly reduces the energy consumption by reducing the 

access to register files. However, the comparison of transparent and explicit bypass in terms of area and 

the influence to data throughput has to be further studied. The possible two types of bypass are 

automatic bypass and explicit bypass  

4.2.2 Pipeline Stage 
The reason to introduce a five-stage pipeline execution module aims to further increase the maximum 

processor frequency. The term “increase frequency” does not conflict with the “limit the energy 

consumption by liming the frequency”. In formula 1 [10] Dynamic and static power consumption 

constitute the total energy consumption of a processor, where the major factor existing in dynamic part. 

Formula 2 [11] further indicates the frequency is proportional to the voltage at a given production 

technologyα. Basically, by limiting the core voltage, the reduction of power consumption is of 

Exponential decay.  

𝑃 = 𝑐𝑉2𝑓 + 𝑃𝑆                                                                  𝑓 ∝
(𝑉−𝑉𝑡ℎ)α

𝑉
 

Formula 1.       Formula 2. 

Since the frequency is the reciprocal of the period, the strategy to increase the processor speed 

becoming reducing the execution period.  From the hardware design point of view, the execution of all 

instructions should be allocated and fit the execution period so that the critical path limits the maximum 

possible frequency of a processor, therefore insert another pipeline stage to shorten the critical path 

becoming another parameter. The two types of the available pipeline parameters are four and five-stage 

pipeline. 

4.2.3 Vector Size 
As a vector processor, the ability to process the maximum size of vector data is another parameter in 

this SIMD processor template. However, the increase in vector size also results in a larger chip area and 

higher energy consumption. The possible vector size is any number by the power of 2, such as 2, 4, 32 

and etc... However, due to the limitation that LLVM only support a maximum of 64 core vectorization, 

even wider SIMD processors will not be supported by our compiler. 
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4.2.4 Memory Configuration 
Although the memory is not synthesized, it is still relatively dependent on the SIMD processor itself, for 

the architecture of processor also influences the configuration of memory in terms of size, basic access 

block and so on. Unlike the possible value of vector size, the size of memory is limited by the size of data 

bus width because enough extra bit is needed to index the address of a memory block. Considering the 

size of test benchmark kernel, 4K- 8K byte of data and program memory will be sufficient. Another 

interesting configurable feature is the basic access memory block size, which provides a more flexible 

alternative to the word access to memory. By configuring this, half-word, byte, and even more fine-

grained bits can be accessed.  

4.2.5 Register Configuration 
The ISA basically specifies the data width of program memory in such way that the longest instruction 

(the current SIMD instruction is made up of one CP and one PE instruction) can be fitted into the 

program memory data bus. Moreover, the number of general purposes register files is also configurable 

so that a more fine-grained tuning of the processor becomes possible.  

4.2.6 Data Bus Width 
When it comes to image processing application, due to the fact a pixel tends to be encoded in RGB 

mode, with eight-bit of data for each color, fixed data bus width of 32 bit is a waste of both area and 

power. Thus a more flexible width of data-bus is worth studying. However, configurable data-bus width 

is not implemented in the current project because of the time limit.      

4.3 Generic Template Design 
The idea of template instantiation is adopted from the research of Lech Jozwiak [6] and of Chunrong Yu 

[18]. Several predesigned module templates will be instantiated and connected to integrate a SIMD 

processor with a new parameter which aims to transparent the complex implementation details of sub-

modules. Like a predesigned IP block, with these templates, the designer could focus on a higher 

abstract level, therefore greatly increases the productivity. Moreover, the upgrade and modification to 

that sub-module template become much more efficient because same modification to the template will 

be automatically implemented during instantiation.    
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Figure 9. Hierarchy instantiation overview with generic template and instances pool 

Figure 9 briefly describes the generic template by its hierarchy Instantiation: instances of various 

parameters are generated from a uniform template, the top module specifies the IO ports and connects 

the instances components to form a complete SIMD processor and its dedicated memory. The modules 

of module pools can be reused in other projects so as to further reduce the design complexity.  

 

 

Figure 10. Core template  

Since a baseline SIMD processor is available [2], the generic template is based on such baseline SIMD 

processor. So the design problems become generalize those SIMD processors: 1 .to merge other 

parameter features into such baseline SIMD processor, as well as, 2.merge similar modules of CP and PE. 

4.3.1 Merge other Parameters 
Figure 10 depicts the overall core structure. For each module, there might be several possible variations 

under different parameter settings, therefore the generic template has to cover all possible parameters. 
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4.3.2 Merge Modules of CP and PE 
Control processor is more like an auxiliary core in this vector processor, taking care of those control 

instructions such as jump and branch, as well as other scalar instructions, otherwise, it would be too 

expensive to perform a single scalar instruction in those vector processing elements without a scalar 

core. Besides, Instruction fetch and decode stage are apparently separated modules because all PE cores 

are able to share one set of these two modules for the reason of saving chip area and reducing power 

consumption.  However, some of the sub-modules of the control processor and processing element are 

quite similar thus merging them results in an even compact template.  

4.3.3 Program Memory and Data Memory 
The current memory template is quite different from the version at preparation phase:  separate 

program and data memory are designed instead of a uniform memory template. The reason for this 

separation is that, unlike data memory, no write operations to program memory, thus eliminating the 

area and power consumption of write logic in program memory. 

4.3.4 Configurable Port Size 
The size of the port has to be configurable for the two reasons: 1. the port size has to comply with the 

data width  

4.4 Instantiation and Testing  
As an answer to the research problem, generating of SIMD instances with different parameters, 

mapping different application test benchmarks on those SIMD instances, performing a synthesized 

simulation of that Hardware and software (HW/SW) co-project and finally providing a potential efficient 

HW parameter set for a given application by analyzing the simulation result, all these works are related 

to instantiation and testing process. This involves redundant and tedious efforts thus an automated tool 

is worthwhile to be first developed to improve the productivity. 

 

Figure 11. Configurable SIMD Platform Work Flow 

The workflow of simulation and testing is illustrated in Figure 11. as can be seen from this figure, GNU 

makefile takes the control of both HW and SW automated build process. The hardware line build takes 

hardware parameters as configuration input, then generates corresponding macro definition file as 



Page 13 of 28 
 

hardware instantiation input. With the hardware instantiation input, the SIMD generic template 

generates corresponding RTL code in Verilog as the end of hardware build line.  When it comes to 

software build line, due to the reason that development of SIMD vector compiler is undertaken by 

another project, all the testing benchmarks are in assembly language by handwritten, as is depicted in 

yellow. Similar to hardware build line, software build line also takes SIMD hardware parameter into 

account when choosing assembly code. Rather than directly compiling to assembly code, the current 

tool chooses the corresponding assembly code of a test benchmark for a hardware SIMD project of a 

given parameter configuration. The detailed implementation will be discussed in the implementation 

section later. With an assembly code, an assembler generates the binary executable file as the result of 

software build process. Now that both RTL code and executable file are available, makefile launch 

Cadence tool to synthesis and simulate the co-design then output area, power and latency reports.   

5. Implementation 
In order to implement the generic template and its instantiation well, a preparatory research has been 

conducted and Verilog HDL has finally been selected. The following part will introduce how the template 

instantiation been implemented. 

5.1 Core Top Module 
The core top modules specify the configurations of IO ports, the existence as well as replication of sub-

modules and their connections. 

5.1.1 Configuration of IO Ports 
As a large multicore processor design, the wire connection can be therefore rather complex, so that 

naming of IO port, register, and wire in good order becomes necessary.  

Input and output ports provide connection to the other components in the system, hiding the tedious 

implementation details inside the current module. From the system view, modules inside a system 

interact to another module in a predefined manner, where the IO port configurations specify that 

manner. The IO port configurations consist of 1. Port name; 2. Port size; 3. Number of the port.  

Naming is quite essential especially in a system with multiple level hierarchy levels. A uniform naming 

not only improves the productivity but also prevent errors caused by careless. The following Table 1. 

demonstrates the structure of an IO port hierarchy naming:  

Table 1. Hierarchy naming of IO ports 

 

The name of a port is roughly divided into five parts: flow direction, core, source, destination and port 

name. Flow direction specifies whether the port is input or output port with respect to the current 

module. Core section specifies which core (CP or PE index) does the current port belong to. The source 

and destination parts together define the scope of the port. Finally, the port name shows what signal 

does the port transmit. A brief example in the following code 1 demonstrates the naming of IO port. 

 

Code 1 
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As is described in the code, the first “o” indicates this is an output port; “CP” indicates the port is 

defined for a CP core; “AGU” and “DMEM” together shows that the data flow is from an Address 

generating module towards a Data memory module; and finally “Write_Enable” section shows the signal 

transmitted in this port is a write enable signal. Therefore, if all section information combined together, 

a complete knowledge of the port is shown by the naming: output write enable signal from address 

generating unit to data memory of control processor.  

The second configurable parameter of ports is the port size. First, the size of the ports has to comply 

with the data bus width of register/wire/other ports connected to them. For an example, the following 

code 2 is an assign statement which connects internal register (wEXStage_result) and other input ports 

to the output port. Either both sides of the connection are of the same size, such as the following 

address port, or a part selection of ports are connected to another port with the same size, as in the 

following code 2, the last bit of  write back input port is connected to the output port as a register 

enable signal. 

 

Code 2. 

The third configurable parameter of the port is the number of ports. As a parallel vector processor, a 

SIMD processor constitutes of multiple PE cores which requires multiple sets of IO ports in the 

corresponding top module, as well as wire connections. However, no port declaration configurable 

techniques are supported by Verilog IEEE Std 1364-2001 yet. In order to make the IO ports as 

configurable, the solution is to make a set of wide IO port instead of multiple sets of IO ports. As is 

shown in the following code 3, the data width of input data port is multiplied by the number of PE, which 

becomes configurable when vector size changes. 

 

Code 3 

 

Figure 12 Uniform IO port 
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The overall idea is demonstrated in above Figure 12, the configurable width of the port makes the 

uniform IO ports adapt to the changes in PE numbers. 

The naming of register and wire basically follow the same way as naming IO port, table 2 shows the 

naming section of wire and register. 

Table 2. Naming structure of IO port. 

 

Type section defines whether it is a register or a wire. A wire gets it value updated instantly while 

register waits until another triggering signal (usually it is a clock signal) to get an update. The Core 

section is optional: a wire/register in a template module will not be prefixed with core section; a 

wire/register in a CP/PE core will be prefixed with core section to clarify which core it belongs to. Source 

and destination sections together define the data flow of wire/register. The name section shows what 

function the wire/register performs. The following code 4 demonstrates a wire within CP core: a wire 

connects from AGU module to Data memory in CP core, transferring opcode signal. As in code 5, 

another example shows a special case of register naming: without core section or destination/source 

sections.  

 

Code 4 

 

Code 5 

 

5.1.2 Existence of Module  
The existence of a certain module can be configured depending on the design choices: 1. PE cores. 2. 

Sub-module within CP/PE cores. 

As a vector processor, a number of PE core perform the vector operation in parallel. Apparently, an 

insufficient number of PE core cannot obtain the optimized performance while too much PE cores seem 

to waste energy and chip area. In order to find a possible efficient number of PE with respect to a 

certain application benchmark, the PE size has to be easily increased or decreased, that is, configurable. 

Moreover, the whole design and optimization also have to be flexible such that it can be applied to 

another different application without too many efforts. On technique applied is generate statement 

provided by Verilog IEEE Std 1364-2001. The following code 4 shows how generate-for loop and case 

statement control the existence of PE cores. A macro directive DEF_PE_NUM defines the size of PE 

which is configurable. In each loop, an instance of PE core will be generated under the control of 

parameter configuration in the parameter list section. These parameters are dynamically overriding every 

time it is been instantiated. Besides, thanks to the case statement, the individual PE core can even be 

instantiated from different core template, which also brings more flexibility to the configurable 

architecture.   
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Code 6 

The second type of existence issue is sub-module existence. Sub-modules such as instruction fetch and 

decode modules are shared among all PEs, thus no such modules exist in PE cores. In order to perform 

fetch and decode, other modules prefixed with the array will be instantiated on top of all PEs as a PE top 

module. One solution is predesigning two separate templates i.e. CP core template and PE core 

template. Note that some sub-modules of the two core template could be shared and reused, although 

they are designed as two separated template. For an example, in the following Figure 13, CP core and PE 

core are defined as two sub-core templates which can be instantiated individually. Both these core 

templates can utilize sub-modules from a uniform reusable module pool. 

 

Figure 13 sub-module instantiation 

5.1.3 Implementation of Explicit Bypass Module and Five Pipeline Stage Execution Module 
The parameters of bypass and pipeline stage are not independent architecture parameter completely 

but have impacts to the architecture of each other. To handle the overlap between these parameters, 

compiler directives are used to select and instantiate corresponding sub-modules.   
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Code 7 

Another major implementation of the explicit bypass is to explicitly add bypass source, as well as extend 

the instruction set so as to identify more bypass sources. In five pipeline stage explicit bypass SIMD, the 

bypass sources are more than 4(two to the power of 2), so one more bit has to be reserved in 

instruction word as shown in the following code 8. 

 

Code 8 

5.2 Memory Top Module  
The memory top module specifies the overall memory architecture in terms of port connections, detailed 

structure and behavior description. Figure 14 demonstrates four sets of ports which may access memory 

separately. In the current setting, control processor and processor elements only access the memory 

directly connected to them exclusively, i.e. the CP core cannot access PE data memory. An additional 

circular network will handle the communication between CP and PE data memory and vice versa, which 

will be discussed later.     
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Figure 14 memory top module 

5.2.1 Memory Template 
A template memory block is introduced to cover all common features of four types of memory: scalar 

data memory (denoted as CP_DMEM), vector data memory (denoted as PE_DMEM), a scalar instruction 

memory (CP_IMEM) and vector instruction memory as well as their behaviors. Such template memory 

block improves the reusability and maintainability of the whole project. Any common upgrades or 

modification can be done once for all, which is effective and efficient. The template memory block is 

parameterized to maximize the configurability. The potential parameters will be discussed in the next 

section. Figure 15 illustrates template memory block with respect to the port connection and inner 

composition. As can be seen in the figure, the template memory block is constituted by a group of the 

basic memory unit with the same address. These basic memory blocks are indexed by the parameter 

RAM_BLOCK_SIZE, and all those memory blocks are with the same data width of RAM_MIN_UNIT, 

which is another parameter. The idea behind such separation is the separated memory block can be 

accessed in a blockwise, which provides the maximal flexibility.  

 

Figure 15 template of memory block 
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5.2.2 Instantiation Techniques 
With the pool of generic templates, the hardware architecture is generated by instantiation techniques and 

a parameterized configuration input. These child modules perform varies functions when instantiated by 

the top module, and each module has multiple versions according to the configuration. The configurable 

parameters are:  

Vector Size  

This parameter heavily depends on the specific application scenario. A configurable vector memory 

template is, therefore, efficient for hardware design. In order to model the memory to meet the value of 

vector size, another new feature of IEEE Std 1364-2001 could be used: generate statement. A number of 

vector memory are instantiated based on the size of the vector. However, the number of vector memory is 

not fixed for different design configuration, so the ports of vector memory have to be multidimensional. 

Due to the limitation of Verilog, the ports of modules have to be declared as an only one-dimensional 

array. In order to solve this problem, the vector input/output ports are declared as extra-wide buses. The 

idea behind this is that instead of declaring ports for each vector memories, same wide ports are declared 

for all vectors. The width of such ports equals to the individual width of single port multiplies the vector 

size. Each vector memory is accessed by indexing corresponding bits within the wide port register. The 

possible value of vector size is a power of 2, such as 4,8,16 and 32. 

 
Figure 16 vector memory 

 

Register File / Memory Size 

The size of register/memory is determined by the width of the address bus. A parameter of address bits 

can be overridden according to different requirements. This parameter is determined by the width of the 

address bus, so its value is limited to the power of two, such as 2048 and 4096. 

Bypassing Types 

The explicit bypass will further reduce the energy consumption of SIMD processor up to 44% compared 

to transparent bypassing [9]. So this advanced design is kept as an optional design choice. An alternative 

to explicit bypass is implicit bypass. 
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Number of Stages 

To further squeeze the performance, it has to reduce the critical cycle length. One potential solution is 

further to divide the execution stage into more execution stages so that some function might be executed 

multiple times and the results could also be bypassed at an early stage.  

Data Bus Width 

Depends on the application scenario, the width of data bus could be 8 bit, 16 bit, 32 bit and even 64 bit. 

This value determines the amount of bit being processed per cycle by the processor. To achieve the most 

flexible solution, the scalar processing and vector processing units could adopt different scheme 

according to the application. Besides, the length of the instruction is configurable as well. The data bus 

width is defined by text macro and can be overridden by parameters. Due to the fact that data is usually 

processed in a unit of byte, which is 8-bit long, another parameter RAM_MIN_UNIT is introduced. This 

parameter specifies the basic unit in bits. Based on the minimal unit, memory is divided into blocks for a 

more flexible way of memory access. Thanks to the IEEE Std 1364-2001, the multi-dimensional memory 

array can be used as blocked memory in this project. The possible value of data width is limited to the 

power of 2, such as 4,8,16 and 32. However, the width of address/ control bus could be any value.  

 

After finishing the generic SIMD processor template, several groups of processor instances could be 

generated, which becoming a testing platform for the next stage: design space exploration. During manual 

design space exploration, five different benchmark kernels will be mapped to those SIMD instances (with 

the help of SIMD compilers). The experiments are separated into different groups. Each group tests one 

application feature and one hardware parameter combination. And based on the experiment, we may be 

able to determine the optimized parameters for a given application automatically. 

 

6 Experimental Research of the Hardware Generation 
After the implementation of both core and its memory module, a SIMD processor is ready to work under 

necessary test. The following part will discuss functional correctness testing of the configurable wide 

SIMD processor. The initial correctness tests were performed when using a handwritten assembly code 

aiming to verify the functional correctness and parameter instantiation correctness. 

6.1 Functional Correctness Test 
In order to verify the functional correctness, the following groups of tests have been performed. Table 3 

shows that all functional correctness tests have been passed. 

Table 3. Functional correctness test. 

 Register 
Access 

Memory 
Access 

loop Jump and 
Link 

Neighbor 
communication 

Arithmetic 
operation 

Write  ✔      

Read ✔      

Unexpected 
read 

✔      

Word 
Load/Store 

 ✔     

Half-word  ✔     
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Load/Store 

Byte 
Load/Store 

 ✔     

Multiple loop   ✔    

Jump & Link    ✔   

CP-First PE     ✔  

CP-Last PE     ✔  

CP broadcast     ✔  

PE-PE     ✔  

Addition      ✔ 

multiplication      ✔ 
  
 

6.1.1 Register Access 
This test aims to test if an instruction can be fetched and decoded correctly, to write all register files, 

and read from those register files. An unexpected case has been tested as well, to test the robustness of 

the design: read from unavailable general purpose register. As in explicit bypass configuration, the last 

4/5 general purpose registers are reserved for bypass source selection, the available register also 

depends on the configuration of pipeline stages, so that the availability of general purpose register 

varies for a different configuration. 

6.1.2 Memory Access 
Memory access test aims to test the three kinds of data memory access mode: word access, half word 

access, and byte access. Halfword and byte access provide a more flexible data memory mode than the 

word access mode. It also prevents the unnecessary toggling of IO port and register, therefore reducing 

the energy consumption as well. 

6.1.3 Loop, Jump, and Link 
In the old implementation of SIMD, link register is missing in some cases, which brings plenty of 

troubles. In order to further confirm the jump operations are correctly executed and the stack is indeed 

able to store multiple return address, multiple loop and jump and link test have been tested. 

6.1.4 Neighborhood Communication 
One major unique design of SIMD processor is the separation of PE data memory. As a result, the 

communication among PEs and between PE and CP are undertaken by a neighbor communication 

network. There are four types of neighborhood communication: CP and first PE, CP and last PE, CP 

broadcast to all PE, and among PEs. 

6.1.5 Arithmetic Operation  
With all the above tests were performed, the final functional test is to perform some simple arithmetic 

operation and test the function unit with execution module. An addition operation is chosen to test the 

ALU and a multiplication is chosen to test MUL.  
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6.2  Evaluation and Discussion 
After the previous functional test, the SIMD processor has a high chance to be functionally correct, 

therefore it should be capable of performing more complex tests of synthesized hardware on real 

benchmark kernels. In order to get post synthesis power and area estimations, Cadence Encounter®RTL 

Compiler Version v11.20 is used with a 40nm TSMC low power library. The power estimation is obtained 

by calculating the toggle rate of post-synthesized simulation. However, due to the compiler is still under 

development, so that only certain C programs are able to be compiled and to be executed on the SIMD 

processors. Currently, matrix multiplication benchmark is compiled from C program. Therefore, in order 

to continue to test the SIMD processors as well as the parameterized instantiation, benchmarks such as 

binarization are manually reprogrammed from a baseline demo assembly. The porting to five-pipeline 

stage basically involves rescheduling or instructions delay. The following code 9 illustrates such porting. 

Line 1-3 is the assemble code for four pipeline stage, where the shift left logic (sll) takes one clock cycle 

before register five(r5) gets an update. Line 5-8 shows a possible first step when porting to five pipeline 

stage version: insert an empty instruction. (re-order the instructions is another possible step but 

requiring more efforts.) However, the v.zimm (the prefix v. means it is a vector operation) operation 

now is followed by a nop operation, so a shift of either v.zimm and v.nop (see line 10-13) or shift of 

v.nop and v.add (see line 15-18) is necessary.  For a reason that CP-PE communication requires 

synchronization, so the shift in line 15-28 is favorable. 

 

Code 9 

A porting to explicit bypass requires much more efforts, such as renaming register, (the available general 

purpose register is limited), especially in a large benchmark. Consider the time constraint of this project, 

other benchmark kernels are only tested in a limit configuration versions of SIMD. Note the test results 

shown in empty blank are not performed yet. 

Table 4. Results of benchmarks testing 

 4ST_auto 4ST_explicit 5ST_auto 5ST_explicit 

Matrix_mul ✔ ✔ ✔ ✔ 

binarization ✔ ✔ ✔ ✔ 

reduction ✔ ✔ ✔  

colorconversion ✔ ✔ ✔  
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convolution ✔ ✔   

erosion ✔ ✔ o  

max ✔ ✔ •  

mirror ✔ ✔ •  

rotate ✔ ✔ •  

transpose ✔ ✔ •  

vectoradd ✔ ✔ •  

FFOS ✔ ✔   

histogram ✔ ✔   

 

As it can be seen in table 4, all 13 benchmarks mapped to the four pipeline stage SIMD processor (both 

automatic and explicit bypass) and output correct results. The erosion benchmark (marked with “o”) 

outputs correctly except one memory block.  The mapping of other benchmarks from four to five stage 

automatic bypass generate either no or partly wrong output (marked with “•”). This is believed to be 

caused by the mapping of these benchmarks because of the software simulator output error messages. 

All tests in the above table 4 are executed on a baseline clock frequency of 100MHz and with 4 PE cores 

as default configuration and other variants will be discussed later. 

6.2.1 Pipeline Stages and Max Frequency 
This section will discuss the experiment made to test the maximum achievable clock frequency. The 

benchmark used for this experiment is binarization. Although achieving an extremely high frequency 

falls out of the main target of vector processor design, a higher achievable clock frequency is still worth 

exploring for real-time application scenario, which requires very high throughput while the 

power/energy issue becoming less essential. Therefore, a 5-stage pipeline execution module is 

developed for such cases. Only binarization is chosen to test the maximum achievable frequency 

because the highest clock speed does not depend on benchmarks, and as default, the number of PE core 

is four. Starting form 20Mhz steps every 20 MHz until the synthesized tool reports a negative slack time. 

Figure 17 shows the execution time of binarization benchmark of clock frequency ranging from 20 MHz 

to 400MHz. As can be seen from the figure, the four pipeline stage SIMD takes slightly less time (2‰) 

than five pipeline stage counterpart. However, because the critical path been shortened in five pipeline 

stage version, its highest achievable clock frequency reaches as high as 530MHz, approximately 130MHz 

higher than that of four stage pipeline version. The result confirms the theory that the more pipeline 

stage the higher throughput but the delay of a single pipeline stage will increase. (Buffering the 

intermediate data takes time.) As for explicit bypass version, it executes 2‰ slower than automatic 

bypass version.  
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Figure 17 Execution time of binarization decreases with frequency growth  

In order to have a more precise execution comparison, table 5 list the cycle count as well as the 

 1maximum frequency on binarization benchmark.   

Table 5. Maximum Clock Frequency and cycle count binarization benchmark 

binarization 4ST_auto 4ST_explicit 5ST_auto 5ST_explicit 

cycle count 2111 2112 2115 2118 

Max freq 400MHz 400MHz 530MHz 530MHz 

     

6.2.2 Vector Size 
This section will discuss the performance gain with increasing of PE core number. The major 

performance gain of SIMD processors come from the fact that multiple data been executed 

simultaneously, in another word, the power of parallelism. Thus a test on increasing PE number and the 

execution time would be essential for the reasons: 1. demonstrating the number of PE cores indeed 

configurable; 2. showing the generated RTL design indeed improve the performance by parallel 

processing. Figure 18 depicts the execution time of a 64* 64 matrix multiplication benchmark. The cycle 

count falls rapidly, reaching the bottom at PE size of 16 cores, then gradually grows monotonically. This 

is expected since the overhead of neighborhood communication grows exponentially when increasing 

PE size. A more detailed discussion of choosing an optimized PE size will be shown in the next Chapter. 

  

Figure 18 Execution cycle count with PE growth 
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6.2.3 Bypass  
Figure 19.1 shows the four-stage power consumption of both transparent bypass and explicit bypass. As 

can be seen from the figure, the explicit bypass indeed save around 5% of power compared to 

transparent bypass SIMD processor. However, the two bypass version of SIMD processors consume the 

nearly same power of five pipeline stage SIMD, which is out of expectation. The maybe the handwritten 

explicit bypass failed to explicitly bypass so more benchmarks could be tested as future works. 

When it comes to the area comparison, explicit bypass saves chip area because bypass source is 

assigned by instruction itself, requiring no work of hardware logic circuit. (Figure 19.2) 

 
Figure 19.1 power comparison of bypass types                                                      Figure 19.2 Area comparison of bypass types 

6.3 Further Experimental Research  
The above of this thesis has described a configurable SIMD processor platform, including 1.generate 

SIMD processors under certain specifications; 2. perform synthesis and execution-based given 

application benchmarks. The whole generating, synthesis (a 4-PE core SIMD processor) and execution 

time (100MHz of clock frequency on a benchmark of 2000 execution cycles) take roughly 20 minutes, 

which is especially efficient when performing application specific hardware design. The following 

Chapter will discuss an application specific hardware design based on the configurable SIMD platform 

with application benchmark of binarization and matrix multiplication. 

6.3.1 Impact of Increasing Clock Frequency 
As has been demonstrated in Figure 17, the higher frequency, the fast the processor could finish its 

tasks. However, the increase of clock frequency also requires a boost of the supply voltage, which 

greatly increases the power consumption. Figure 20.1 shows the power consumption grows with the 

growth of clock frequency. It seems the power grows linearly rather than exponentially. 
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     Figure 20.1 Power growth with frequency.                                          Figure 20.2 Area increases with frequency growth. 

The performance and power seem to change reversely with the growth of frequency thus energy 

consumption (product of execution time and processor power) becomes a critical feature when 

choosing a suitable frequency in a hardware design.   

The area also grows with frequency growth because the synthesis tool utilizes larger logic gate which 

can drive larger current for a shorter charging (toggling) time. (Figure 20.2) 

 

Figure 21. Energy consumption of binarization benchmark 

As demonstrated in the above Figure 21, four pipeline stage execution has the possible optimized 

energy efficiency when running at a clock frequency of 280-320MHz. From around 340MHz, the five 

pipeline stage module becomes more energy efficient than its counterpart. Based on the above 

experiment, a conclusion is that a four pipeline stage execution module tends to be more efficient in 

energy consumption compared with five pipeline stage execution module. On the contrary, in a higher 

frequency application scenario, more pipeline stage execution not only provides a higher maximum 

clock speed which is necessary for real-time applications but it also consumes less energy.  

6.3.2 Vector Size 
As explained in the first Chapter, SIMD architecture is introduced because it saves energy while still 

achieving a high throughput by performing vector computations. Consequently, another configurable 

parameter that worth exploring is the PE core size. It is not always the larger PE size, the shorter the 

execution time. Other issues such as mapping of the data memory, scheduling of instructions also have 

impacts on the performance. Figure 18 shows the cycle count of execution of a 64*64 matrix 

multiplication. As can be seen from that figure, when there are more than 16 PE cores, the cycle count 

would increase, that is, rather than improving performance, the extra PE core actually reduces the 

overall performance. The reason for such unexpected result is that the mapping of application is 
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inefficient: large PE size makes neighbor communication even more expensive than the parallel 

processing gain.  

7. Conclusions and Future Work 
This thesis discussed a configurable SIMD platform that makes possible: generation, synthesis and 

simulation of wide SIMD processors and their dedicated memories in Verilog HDL when using a generic 

parameterized architecture template of a wide SIMD processor. The focus of this project was on the 

automatic hardware generation of the wide SIMD processors. For this purpose, a generic parameterized 

SIMD processor template has been developed, implemented, and tested for functional correctness. The 

developed methods and tools generate Verilog HDL efficiently and correctly for different required 

template parameter configurations. Subsequently, series of experiments have been performed to port 

different benchmarks on these generated SIMD instances as an initial stage of the application specific 

design. Due to the limitation of the compiler, as well as available benchmarks, only binarization and 

matrix multiplication benchmark were used to perform the experimental research aiming to find out the 

most promising SIMD parameter sets for a given application. For a 64 * 64 matrix multiplication 

benchmark, a four-stage pipeline, 16 core SIMD would obtain the best execution time with a balanced 

energy consumption. For binarization benchmark, the highest achievable frequency is 530MHz for the  

five stage pipeline, while the most energy efficient frequency is around 300MHz of the four stage 

pipeline.(the impacts of PE size is not tested yet for this benchmark due to the constraints of the 

compiler.) This way, the first three of the project aims formulated in Chapter 2 have been fully achieved, 

while the last two aims have only partly being achieved due to the development of the compiler been 

incomplete. The limitation of the work performed is that too few benchmarks with different 

characteristics could be ported to perform experiments on all the hardware parameters. So that the 

future works basically should include: 

1. Compilation and mapping of more benchmark kernels for all hardware parameters; and post 

synthesis so as to get statistical data for the next research stage; 

2. Based on the above statistical data, a continuation of the development of an automatic SIMD 

hardware generation platform for any given applications, when using an automated application 

analysis and corresponding automated architecture parameter selection.    
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