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Abstract— The increasing complexity in the design of protocol
based sequential digital systems such as USB3.0 and PCI express
(PCle), is leading to an increased time to market constraint. This
paper introduces a UML based visual design approach to address
this increased complexity in the design of IP as well as System-
on-Chips (SoC). A hardware development method for USB3.0
device using the Unified Modeling Language is explored. It
focuses on the conversion of UML structure diagrams and
hierarchical state machines into synthesizable hardware
description language. A Model Driven Development (MDD)
method using UML state diagrams and hierarchical design
breakdown approach is used for the development the
synthesizable HDL for USB3.0 device IP with more than 20
sequential states.
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I. INTRODUCTION

System-on-Chip (SoC) design has become a time
consuming process because of the increased complexity of
protocols such as USB3.0, PCI Express (PCle) and other
digital logics. Recent studies have underlined the relevance of
the Unified Modeling Language (UML) for the effective
modeling and development of electronic systems and handling
the exponential increase in the complexity of the systems [1, 2,
3,4,5,6,7, 8]. After UML emerged in the early 90’s, quite a
few flavors of UML have been derived, in different domains
such as System-on-Chip and real-time embedded systems [9].
Majority of this research where generally concentrated at high
level modeling, documentation and system software
developments [5]. UML is a multidirectional tool, the
application of UML modeling can be extended in the
development of complex sequential electronic systems. The
understanding and implementation of digital systems, where
there are more than 20 states can be rather challenging.
Abstract UML diagrams, combined with a model driven
development method, can significantly reduce this design
complexity, leading to a short design turn-around time. This
paper is an attempt towards a UML based visual design
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approach to address this increased complexity in the design of
various IP blocks as well as System-on-Chips (SoC).

The paper presents an implementation method using UML
diagrams and their properties in the design of Link Training
and Status State Machine (LTSSM) of USB3.0 protocol. This
paper is a continuation of a preliminary paper [10].

A feature subset of UML2.0 and different flavors of UML
are selected for the efficient modeling of the design and the
major focus is to experiment the usage of UML diagram based
hierarchical design of complex protocol based digital circuits.
The preliminary UML diagram is converted to a detailed UML
model, by including most of the minor design details and logics
to the diagram itself. This UML model is then to be converted
to a synthesizable hardware description language (HDL)
making use of Modeling Driven Development (MDD) methods
[1, 2, 4]. Thus all aspects of a complex digital design can be
successfully modeled in the UML structure for automatic
conversion and development of the final circuit.

After the introduction, the subsequent part gives an
overview of the related work with applications of UML
diagrams in electronic logic development and the approach of
Model Driven Development. The UML based visual design
method is explained in section III. A case study of the Link
Training and Status State Machine (LTSSM) of USB 3.0
device IP is explained in section IV. Finally, the paper
summarizes with the advantages of the UML design method
and a description of future studies and implementations for the
automated design of complex digital systems.

II.  RELATED WORK

A. UML in Electronic System Development

The Unified Modeling Language (UML) can be described
as a set of graphical symbols that help in representing and
designing systems, mainly focused on software systems made
with the help of object oriented concepts [11]. Graphical
symbols characterize the language rules for UML. UML was
originally developed in 1990’s and maintained by the Object
Management Group (OMG) [11]. It is a tool for enumerating,
representing, building and documenting the objectives of a



system [12]. UML has wide range syntax to deal with modern
complex systems and enhance the multi-domain interactions
[5]. UML has been improved from its origin in basic software
designs to address the advanced modeling issues in various
domains during the last decade. These include, the UML flavor
for System Modeling, SysML (OMG 04-2006) [13], the
modified version for System-on-Chip (SoC) (OMG 08-2006)
[7, 11], and the extended version for real-time embedded
system (Modeling and Analysis of Real-time Embedded
System, MARTE, OMG 2008) [9].

8, 14]. In the MDD method, hybrid models of UML and HDL
are used for the conversion of the high-level model into the

synthesizable

HDL code [2]. At present, the complete

automation of the conversion is the focal point in the
improvement phase of latest versions of the UML [1, 2, 5, 8§,

15].

III.

UML BASED DEVELOPMENT APPROACH

This section gives an overview of the UML based design

SysML improved UML by including tools for the well-

organized modeling of composite designs that contain a wide
variety of hardware and
documentation of non-functional design features [5]. UML for
SoC addresses timing aspects of digital designs, helping to
model hardware oriented complex digital designs in an
efficient way. Alternatively, the UML version for SoC also
offers improvement in modeling of the architecture of systems
with the help of the Structure Diagrams for the graphical
modeling of hierarchical components, ports and interfaces [5].

software particularly in the

Furthermore, the wide range of UML diagrams materializes

an efficient documentation method for design verification and
component reuse.

B.  Model Driven Development (MDD)

Modeling is the abstract or simplified representation of a

system. As the complexity of systems increases, the process of
Model Driven Development becomes important to achieve an
increased productivity. Recently, there have been immense
study efforts converging on the relevance of Model Driven
Development for the conversion of the UML models into
domain specific language (DSL) such as Very High Speed
Hardware Description Language (VHDL) and Verilog [1, 2, 4,

approach adopted in this paper. As a visualization tool, UML
diagrams are sufficient to express the depth of current design,
to show the future works and for the reusability of already
implemented part of the design. The topology of a digital
system can be represented using the UML Structure diagram as
shown in Fig. 1. This is equivalent to the block diagram for
traditional hardware circuit design approach. The high level
diagrams can be enriched using the unique features of UML,
by representing different relationships such as dependency,
association, generalization and extensibility [12] between
various modules. Since UML diagrams are very abstract with
ability to contain a lot of information, other design features like
clock frequency, timing parameters and pseudo codes can be
updated in the diagram itself (Fig. 1 and Fig. 5).

Another practice applied in this project is to use the
hierarchical states in UML to represent complex state
machines. In complex state machines states are rearranged,
categorized and merged together to form hierarchical state
machines. This will make the design easy to understand and
implement. As the design becomes simpler, the lesser will be
the chance of an error in the design [16]. Realization of this
state diagram with even 14 numbers of states can be really
demanding [16]. Consider an example diagram show in the
Fig.2.
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Figure 1.

UML Structure Diagram for a USB3.0 design



Figure 2.
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Figure 3. Hierarchical simplification
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Figure 4. Hierarchical State UML Diagram

As the number of states in the state machine increases, the
implementation becomes complex. Realization of this state
diagram with even 14 numbers of states can be really
demanding [16]. However, a simple reordering can make the
state machine more readable. The reordered from is shown in
the Fig. 3 below.

After the reordering, the state diagram in state 3 can be
represented as a hierarchical state machine as shown in Fig. 4.
This is achieved by merging the similar category states into one
super-state. Current UML tools are allowing support for
drawing and managing sub-state machines with different
hierarchies [17].

IV. CASE STUuDY: USB3.0 LTSSM IMPLEMENTATION

Very fast peripheral components such as storage devices
with Terabytes capacity and other fast video equipments
demands very fast data transfer schemes. Thus, the peripheral
device are also needs to be fast enough, leading to the
expansion of USB 3.0 over USB 2.0. USB3.0 implements a

very high speed mode with a speed of 5Gbps called super
speed mode [18].

The Link Layer of USB3.0 is accountable for maintaining
the link interconnection; to perform an efficient data transfer
between the two ends of a USB link [18]. The most important
state machine in the link layer is the Link Training and Status
State Machine (LTSSM), which is responsible for the initial
sync up between the host and device parts. The LTSSM is a
state machine with 23 different major link states for link
initialization and power management [18]. LTSSM is chosen
an idle sample to experiment UML, because of its complexity
and hierarchical sub-state machine dependencies.

In the UML modeling of LTSSM, the requirement
specification of USB3.0 is studied to evaluate the different
kinds of UML building blocks necessary to realize all the
features as listed in the documentation. Initially the high level
UML structure diagram as given in the Fig. 1 is developed.
This diagram is helpful in describing the overall hierarchy of
the system and the interconnection between different sub-
modules. UML diagrams are useful when re-using the sub



modules for integrating to a new system. Later this high level
diagram is enriched by developing separate and detailed UML
diagrams for different building blocks. A high level
hierarchical state diagram of LTSSM module is given in Fig. 5
[17]. These diagrams can be more detailed by including pseudo
codes for the activities in a state, conditions for state transitions
and other timing parameters.

After the development of top level state machine, each sub-
state is further expanded. An example of a second level
hierarchical state with sub-state rx_detect of LTSSM is given
in Fig. 6 [17]. The State Diagram is organized and developed
in a manner to allow the mapping to Verilog in the model
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transformation phase [1, 2, 19]. The corresponding Verilog
pseudo code representing the lower level rx_detect sub-state is
presented in Fig. 7. In the similar manner, UML can be useful
for describing the complete SoC or an IP in a pictorial manner,
including the timing features for the synthesis phase.

The final LTSSM logic developed by the conversion of
UML models in to HDL, can then be tested using a FPGA
development tool with functional and timing simulations in a
suitable testbench environment. After this, the synthesized
logic can be downloaded into a high-speed FPGA for prototype
emulation testing.
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State Diagram for USB3.0 LTSSM (Device implementation)
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Figure 6. rx_detect sub-state machine

// Current State Logic (sequential)
always B (posedge clk)
begin : Ltssm CurrentState

if (resat = "0"')

CurrState Ltssm <= "ss_disabled;
else

CurrState_Ltssm <= HextState Ltssm;
End

// Next State Logic (combinatorial)
always <] {Currstate Ltssm)
begin : Ltssm NextState
NextState_Ltssm <= CurrState_Ltssm;
/4 set default walues for outputs and signals
case (CurrsState Ltssm) // synopsys parallel case full case
/...code for other states... - -
"ri_detect Quiet:

begin

TimerlZmson = "1°';

TxDetactR¥ = "0";

if (TimeoutlZms="1")

NextState Ltssm <= '"rx_detect Active;
end
‘rx_detect Reset:

begin

fiWait for WarmPesetn="'0"'
if (RxDisconnect ="'1" |
WarmResetnw"1"')
NextState Ltssm <= "rx detect Active;
end - - -
‘rx_detect_Active:
egin
TxDetectBM = "1";
TxDetectBxCnt++; //Count the attempts for EXdetect
if (ExDisconnect ="'0")
NextState Ltssm <= "polling LEPS;
else if (ExDisconnect ='l' & TxDetectBExCnt <8)
NextState Ltssm <= "rx detect_Quiet;
else if (FxDisconnect ='l' & TxDetectRxCnt >=§)
HextState Ltssm <= “ss5_disabled;
end
ff...code for other states...
endcases
end

Figure 7. LTSSM Verilog code (Partial)




V. CONCLUSION AND FUTURE WORK

The paper presents a UML based and Model Driven
Development scheme for complex sequential protocol design
with USB 3.0 device as a case study. The Link Training and
Status State Machine (LTSSM) of the USB3.0 link layer is
chosen as a typical sample to start with for the development of
complex state machines in UML.

This experiment strengths the observation that usage of
UML can simplify the design process. This has advantages
such as simple and abstract representation of the system, easy
reusability, future enhancement, early verification planning and
better usage of Model Driven Design (MDD). Also it can be
seen that, the use of UML hierarchical states will make the
design simpler and easier to implement. In future, Model
Driven Development approach along with Logic synthesis can
help in optimization and reduction of state machine logics.

The major drawbacks with this method are lack of features
in UML for VLSI design as well as the lack of an automatic
diagram to HDL conversion tool. In future, the Model Driven
Development approach with fully automatic model conversion
of diagrams to HDL enhances the effectiveness of design
process, providing more robust design and simple design.

The major focus of this work is to set up a complete design
UML library for sequential digital designs to increase
component reuse, cut down design turn-around time, enhance
production and improve design quality. There are some studies
in the area of automatic conversion of UML diagrams into
Verilog/VHDL, at the time of writing this paper. The full
automation of UML to HDL conversion is in the development
phase with space for improvement [5, 10].
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