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1 Introduction 

Today’s semiconductor manufacturing technology makes it possible to pro-

duce single-die implementations of complex data processing systems called Sys-

tem on Chips (SoCs) integrating purely analog and radio frequency circuits, analog 

to digital converters and complete microprocessor systems. SoCs usually perform 

complex data processing functions. The computation capacities of these systems 

are ensured by Application-Specific Integrated Circuits (ASICs) optimized for 

specific tasks [1]. Due to the growing complexities together with the time-to-

market and time-on-market pressure, the relevance of pre-designed and pre-

verified macrocells (Intellectual Property, IP-cores) increases. To fasten the design 

process of these reusable submodules, the so-called High Level Synthesis (HLS) 

methods have been developed (and are under development today) [2, 3], which are 

capable of generating synthesizable Register-Transfer Level (RTL) models based 

on their algorithmic level specifications described by high level programming 

languages. Although applying HLS in the development process of streaming Digi-

tal Signal Processing (DSP) applications proved to be useful, in the design flow of 

data processing systems with more rigorous optimization requirements and more 

complicated microarchitecture, the traditional hand-optimized RTL coding is still 

widely in use [4]. 

1.1 Research aims and objectives 

During my work I researched the automated synthesis procedures of digital 

data processing systems. My objective was to develop a novel design approach 

making an efficient, fast design process possible while ensuring the possibility of 

detailed architectural optimizations. The first objective of the research was to de-

termine, how the design elements and concepts of HLS may be adapted and reused 

to develop a novel, mixed-level algorithmic/RTL design approach which is able to 

widen the application domain of HLS and ensure a faster design process compared 

to traditional hand-crafted RTL design. 

To ensure the direct applicability of the novel design method, it has to be 

able to fit into the traditional digital system design flow. That means that the output 

models generated by it have to be compatible with the existing system representa-

tions and software tools. 
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3 Applied tools and inspection methodologies 

The output of the proposed design method is a technology-independent, 

RTL HDL description which may be processed by the existing RTL synthesis tools 

(soft macrocell). Therefore, the synthesis-optimized HDL implementations and 

synthesis results of data processing systems were investigated using a set of test 

systems representing a wide range of complexity and functionality. My aim was to 

determine how the HDL model structure and the applied language constructs influ-

ence the efficiency of the RTL synthesis procedure regarding the generated circuits 

resource requirement (area), power-consumption, and timing characteristics. The 

functional verification of the test systems was performed using the logic simulator 

of Mentor Graphics called ModelSim/QuestaSim. 

To ensure the applicability of the developed method, I investigated both 

FPGA and standard cell ASIC-based RTL synthesis tools. For FPGA synthesis the 

integrated development environments called Xilinx ISE Design Suite 14.7 and 

Altera Quartus II 13.0 were used. To perform standard cell ASIC-based synthesis, 

the synthesis software called Encounter RTL Compiler (RC) of Cadence Design 

Systems and the 0.35 µm standard cell library of Austria Microsystems (AMS) 

were used. I applied Static Timing Analysis (STA) to determine the timing charac-

teristics of the output models. The power-consumptions were compared using 

power estimation methods based on average switching activities. Both the STA and 

the power estimation methods are available as integrated services of the RTL syn-

thesis software tools. 

The software tools implementing the proposed theorem were implemented 

with C++. 
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3.2 The test systems 

The quantitative qualification of the developed design method was per-

formed using uniquely designed test systems. In the subsequent chapters these test 

systems are referred to with their identifiers (Table 1). 

Table 1. Functional specifications of the test systems. 

Test system Description 

MULT  32-bit unsigned shift&add multiplier unit. 

PIEZO 
 Readout circuitry for piezo resistive MEMS-based pressure sensors with SPI-

based configuration interface 

FIR_SPI_4CH 

 4-channel FIR filter with SPI-based configuration interface 

 channels: 

o runtime-reconfigurable, iterative FIR filter, order: up to 255 
o 32-bit fixed-point arithmetic1, accuracy: 2-20 

TAYLOR 

 Arithmetic unit calculating the values of sin, ln and exp functions based on their 

Taylor-polynomials 
 fixed-point arithmetic, accuracy: 2-26 

FFT 

 generic n-point FFT unit  

 Cooley-Tukey Radix-2 algorithm 

 input/output FIFO interfaces 
 automatic bit-reverse sample re-ordering 

 fixed-point arithmetic, accuracy: 2-20 

MINKOWSKI 
 Arithmetic unit calculating the Minkowski-distance of two vectors 
 32-bit fixed-point arithmetic, accuracy: 2-20 

ISP1 

 32-bit DSP microprocessor 

 32 machine instructions (3-address instruction set) 
 3-stage pipelined datapath 

 32×32-bit general purpose register file 

 DSP ALU (8 DSP instructions, fixed-point arithmetic, accuracy: 2-20) 
 64-bit accumulator register, accuracy: 2-40 

 2-bit dynamic branch prediction (256×2-bit branch history table) 

 comprehensive data forwarding 

ISP2 

 accelerator-based application-specific microprocessor 
 64 machine instructions (3-address instruction set, MIPS and SPARC-based) 

 5-stage pipelined datapath 

 register window technique (window size: 32, physical size: 128, overlap: 8) 
 DSP ALU (13 DSP instructions, fixed-point arithmetic, accuracy: 2-20) 

 64-bit accumulator register, accuracy: 2-40 

 input/output FIFO interfaces for DSP operations 
 2-bit dynamic branch prediction (256×2-bit branch history table) 

 comprehensive data forwarding 

 accelerator interface: 32×32-bit read-only parameter table, data cache interface, 
64-bit output accumulator, 8-bit error code output for exception handling 

 WISHBONE-compatible data cache interface 

                                                           
1 The fixed-point arithmetic circuits implement saturation and rounding. These features are 

widely used in digital signal processing applications. They are required to decrease harmonic distortion. 
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4 New scientific results 

4.1 First thesis group – ARTL-based modeling 

4.1.1 Thesis 1 – The ARTL abstraction level 

I developed a novel abstraction level called Algorithmic Register-Transfer 

Level (ARTL) which is defined between the algorithmic (behavioral) level and the 

RTL. The objective of this abstraction is to unite the modeling methods describing 

the functionality on a higher level of abstraction than traditional HDL-based RTL 

while comprising structural elements characteristic of traditional RTL models. 

I placed the existing RTL modeling approaches into the proposed extended classi-

fication. [J2, J3, J4, J6] 

There are numerous representations of digital systems regarding the level of 

abstraction. The abstraction levels may be illustrated by the Gajski-Kuhn Y-

diagram [5] which compares the modeling methods of different abstraction levels 

from three viewpoints; the description of the functionality, the structural elements 

of the model, and the physical appearance of the typical design units on a certain 

level of abstraction. 

Regarding the second and the third viewpoint, ARTL may be considered 

equivalent with traditional RTL, however, from the functional point of view, it 

represents a slightly higher level of abstraction (see Figure 1). 

 

 

Figure 1. The GK-diagram with the proposed abstraction level. 
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Although ARTL is not yet defined in the literature, there are existing mod-

eling methods representing this concept. I investigated the approaches based on 

Bluespec SystemVerilog (BSV) and the Architecture Description Languages 

(ADLs) in detail. Although these modeling approaches are considered traditional 

RTL or algorithmic level methods, based on their common characteristics it may 

be concluded that they represent a unique type of abstraction. These characteristics 

may be summarized in the following definition of ARTL: 

A formal language or method represents the ARTL abstraction, when a lan-

guage-specific subset of the datapath resources used to describe the functionality 

can be directly mapped to the elements of the target RTL representation, while it 

describes the controlling mechanisms through language-specific semantic rules. 

4.1.2 A target architecture model of macrocells 

Sub-thesis 1.1. I developed a general structural/behavioral model of data 

processing macrocells. This target architecture model describes the structure of 

application-specific and instruction-set processors as a recursively nested hierar-

chy of architecture elements. The behaviors of the architecture elements are de-

fined by unique algorithms. [J1, J2, J3, J4, B1, J6] 

The automated methods fasten the design process by determining a set of 

design decisions in advance. The predefined decisions define a so-called target 

architecture model. The drawback of this approach is that the predefined architec-

tural details limit the designer when it comes to expressing the desired functionali-

ty and structure of the circuit under development [6]. The predefined details result 

in output models which are similar to each other. The more details are defined by 

the target architecture model, the more similar the output models. 

The macrocell model I propose in my thesis is intended to describe applica-

tion-specific and instruction-set processors without any significant limitations 

placed upon the microarchitecture and the behavior. 

4.1.2.1 Structure defined by the macrocell model 

The proposed macrocell model defines three architecture elements. All ar-

chitecture elements may embed the other ones hierarchically. This model structure 

is illustrated by the UML (Unified Modeling Language) class diagram in Figure 2. 
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Figure 2.. The structure defined by the proposed macrocell model. 

The main properties and intended application fields of the architecture ele-

ments are the following: 

 Multicycle processor. There are two possible fields of application for the 

multicycle processor; it is used for (i) implementation of low-throughput it-

erative arithmetic calculations, such as iterative filters, low-performance 

multipliers/dividers, etc. or (ii) as a wrapper instantiating other architecture 

elements and managing their operation. 

 Data stream processor. The data stream processor is intended to be used in 

modeling streaming DSP applications, such as pipelined filters and pipe-

lined arithmetic units with high throughput. 

 Instruction stream processor. Highly pipelined instruction set processor 

design is the main application field of the instruction stream processor. It is 

practically a data stream processor with an exception handling mechanism. 

It can react to exceptional events, such as external and software interrupts 

and computational exceptions with an operation mode switch (bypass): 

o Stalling the pipeline in case of operations requiring more than one 

clock cycles (e.g. co-processor operations). 

o Stalling the pipeline in case of cache miss. 

o Flushing the pipeline in case of control hazards. 

The architecture elements consist of a control unit and a datapath. The rela-

tions between the structural elements are depicted in Figure 3. In the figure on the 

left hand side the arrows indicate the direction of the information flow, while the 

figure on the right hand side shows an actual circuit scheme presenting examples 

of the signal types. The control and datapath resources are interconnected with 

each other and the environment by unidirectional control lines. The following 

notations are used in the subsequent figures: 

Data manipulating resources 
 ENV (environment): resources of the circuit environment 

 CU (control unit): resources of the control unit 
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 DP (datapath): resources of the datapath 

Data transfer resources (signals) 

 sig = [id, value]: id, value: state of a signal (identifier and current value) 

 CS = {sig1…sign}: state of the control signals (CU → DP) 

 SS = {sig1…sign}: state of the status signals (DP → CU) 

 CO = {sig1…sign}: state of the control outputs (CU → ENV) 

 CI = {sig1…sign}: state of the control inputs (ENV → CU) 

 DI = {sig1…sign}: state of the data inputs (ENV → DP) 

 DO = {sig1…sign}: state of the data outputs (DP → ENV) 

 

Figure 3. The structure and signal types of data processing systems. 

4.1.2.2 Behavior defined by the macrocell model 

The behaviors of the architecture elements are described by specific algo-

rithms. These algorithms are derived from the abstract Mealy Finite State Machine 

(FSM) model and they involve only minor inherent scheduling attributes. The 

following notations are used in the definitions of the architecture elements’ behav-

iors: 

 env(…): a function defined by the environment 

 cu(…): a function defined by the control unit 

 dp(…): a function defined by the datapath 

 SE ⊆ CS: sig.value ϵ {active, inactive} ∀ sig ϵ SE (storage enable): state of 

the storage enable signals 

 SEassertable ⊆ SE: set of the assertable storage enable signals. An SE signal 

can be activated only if it is in the set SEassertable. The data storage resources 

assigned to the signals being in the set SEassertable work concurrently. 
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State descriptors: 

 S = {s1…sn}: internal states of the control unit 

 [CS, CO, srecent, snext, sinit]: srecent, snext, sinit ϵ S: recent state of the control unit 

Other notations: 

 exit ϵ {false, true}: exit condition 

 bypass ϵ {false, true}: bypass condition 

Using the notations defined above the behaviors of the multicycle proces-

sor, the data stream processor, and the instruction stream processor are shown in 

Figure 4, Figure 5, and Figure 6, respectively. 

 
Figure 4. The behavioral model of the multicycle processor. 

The most important properties of the multicycle processor are that the set 

SEassertable is a real subset of SE and it can be changed during the operation of the 

circuit. This means that a certain storage resource included in the datapath can be 

activated only in the control states it is assigned to. 

 
Figure 5. The behavioral model of the data stream processor. 

The difference between the multicycle processor and the data stream pro-

cessor is that in the first case the set SEassertable is assigned to the recent control state 
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but in the second case this set cannot be changed during the operation. In fact, the 

control unit of the data stream processor has only a single state and the values of 

the control signals and control outputs exclusively depend on the control inputs and 

the status signals. 

 
Figure 6. The behavioral model of the instruction stream processor. 

The instruction stream processor is similar to the data stream processor but 

it can be switched into multicycle operation mode (bypass) depending on the val-

ues of the control inputs and the status signals. The bypass mechanism may be 

used to implement exception-handling typical of instruction set microprocessors. 

4.1.3 The AMDL modeling language 

Sub-thesis 1.2. I developed a novel hardware modeling tool, the Algorith-

mic Microarchitecture Description Language (AMDL) which makes it possible to 

formally describe the macrocells according to the target architecture model pro-

posed in sub-thesis 1.1. [J1, J2, J3, J4, B1, J6] 

High level programming languages may be used to describe the behavior of 

data processing systems, however, these models lack the information regarding the 

control states and the datapath resources because of the following reasons: 

 A control state describes the internal state of the control subsystem, the 

states of the internal control lines, and the states of the external control out-

puts. In a real circuit, a sequence of these control states are needed to per-

form a certain sequence of operations, while in algorithmic models, opera-

tions like these are performed using single statements, independently of the 

complexity of the expressions. 

 The data manipulation is performed by the operator calls of the language. 

The resources performing the data manipulations are not distinguished from 

each other and there is no optimization goal concerned in limiting the 
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amount of resources/operator calls regarding a certain data manipulation 

step. 

Figure 7 shows an exemplary algorithmic model of an arithmetic circuit. 

 

Figure 7. A high level algorithmic (C++) model of an accumulator circuit. 

It is the main task of RTL design to exactly determine the control states and 

the datapath resources assigned to them, taking the resource requirement, power-

consumption, and timing requirements placed upon the circuit into account (prima-

ry RTL design tasks). Moreover, to support the RTL synthesis process, the RTL 

model should include information about the phase signals, reset synchronization, 

detailed specification of state machines etc. Determining these details is considered 

the secondary RTL design tasks. Figure 8 shows a possible RTL model created 

based on the algorithmic specification in Figure 7. 

 

Figure 8. A possible RTL implementation of the exemplary circuit described using VHDL. 
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The traditional RTL design comprises the following tasks: 

 Primary RTL design tasks 

o Determining the required data manipulating and data storing resources 

and their interconnections based on the variables and operations de-

scribed by the algorithmic model (resource allocation). 

o Partitioning the algorithm into control states (scheduling). 

o Assigning data manipulating and storage resources to the control states 

(binding). 

 Secondary RTL design tasks 

o Determining the timing model (flip-flop vs. latch). 

o Designing phase signal scheme, generating phase signals using the glob-

al clock signal. 

o Detailed design of data manipulating and storage resources. 

o Detailed design of the control FSMs. 

o Designing reset synchronization circuits and metastable filters. 

The AMDL modeling language makes it possible to perform the primary 

RTL design tasks in a higher level of abstraction than traditional RTL, inde-

pendently of the secondary RTL design tasks (Figure 9). AMDL supports the pri-

mary RTL design tasks as follows: 

 Resource allocation: Similarly to a traditional RTL model, the ARTL 

model includes the intended resources of the circuit (Figure 9: a/1). Moreo-

ver, the expressions constituting the statements explicitly describe the inter-

connections of these resources (Figure 9: a/2). 

 Scheduling: The elements of structured programming (statement sequences, 

branches, and loops) may be used (Figure 9: b). Additional control struc-

tures are available making a more detailed description of concurrent opera-

tions possible. 

 Binding: The expressions constituting the statements refer to certain data 

manipulating and storage resources listed in the declaration part of the 

AMDL model (Figure 9: c). 



13 

 

 

Figure 9. ARTL model of the accumulator circuit described with AMDL. 
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4.2 Second thesis group – AMDL-based circuit synthesis 

4.2.1 Thesis 2 – AMDL-based hardware design process 

I developed a novel method for digital data processing system design, which 

is capable of producing synthesizable RTL models more efficiently than traditional 

hang-crafted RTL design. The first step of the two-stage process is a manual pro-

cedure supported by the algorithmic language constructs of ADML resulting in an 

ARTL model. The second step is an automated pre-synthesis procedure transform-

ing the ARTL model into a traditional RTL representation. [J1, J2, J3, J4, B1, J6] 

The HLS method primarily developed for streaming DSP applications au-

tomates an error-prone and time-consuming part of digital system design. It proved 

to be very useful from the viewpoint of development times (Figure 10: a), howev-

er, designers using such tools face major difficulties in case of specifications with 

rigorous optimization requirements and circuit structures including highly interde-

pendent pipeline stages and internal data storage subsystems. In these cases, the 

outputs of the HLS methods are not satisfactory enough, hand-optimized RTL 

design is inevitable [7-11] (Figure 10: b). 

 

Figure 10. Abstraction levels and design methods. 

The ARTL abstraction created an intermediate design step between the al-

gorithmic level and RTL (Figure 10: c) forcing the designer to manually design the 

microarchitectural details which profoundly influence the characteristics of the 

RTL model. However, AMDL provides the designer with a high level language 

construct tool set to improve the efficiency of this manually performed procedure. 

Therefore, the synthesizable RTL model is created in two steps (see Figure 11): 
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1) Performing primary RTL design tasks on ARTL using AMDL. 

2) Performing secondary RTL design tasks automatically using ARTL pre-

synthesis. 

 

Figure 11. Partitioning the RTL design process with the introduction of ARTL. 

Data manipulating resources realize simple arithmetic, logic, concatenation 

etc. operations which can be implemented in a generic form. In this case, the de-

signer has to select the appropriate pre-defined component from a HDL component 

library to his own resources. If the required functionality is more complex and 

application-specific, it has to be implemented and verified manually as an inde-

pendent RTL design entity. 

Table 2 compares the proposed AMDL-based design method with the tradi-

tional VHDL-based design with regard to development times and code sizes. 
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Table 2. Comparison of AMDL and VHDL based on code sizes and development times. 

Test system 

Development time (hour) VHDL 

code size 

(lines) 

AMDL code size 

(AMDL + hand-made 
VHDL lines2) 

VHDL 

(hand-made) 
AMDL 

MULT 3 0.3 100/180 40+0 

PIEZO 6 1.5 240/730 190+0 

FIR_SPI_4CH 20 6 390/730 210+0 

TAYLOR 10.2 3.4 430/720 300+0 

FFT 60-70 14.6 770/1300 440+0 

MINKOWSKI 17.7 4.2 430/620 420+0 

ISP1 280-300 50-60 600/2900 500+190 

ISP2 400-450 150-170 1900/3800 800+900 

Based on the data shown in Table 2 it may be concluded that AMDL is 

more efficient in capturing RTL design intent than traditional HDLs resulting in 

improved development time characteristics. The columns describing the sizes of 

the VHDL models refer to the implementation schemes presented in Thesis 4. 

4.2.2 Thesis 3 – Implementation scheme-based model transformation 

I developed a novel general procedure describing the systematic transfor-

mation of a formal language model into another. The first step is to express the 

details related to the source language’s target architecture model using the target 

language constructs. The output of this step is a so-called implementation frame-

work which shall be complemented with the application-specific implementation 

details expressed using the target language. I introduced the concept of implemen-

tations schemes referring to the subset of the target language describing the im-

plementation framework together with the applications-specific elements of the 

source language. With the usage of this general model transformation procedure 

together with the target architecture model presented in Thesis 1.1. I developed an 

AMDL-VHDL model transformation process. [J3, J4] 

The aim of AMDL’s target architecture model is two-fold: (i) It defines the 

structural and behavioral characteristics thus the semantic view (also known as 

programmer’s view in case of high level languages) of the language elements 

which are indispensable for the designer and (ii) it also defines the structure and 

the behavior which have to be implemented by the synthesis procedure’s output 

model as well. Accordingly, the target architecture model is a common language 

for the designer and the underlying synthesis tool during the development process. 

In the proposed model transformation process the output model is generated 

in two consecutive steps: 

                                                           
2 The AMDL is functionally complete only if its operators are available as predefined library 

elements. In this column the hand-made VHDL code refers to the applications-specific data manipulat-

ing resources which had to be developed manually to complement the output model generated by the 

AMDL pre-synthesis process. 
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1) Generating an implementation framework: The elements of the target model 

implementing the application-independent details of the source model are 

created. These elements implement the behavioral and structural properties 

of the applied target architecture model. Specifically in the AMDL-VHDL 

model transformation this step defines the structural elements of the VHDL 

model (FSMs, datapaths, model hierarchy etc.) and the control states and 

signals implementing the communication interfaces between them. 

2) Generating application-specific details: In the second step the aforemen-

tioned implementation framework is complemented with the application-

specific implementation details of the described system. In the AMDL-

VHDL transformation this step complements the datapaths with actual data 

storage and data manipulating resources and the control FSMs are comple-

mented with the control states based on the AMDL description. 

Figure 12 illustrates this model generation method using an exemplary pipe-

line multiplier using the instruction stream processor target architecture model. 

 

Figure 12. Implementation scheme-based model transformation of a pipelined multiplier unit. 
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1) The applied implementation scheme (structural RTL scheme, discussed in 

Thesis 4) implements the properties of the target architecture model as fol-

lows: The output model consists of a wrapper module (m1) and a pipeline 

module (p1). Both design units comprise a controller FSM and a datapath. 

The FSM of p1 ensures that the system conforms to the timing behavior de-

scribed in Figure 9. The possible structural elements and interconnections of 

the pipeline architectural model, which are not utilized in the example, are 

denoted by dashed lines and frames. 

2) The used AMDL language constructs are transformed into their VHDL 

counterparts. The AMDL control structures are transformed into control 

states and control state sequences in the VHDL model and the VHDL code 

snippets implementing the data storage and data manipulating resources’ 

functions declared in the AMDL model are mapped to their VHDL counter-

parts or, in case of very specific operations, a wrapper module is created to 

them to support the designer preparing their VHDL description. 

4.2.3 Thesis 4 – VHDL implementation schemes and qualifications 

I developed two VHDL implementation schemes and I proved that both of 

them are capable of underlying an automated RTL synthesis but the results of these 

synthesis procedures significantly differ regarding resource requirements and 

timing characteristics. I proposed application fields for the implementation 

schemes. I proved that with the usage of the implementation schemes in the output 

model generation step of the AMDL-VHDL pre-synthesis process, a significant 

improvement in design space exploration capabilities may be achieved, compared 

to the existing solutions. [J1, J2, J3, J4, J5, C2, C3, B1] 

Due to the syntactic variance of HDLs, many implementation schemes may 

be constructed, which implement the same functionality while differing in the level 

of abstraction. The implementation schemes proposed in my thesis represent two 

sub-categories of the traditional RTL. Their most important properties are the fol-

lowing: 

 Behavioral RTL: It may be directly derived from the algorithmic model by 

assigning a control state to every statement and implementing the operations 

of the algorithmic model using the operators of the VHDL language. The 

resulting VHDL model may be refined by splitting complicated operations 

to more control states or by sharing control states among concurrently exe-

cuted operations. The VHDL model consists of a single process describing a 

complex FSM. 

 Structural RTL: This model includes more structural details, it describes 

the AMDL data storage and data manipulating resources and their intercon-

nections in a direct manner. I created two versions of this model: 
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o Distributed structural RTL: The control unit, the data storage re-

sources and data manipulating resources are described by independ-

ent entity-architecture pairs. The datapath only comprises component 

instantiations and it explicitly describes the interconnections of the 

submodules. 

o Fused structural RTL: The control unit, the data storage resources 

and data manipulating resources are described in a single design enti-

ty by separate concurrent VHDL statements and blocks. 

Figure 8 illustrates the fused structural RTL scheme while Figure 13 shows 

examples to the behavioral RTL (a) and the distributed structural RTL (b) 

schemes. 

 

Figure 13. Parts of the behavioral RTL and structural RTL implementations of the accumulator circuit. 

Table 3 shows how the ARTL pre-synthesis procedure proposed in Thesis 3 

transforms the AMDL language constructs into their VHDL counterparts. 
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Table 3. VHDL implementations of the AMDL resources and language constructs. 

AMDL resource / 

language construct 

RTL (VHDL) implementation scheme 

Structural RTL 
Behavioral RTL 

distributed fused 

dataport input / output port 

reg 

entity-architecture pair 

with a pre-defined inter-

face 

block 
signal 

regfile array 

async operator 

process 

procedure 

sync / multicycle 

operator 
process 

statement sequences, 

loops, statement 

blocks 

specific state machines 

conditional statements if-then-else statement 

The VHDL models generated according to the behavioral RTL and the 

structural RTL implementations schemes significantly differ regarding resource 

requirements and timing characteristics, when automated RTL synthesis is per-

formed on them. Table 4, 5, and 6 summarizes the synthesis results of the test 

systems. 

Table 4. Comparison of the implementation schemes based on synthesis results (XILINX Virtex 5). 

Test system 
Impl. 

scheme 

Resource requirement (XC5VLX50T-2FF1136) 
fmax 

[MHz] Register LUT 
18k RAM 

block 

DSP48 

slice 

MULT 
structural 110 104 0 0 200.92 

behavioral 105 99 0 0 204.96 

PIEZO 
structural 459 841 0 8 53.21 

behavioral 262 956 0 28 51.1 

TAYLOR 
structural 246 519 0 4 27.9 

behavioral 476 2,797 0 46 51.4 

FFT3 
structural 738 998 5 8 50.9 

behavioral 1,332 2,670 0 8 83.96 

MINKOWSKI 
structural 794 1,221 0 8 30.3 

behavioral 1,081 1,155 0 16 77.32 

ISP1 
structural 340 1,072 5 18 50.0 

behavioral 1,977 4,730 0 20 56.57 

ISP2 
structural 1,385 1,865 5 28 31.64 

behavioral 1,459 2,408 0 27 50.11 

                                                           
3 In case of the FFT test system, the input/output vector size is a synthesis parameter. The data 

shown in Table 4, 5, 6, and Figure 13 refer to an 8-point implementation. 



21 

 

Table 5. Comparison of the implementation schemes based on synthesis results (ALTERA Stratix III). 

Test system 
Impl. 

scheme 

Resource requirement (EP3SL340F1760C4) 
fmax 

[MHz] Register ALUT 
Block 

RAM bit 

36×36 bit 

multiplier 

MULT 
structural 146 91 0 0 238.83 

behavioral 139 87 0 0 237.16 

PIEZO 
structural 324 498 0 4 80.25 

behavioral 281 988 0 7 71.43 

TAYLOR 
structural 322 804 0 1 34.05 

behavioral 300 2,640 0 16 58.55 

FFT 
structural 627 964 1,152 4 67.88 

behavioral 1,320 1,261 512 4 68.06 

MINKOWSKI 
structural 880 1,293 0 2 34.09 

behavioral 951 1,150 0 2 73.76 

ISP1 
structural 615 1,382 4,096 2 92.67 

behavioral 1,981 4,725 0 2 92.18 

ISP2 
structural 1,480 2,845 9,728 2 75.44 

behavioral 5,692 10,528 512 2 78.33 

Table 6. Comparison of the implementation schemes based on synthesis results (AMS 0.35 µm). 

Test system 
Impl. 

scheme 

Resource requirement fmax 

[MHz] No. of cells Area [µm2] 

MULT 
structural 1,241 137,119 307.41 

behavioral 1,144 131,786 309.98 

PIEZO 
structural 15,945 1,703,575 73.33 

behavioral 45,152 4,387,911 117.59 

TAYLOR 
structural 10,887 1,092,510 53.86 

behavioral 54,043 5,345,304 116.21 

FFT 
structural 17,092 1,842,550 129.4 

behavioral 19,014 1,960,959 144.63 

MINKOWSKI 
structural 20,161 2,065,736 56.34 

behavioral 34,368 3,329,581 119.33 

Although the implementation schemes are functionally equivalent, due to 

the differences in model granularity, and the efficiency of the automated RTL 

synthesis, their recommended applications fields differ: 

 The behavioral RTL scheme is recommended due to its favorable timing 

characteristics, if the described system does not include complex data stor-

age subsystems (large memory blocks). Iterative arithmetic circuits and 

pipelines which are not prone to control hazards (e.g. filters) may be real-

ized using this scheme. 

 Due to its favorable resource utilization characteristics, the structural RTL 

scheme is recommended in case of structurally complex systems. 

o It shall be taken into considerations that the RTL synthesis tools do 

not perform optimizations between design entities (e.g. carry save 
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adder optimization). Therefore, in such cases the fused version of the 

structural RTL scheme may be preferable. 

 To investigate the design from the viewpoint of timing and resource re-

quirement critical parts, the distributed version of the structural RTL model 

is preferable, because these analyses are performed in an entity-by-entity 

manner by the RTL synthesis tools. 

 Due to its fine-grained nature, the structural RTL scheme fits better to the 

needs of a logi-thermal simulation environment. 

By using the concept of implementations schemes in the output model gen-

eration step of the ARTL-based pre-synthesis, it becomes possible to obtain signif-

icantly different solutions based on the same AMDL input model. Since the ap-

plied implementation scheme may be determined for the design units 

independently, a series of RTL implementations is available to a single AMDL 

model. These RTL implementations may be synthesized with different configura-

tions of the RTL synthesis tools, widening the design space even further. Figure 14 

compares the different implementations obtained in case of the FIR_SPI_4CH and 

the FFT test systems from the viewpoint of resource utilization, timing, and power-

consumption. The differing colors (and shapes) refer to the varying configurations 

of the RTL synthesis tool (Xilinx ISE Design Suite 14.7 XST), while the markers 

with the same color (and shape) indicate the different implementations scheme-

configurations of the ARTL pre-synthesis. 
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Figure 14. Comparison of different implementation possibilities. 
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5 Applications of the results 

Application-specific microprocessors 

The design method presented in my theses is a general purpose RTL design 

approach capable of handling simple control systems and complex data processing 

applications as well. One of the major application field of this method is the Appli-

cation-Specific Instruction-set Processor (ASIP) design, where the demand for high 

level of optimization (regarding resource requirement, timing and/or power con-

sumption) do not allow the application of higher level automated tools such as 

HLS [10, 12]. The architecture of ASIPs is optimized to a specific application or 

application field, such as digital signal processing, cryptography, network commu-

nication etc. There are many existing tools automatically generating the software 

tools (assembler, compiler, debugger, etc.) supporting such architectures, while the 

RTL models of these systems are predominantly created manually. The existing 

solutions generating the RTL model automatically are based on restricted target 

architecture models limiting the freedom of the designer significantly. The design 

method proposed in my theses represents an efficient means for supporting hand-

optimized microarchitecture design ensuring a fast design process without any 

limitations regarding the microarchitectural details [J2, J3]. 

Full-custom design 

In some cases, the requirements placed upon the circuit regarding its re-

source requirement, timing, and/or power-consumption are so rigorous that even 

the widely used RTL synthesis tools should be avoided during the design process 

and all architectural details have to be designed by hand down to the layout level. 

The datapath elements of data processors often have to be optimized this way, 

while the control logic is still usually implemented with automated tools. Using the 

proposed design method, it is possible to automatically generate control logic ex-

clusively, while allowing for the designer to manually design the re-

source/timing/power critical elements of the datapath. This use case of the present-

ed approach fits well to the specific needs of the highly optimized, partly full-

custom systems [J3]. 

Data processing systems of MEMS sensors 

In sensor systems based on Micro-Electro-Mechanical Systems (MEMS), it 

is a common solution to integrate the sensor itself, the analog readout circuitry, the 

AD-converter, and the digital data processing subsystem onto a single die. This 

approach improves the reliability, the signal to noise ratio and decreases the area. 
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However, this idea places a major demand upon the areas of the subcircuits includ-

ing the digital data processing part. Moreover, power-consumption minimization is 

also an essential requirement in case of wearable and implantable sensors. These 

rigorous requirements necessitate a high level of architectural optimization, which, 

as presented in my theses, may be achieved using the proposed design method 

entirely [C3]. 

Logi-thermal simulation 

The so-called logi-thermal simulation method is capable of handling the 

logic behavior in close coupling with the thermal behavior of digital circuits. The 

accuracy of this simulation method, the simulated HDL model should fulfill the 

following requirements: 

 To achieve a high spatial resolution, thus accurate dissipation and tempera-

ture distribution, a fine-grained HDL model is needed. 

 The static and dynamic dissipation of the design units constituting the HDL 

model should be accurately determinable. 

An HDL model prepared according to the distributed structural RTL im-

plementation scheme presented in Thesis 4 is able to fulfill both requirements. The 

design entities of such a model are register-level modules, whose power-

consumption may be determined by built-in services of the widely used RTL syn-

thesis tools [J5, C2]. 
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