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Abstract

This paper describes the role of SystemC in developing an integrated modeling and simulation environment for microelectrofluidic
systems (MEFS). Based on the unique modeling and simulation needs for MEFS, we examine suitability of several existing simulation
languages. These languages include VHDL/VHDL-AMS, SLAM, Matlab, C/C++, and SystemC. Next, SystemC is justified as a viable
candidate for complete MEFS modeling and simulation. The architecture of the environment and the associated functional packages are
discussed. Its application is illustrated through the design of a microchemical handling system. © 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Composite microsystems that incorporate microelectro-
mechanical and microelectrofluidic devices are emerging
as the next generation of system-on-a-chip (SOC) designs.
These systems combine microstructures with solid-state
electronics to integrate multiple energy domains. Micro-
electrofluidic systems (MEFS) is an area of research that
addresses the miniaturization of composite devices and
systems, and the study of new applications associated with
the handling of liquids and gases. Microfluidics not only
offers the obvious advantage of size reduction, but it also
reduces power dissipation and increases system reliability.
Significant progress have been made towards the design of
individual MEFS components. For example, the fluidic
mixer [1], valves [2], have been designed, built, and studied
extensively. Moreover, small systems that combine existing
components into useful devices have been designed, and
some of them have been built, i.e. DNA analysis devices [3].

Composite microsystem design is evolving into a multi-
disciplinary field requiring expertise in electrical, mechan-
ical, and chemical engineering, as well as in computer
science and manufacturing technology. This broad scope
makes it nearly impossible to manually understand compli-
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cated factors influencing and limiting system performance.
Thus system modeling and simulation are becoming impor-
tant computer-aided-design tools for synthesis, analysis, and
verification. These tasks often require the collaborative
efforts of several teams and organizations, typically using
different modeling languages and simulators.

Traditionally, several modeling languages and simulators
are used to support various phases of system specification,
architectural design, and functional unit design. Perfor-
mance modeling languages such as SIMSCRIPT ILS,
SLAM 1II, and general purpose software programming
languages such as C and Ada, are used for the high-level
architectural design, stochastic performance analysis, and
biomedical/chemical process flow simulation [13]. On the
other hand, logic modeling languages, for instance VHDL/
VHDL-AMS, are used for low-level functional unit design
[17]. However, this system design approach requires human
intervention. It also leads to problems of misinterpretation
of concept specifications in the translation between different
data models and tools. Thus, it is beneficial to construct a
hierarchical system modeling and simulation environment
using a common system description language and asso-
ciated simulation engine, rather than multiple languages
and simulators that span different levels of abstraction.
The potential benefits of this approach include reductions
in design time and life cycle maintenance costs.

SystemC is a new open source library in C++ [10]. It
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Fig. 1. Multi-layered modeling and simulation hierarchy for MEFS.

supports hardware—software co-design and the description
of the architecture of complex systems consisting of both
hardware and software components. It has been used in
electronic hardware/software co-design [4], system-level
design [9], and hardware synthesis [5,16]. In this paper,
we introduce a new application area for SystemC: the design
of MEFS. We evaluate the suitability of SystemC for MEFS
hierarchical design, and propose a MEFS hierarchical
modeling and simulation environment based on SystemC.
The main contributions of the paper are summarized below:

e We define the basic variables and elements needed to
describe MEFS behavior from the lower component
level to the architectural and biomedical/chemical appli-
cation levels.

e Based on the special needs for MEFS hierarchical beha-
vior, we compare the suitability of several simulation
languages for hierarchical design. These languages
include VHDL/VHDL-AMS, SLAM, Matlab, C/C++,
and SystemC.

e We propose a hierarchical integrated design environment
for MEFS with SystemC. The architecture of the
environment and the associated functional packages are
discussed.

e We illustrated this environment by designing a special
MEF system: a microchemical handling system (MCHS).

To the best of our knowledge, this is the first attempt to
develop a comprehensive integrated MEFS design environ-
ment with SystemC [6]. The organization of this paper is as
follows. The basic variables and elements needed to
describe MEFS behavior are defined in Section 2. In Section
3, the suitability of several simulation languages for MEFS
hierarchical design is evaluated, and SystemC is proposed
as a viable candidate. In Section 4, a hierarchical modeling
and simulation environment with SystemC is presented. The
architecture of the environment and the associated func-
tional packages are discussed. In addition, its application
to the system design of a MCHS is illustrated in Section
5. Finally, conclusions are presented in Section 6.

2. MEFS modeling and simulation characteristics

In this section, we present the basic hierarchical architec-

ture and functional execution of MEFS. In addition, we
define fundamental variables and elements needed to
describe MEFS from the lower component level to the
higher system-level. These fundamental variables capture
system behavior, and they are critical parts of a MEFS
modeling and simulation languages.

2.1. Hierarchical perspective

Fig. 1 illustrates the MEFS hierarchical perspective. Each
layer of abstraction presents unique model fidelity, domain
representation, and simulation efficiency requirements and
challenges.

The biomedical application layer is the highest level of
abstraction. It involves process flow modeling, as well as the
simulation of continuous fluid movement and bio/chemical
reactions directed towards an application, such as micro-
dialysis, chemotherapy, genetic analysis, or cell filtration.
Evaluating biomedical applications requires lower level
information, such as channel pressure drops and pump
throughput, which are associated with the second level of
abstraction—the reconfigurable microliquid handling archi-
tecture. This level of abstraction involves performance
modeling and simulation of the stochastic behavior of the
major component, resources and their aggregate operation
in executing a biomedical application. Evaluating architec-
tural performance involves, in turn, lower level information,
such as microfluidic transport and the device operation,
which are associated with the lowest level of abstrac-
tion—microfluidic components. This level of abstraction
involves detailed circuit simulation requiring integro—
differential and algebraic equations, which characterize
physical properties and processes. Here, the microfluidic
component layer of abstraction is defined as the circuit-
level, while the biomedical/chemical application and recon-
figurable MEFS architecture are defined as the system-level.

2.2. Dynamic modeling and simulation at circuit-level

Direct numerical simulation of the dynamic behavior of
MEEFS devices requires three-dimensional, distributed non-
linear models. These models are difficult to develop and
computationally expensive to use. Therefore, it is necessary
to decrease the degrees of freedom by reducing meshed
three-dimensional device models to two-dimensional
circuit-level lumped-element models. These models present
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the overall component behavior using ordinary differential
and algebraic equations (ODAEs). The use of lumped-
element models for microsystem devices results in compact
and efficient representations. It also avoids potential con-
vergence problems due to the coupling of heterogeneous
simulators. Therefore, a single modeling and simulation
language should be able to represent the fundamental
physical principles of different energy domains. This
description capacity spans disparate energy domains and
allows simultaneous consideration of the multiple physical
phenomena in solving overall system behavior with
ODAE:s.

2.3. System-level modeling and simulation

MEFS system-level modeling includes architectural
stochastic modeling and biomedical/chemical process flow
modeling. We need to describe different behavioral perspec-
tives, for instance the queuing nature of biochemical DNA
analysis systems, continuous thermal reactions, and liquid
sample arrival events. Three representations, named
‘world-views’, (i) discrete event-scheduling, (ii) discrete
process-interaction, and (iii) continuous, are all necessary
for simulation languages [13]. In addition, the fluidic-
sample-oriented MEFS behavior requires a complex but
flexible data structure. Dynamic data structures are also
required to capture the runtime non-determinism of
stochastic systems. Moreover, a variety of constructs and
statements supporting both sequential and concurrent
executional semantics are required.

Time-advanced mechanisms require simulation languages
to support a simulation clock that can give the current value
of simulated time. It is also necessary to synchronize events
in the simulation so that parallel events can be properly
modeled by the simulator on a sequential computer. In
addition, a statistical analysis approach is required for
stochastic systems so that various usage information can
be compiled during system execution. Probabilistic and
statistical analysis require multiple data types, powerful
mathematical resources (function libraries), and operating
system storage (file) input/output.

3. Suitability evaluation
3.1. VHDL-AMS for circuit-level modeling and simulation

Recently, VHDL has been extended to enable descrip-
tions of continuous time systems. The combination of
discrete and continuous time language constructs are
collectively referred to as VHDL-AMS [15]. VHDL-AMS
supports circuit-level modeling and simulation of con-
tinuous and discrete systems with conservative and non-
conservative semantics of energy. The equations describing
the conservative aspects of a system do not need to be
explicitly annotated by the user. The VHDL-AMS solver
automatically verifies the conservation of energy. However,

the processor-oriented modeling perspective of VHDL-
AMS limits its applicability for MEFS fluidic-sample-
oriented analysis. For instance, it cannot provide a complex
and flexible data structure to describe the fluidic sample
characteristics.

3.2. VHDL for system-level modeling and simulation

VHDL supports a broad range of constructs to describe
detailed logic and abstract algorithms. It also provides both
concurrent execution semantics and sequential execution
semantics for parallelism, and for ordering procedures and
functions. However, VHDL’s event-driven perspective does
not directly possess the capability to represent the object-
oriented and the queuing nature of MEFS higher level
stochastic behavior. In addition, the language syntax
prevents the wider application of VHDL to system-level
modeling [18]. Although the VHDL’92 version adds shared
variables to enhance the VHDL’s system-level design
capability, the shared variable’s constrained scope limits
its application from the scalable system design objective,
and there is still some controversy about the rationale of
shared variable. Some research groups suggest extending
the VHDL Ilanguage syntax for system-level modeling
[14]. However, these extensions focus more on the electrical
energy domain, and they can potentially destroy the
integrity of VHDL. Hence, it is now well accepted that
existing hardware description languages cannot be effec-
tively expanded to support system-level modeling and simu-
lation [10].

3.3. Performance language—SLAM

SLAM is a high-level performance modeling language
[13]. It provides the capacity to describe the overall system
as a stochastic system. An important aspect of SLAM is that
alternate world-views can be combined within a single
simulation model. In addition, it provides several statistical
reports for final data analysis, and it also provides a useful
simulation methodology for performance evaluation.
However, it lacks the capacity to model and simulate
hierarchical multiple level MEFS behavior. Its modeling
capability is limited to abstract high-level models, and
it does not support component level coupled-energy
descriptions.

3.4. C/C++ and Matlab

C/C++ are popular, powerful and flexible languages,
and a wide variety of C/C+ + compilers and helpful acces-
sories are available. They provide powerful dynamic data
structures. In addition, flexible semantics and adequate
mathematic functions make it possible to build a wide vari-
ety of system models. However, standard C/C++ does not
possess the description capacity to directly study MEFS
component level coupled-energy behavior. For example,
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there is no natural way in C/C+ + to represent constrained
data types, concurrency and clocks.

Matlab is a powerful high-level language that is espe-
cially suitable for demonstrating mathematical concepts.
Matlab offers a useful working environment for quick
model calculation and full simulation tasks. However,
based on the requirements for the hierarchical modeling
and performance evaluation of MEFS, from the higher
biomedical level to lower component level, Matlab lacks
the capacity to model and evaluate the hierarchical perfor-
mance of the MEFS architecture. It is very hard to study
MEEFS stochastic behavior for bio/chemical applications by
using Matlab. In addition, Matlab does not directly support
coupled-energy domain modeling. It lacks the capacity for
discrete event-driven modeling and concurrent simulation,
and does not support multiple logical values. Moreover,
there is general consensus among most Matlab users that
certain Matlab programs run extremely slowly.

3.5. SystemC

SystemC provides Module and Process to describe the
complex MEFS hierarchical architecture. In addition,
SystemC supports a rich set of port and data types. They
are very useful to describe the different fluidic sample
properties and communication between different fluidic
components. The multiple level abstract design methodol-
ogy is one of the most important properties of SystemC,
ranging from the higher system-level to lower component
level. To model and simulate continuous world-view with
SystemC, differential equations with respect to time can be
discretized and transformed into corresponding difference
equations.

Due to the complexity of MEFS designs, it is necessary to
relieve the system designer from the burden of simulator
development. Designers should mainly focus on the system
modeling using related modeling and simulation languages.
The associated simulator can automatically solve the system
model with sophisticated mathematical methods, and it can
offer a flexible and standard interface for a user-defined
program. The only obvious drawback of SystemC is that it
does not provide an associated simulator, the designer is
required not only to model the system behavior, but also
to build the model solver.

In summary, after evaluating the suitability of these
languages for MEFS hierarchical design, VHDL/VHDL-
AMS, SLAM II, C/C++, and Matlab are not suitable to
handle the complete MEFS modeling and simulation. In
contrast, SystemC is a viable candidate to develop a
MEFS hierarchical modeling and simulation environment.
This motivates the work reported in the rest of this paper.

4. SystemC design environment

On the analogy of the Gasjki and Kuhn’s Y-chart in
microelectronics CAD [11], a MEFS closed-loop integra-

tion design environment should extend system design from
the component level to the system-level, and include the
following two different functional packages: system-level
modeling and simulation package, circuit-level component
modeling and simulation package. These functional
packages are discussed in the following subsections.

4.1. System-level modeling package

System-level modeling involves the system performance
modeling and the simulation of stochastic behavior in
executing a specific biomedical and chemical application.
In addition, system-level modeling studies the reconfigur-
able system architecture performance, scheduling, and
throughput, etc.

4.1.1. MEFS behavioral description

Depending on the system-level characteristics of MEFS,
the fundamental elements for system modeling include:
(i) the storage part, which is used to temporarily store the
fluidic samples, and examples of which includes fluidic
input buffers and containment reservoirs; (ii) the transporta-
tion part, which is used to deliver fluidic samples from one
site to another; (iii) the processor part, consisting of fluidic
analyzers and mixers, which are key for a MEFS bio/
chemical application. All these functional blocks are
defined using processes. In addition, the basic elements
include: (iv) the timing clock to synchronize simulation
events; and (v) a complex but flexible fluidic sample data
structure. It contains the fluidic sample’s physical proper-
ties, and simulation procedure records. These concepts will
be illustrated in Section 6.

4.1.2. MEFS architecture description

The Master and Slave processes, which can perform data
transactions based on an address, are used to define the
fluidic transaction between different functional blocks.
Module and Process can be used to reflect the low-level
parallelism of microfluidic components and the high-level
ordering of procedures and functions. By combining these
two mechanisms, system designers have the flexibility to
model the system behavior, instead of redesigning an appli-
cation to fit an inflexible system performance modeling
language. An example about MEFS architecture design
will be illustrated in Section 6.

Furthermore, a mathematical package is built for MEFS
system-level stochastic behavior. It contains the common
real constants, and common real probability functions.
SystemC supports the capacity to build this mathematical
package with the regular function procedures.

4.2. Circuit-level component modeling package

The goal of MEFS component modeling and simulation is
to study individual microfluidic components at the circuit-
level of abstraction, emphasizing the definition of physical
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-- ELECTRICAL_SYSTEMS
signal <float>

-- ENERGY_SYSTEMS
signal <float>

ENERGY, VOLTAGE,
POWER , CURRENT;
PERIODICITY;

-- FLUIDIC_SYSTEMS

-- MECHANICAL_SYSTEMS signal <float>

signal <float> PRESSURE,
TRANSLATION, FLOW_RATE;
FORCE,
ROTATION, -- THERMAL_SYSTEMS
TORQUE; signal <float>
TEMPERATURE,
HEAT_FLOW;

Fig. 2. SystemC type declarations for composite microsystems.

properties and their relationships across multiple energy
domains.

4.2.1. Energy domain behavior declarations

Based on the microfluidic component modeling common
issues discussed in Section 2.2, coupled-energy component
modeling requires the declaration of specific variables to
represent individual energy domains and disciplines. Simi-
lar to the energy declaration in VHDL-AMS, Fig. 2 shows
the same declarations for the variables for each energy
domains in SystemC. These declarations use the signal
construct of SystemC.

Bidirectional
Micropump

Bus Storage Buffer ! <

Analyzing Liquid

reservoir

Mixing Liquid

Teservoir

Catalyzing Liquid

reservolr

4.2.2. Coupled-energy modeling and simulation

The coupled-energy problems in MEFS, which require
simultaneous statements describing concurrent events, can
be addressed using the Process construct. We make use of
three different types of Process—Methods, Threads, and
Clocked Threads. Since the concurrent processes in
SystemC are loosely coupled, the sensitivity list for each
process has to be expressed explicitly. Moreover, in contrast
to VHDL-AMS, SystemC does not directly provide
constructs for defining energy-conservative sets of simulta-
neous ODAEs. It is the users’ responsibility to write and
verify the energy-conservative models. SystemC does not
directly provide an associated simulator to solve simulta-
neous ODAEs over a series of intervals denoting a period of
time. Therefore, users have to code various DAEs solvers
with SystemC and add them into a SystemC component
behavior model.

5. Case study: microchemical handling system

Fig. 3 shows a representative MCHS. This design is based
on a reconfigurable microfluidic system architecture being
developed at Duke university [12]. This design makes use of
several basic microfluidic component [1].

The architecture of MCHS is composed with processing
elements and the reconfigurable mother-board. The reconfi-
gurable mother-board contains the liquid entrances, a bus
storage buffer containing n equal volume cells, and a single
bus channel connecting the bus storage buffer to the exit.
Several standard I/O interface ports are located along the
bus channel to connect the processing elements. A standard
processing element has a standard I/O interface port, a bi-
directional micropump providing pressure-driven flow
throughout the system, and a reaction chamber involving
mixers, analyzers, and catalyzers. Liquid samples enter

Post process

Plug in/out
Interface

Bus Channel

Micro Chemical Handling System

Fig. 3. A representative microchemical handling system based on basic microfluid components.
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Fig. 4. Schematic network modeling of the microchemical handling system based on a queuing network model.

the system from three containment reservoirs. Samples
entering the system are queued in a bus storage buffer.
Micropumps intermittently draw liquid samples from the
bus storage buffer to individual processors when the bus
channel and related processor are available. After proces-
sing, the sample is pumped from the processor to the output,
again when the bus channel is available. Due to the time
spent transporting a liquid sample into a processing element,
executing the chemical reaction, and transporting the result-
ing sample out of the system, chemical liquid samples
initially input into a bus storage buffer until applicable
resources are available.

5.1. System modeling

The architectural simulation model of the MCHS is
developed using a combination of process, event, and
continuous control paradigms. Operation of the MCHS is
denoted by the flow of entities (clients) through a network
structure consisting of nodes and branches denoting
resources, queues for resources, activities, and entity flow
decisions.

Fig. 4 shows a diagram of the queuing network model of
the MCHS. This model is built based on the SystemC design
environment. The chemical handling process can be sepa-
rated into five stages, depending on the liquid-process
routine. The first stage—the initial sample creation, is
coded in producer.h. The second stage is initial sample
acquisition-fluidic sample entering and being stored in the

appropriate containment reservoir. This stage is coded with
reservoir.h. In stage three, fluidic samples are moved from
containment reservoirs into the bus storage buffer that is not
full. The behavior of this stage is coded in busfifo.h, then
when the channel bus is free, samples are transported to the
appropriate processor. The procedure—processor.h—is
used for this stage. It consists of all processors. Fig. 5
shows its header and implementation code of one analyzer
file. After processing, the processed liquid sample is trans-
ported from the outlet when the bus channel is available.
This terminal stage is coded in terminal.h. Simulation
results also are recorded in this stage for further data
analyses.

Channel bus delivery time is dependent on the liquid flow
rate, liquid sample volume, and the distance between
locations. Processing duration is dependent on liquid sample
properties and the type of reaction. Without loss of gener-
ality, the volume for each liquid sample is assumed to be the
same (800 wl). Acquisition is modeled by a traffic of liquid
samples separated by interarrival times, denoted by
{T\,T,,...}. These are independent, identically distributed
(IID) random variables, and are characterized by an expo-
nential probabilistic distribution given by (1) having a mean
value of 15 s, that is A = 1/15.
fO =t ™ x=0 1)
Fig. 6 shows the program structure of this MCHS. Each
function block is hierarchically connected to the toper
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// header file: processor.h

SC_MODULE (processor)

{// define interface
sc_outmaster<int> fluid_select;
sc_inmaster<fluid_type > fluid_in;
sc_outmaster<fluid_type> fluid_out;
sc_in_clk clk;
processor_bufter<fluid_type>

Analyzer, Mixer, Reactor, ...;

// implementation file:analyzer.cpp

void processor:analzyer()

void analyzer();
void mixer();
void reactor();

SC_CTOR(processor) while (true)
{

{wait();
fluid_select=analyzing;
SC_THREAD(analyzer);|  // occupy the channel
sensitive << clk; e
SC_THREAD(mixer);
sensitive << clk;
SC_THREAD(reactor);
sensitive << clk;
} //fi.e:livery

item=fluid_in;
/ldelivery

//B;ocessing

b fluid_out = item;
/Irelease the analyzer

//.r.e.lease the channel

}
}

Fig. 5. Program structure for processor.h and analyzer.cpp modules.

level program. The connection between different functional
blocks is defined on the toper level. Associated numerical
simulation package and optimization package support the
system modeling, simulation and optimization [7,8].

5.2. Thermal reaction process

The liquid thermal reaction process is very useful for
various bio/chemical analysis, such as biochemical reac-
tions with DNA [3]. The liquid and reagent are mixed in
the reaction chamber and then heated. When the liquid
reaches a certain temperature, the reaction process com-
pletes, and the liquid is pumped out. Let y(#) and x(7) denote
the temperature of the heating stage (chamber) and the
mixed liquid at time ¢, respectively. The initial temperature
of the reaction chamber is assumed as y(0) = 300F. The
functionality of reactor units is defined by the following
differential equations. The temperature-changing rate of a
fluidic sample is proportional to its temperature and the
temperature of the surrounding medium, i.e.

dy(®) _
- = 0.12 X (300 — (1))
? — 0.04 X ()(¢) — x(1)

There are several numerical integration methods to solve
the above ODAEs, here, the relaxation-based numerical
integration techniques coded using SystemC are used. In

main.cpp

int sc_main(int ac, char *av[])

{

sc_link_mp<fluid_type> Inlet_reservoir;

sc_start(simulation_length);

}

producer.h |

SC_MODULE(producer) | ®®®:
{

sc_outmaster<fluid_type>
fluid_out;

terminal.h

SC_MODLE(terminal)
{

sc_inslave<fluid_type>
fluid_in;

Postprocess(item);

cout << item,;

I
I
I
I
:
I
sc_inslave<fluid_type> }
fluid_in; !
void producer_thread() |
e I
I
I oo
I
I
I
I

SC_CTOR(terminal)

SC_CTOR(producer)
|H

— Y

Numerical Simulation Package
(Mathematical Function, ODAE Solvers)

Optimization/Verification Package

Fig. 6. Description of a microchemical handling system with SystemC.

order to improve the accuracy of the results computed,
another simulation clock with higher frequency is used.
Fig. 7 shows the integration ODAE result of a certain fluidic
sample with the initial temperature at 54F.

5.3. Microvalve lumped-element nodal modeling

The pressure-driven check valves significantly affect the
behavior of the micropump since they determine the micro-
pump flow rate. The major parts of the check valve are a
cantilever beam and valve seats. Normally the cantilever
lies against the valve seat, thereby closing the port to fluid
flow. During operation, the fluid flow exerts the pressure
against the cantilever. The cantilever, acting like a spring,
deflects and allows the fluid to flow through the valve. The
schematic view of the open valve is shown in Fig. 8 [2].

Where L is the length of the cantilever, /; is the length of
the valve seat, [, is the length of the cantilever over valve
seat, i’ is the thickness of the cantilever, and 4 is the height
of the valve seat. To derive an analytical result, the
gap between the cantilever and the valve seat is divided
into five pieces. Depending on the relation between the
flow rate @ and the different region pressures Ap;(i =
1,2,...,5). The flow rate can be treated as a function of
pressure difference p and the displacement y:

\4
p=> Api(D,y) )

i=1
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Temperture change process for fluidic sample
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Fig. 7. Variation of temperature of a fluidic sample with time in the range of 54 to 250F.

The displacement y is determined by the pressure difference
between the valves. The behavior of the cantilever could be
described by a second-order differential Eq. (3)
my + dy + ky = pA 3)
where m is effective mass of the cantilever, including the
mass of cantilever and that of the liquid surrounding
the cantilever, d, the damping constant determined by the
geometry of the cantilever, and k, is the spring constant
described by the geometry of the cantilever, and product
materials. We build this microvalve analytical model with
SystemC. Because these ODAESs are inherently non-linear

and coupled, they can be solved only numerically. Fig. 9
shows the microvalve model coded by VHDL-AMS and

flap L

Fig. 8. Schematic view of the opening valve.

SystemC, respectively. Because SystemC does not provide
an associated simulator, the simultanenous ODAEs are
combined with ODAE solver coded by user and solved by
a Process: ODAESs();

Table 1 shows the microvalve determined design para-
meters and their design value. In addition, the fluid density
and viscosity for each fluidic sample are assumed to be the
same. By setting the microvalve operating frequency at
100 Hz, the average flow rate of the microvalve can be
calculated to be 5.86 ml/min.

5.4. Performance analysis
Combining the system simulation with the stochastic

Table 1
Elemental parameters and initial nominal design values

Parameters Values Units
Length of the cantilever (L) 1600 wm
Width of the cantilever (b) 1000 pwm
Thickness of the cantilever (k) 15 m
Height of the valve seat (h) 50 pwm
Length of the valve seat (/) 5 wm
Width of the valve seat (b) 400 pm
Length of the cantilever over 100 pm
valve seat (/)

Young’s modulus (E) 146.9 GPa
Air pressure (P,) 100,000 Pa
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/I VHDL-AMS model
entity valve is

generic (EffectiveMass: real;
area: real;
length: real);
port(terminal p, m: fluidic);
end entity valve;
architecture config of ODAE is
quantity valvepres across valveflow through p to m

begin // SystemC model

ydot = y"dot; SC_MODULE(valve)

y == (area * valvepres - . .
m * ydot'dot - d * y'dot) / k; {sc_.m<float> Effec.tM,
sc_in <float > area;

if y <o0.ouse
valveflow == 0.0;

sc_inout <float> valvepres;

else sc_inout <float> valveflow;
valveflow == ... void ODAEs();
end use;

SC_CTOR(valve)

{SC_THREAD(ODAE?s);
sensitive << clk;
}
|5

end architecture config;

Fig. 9. Microvalve model coded by VHDL-AMS and SystemC.

macro model and component level simulation with lumped-
element modeling discussed in earlier sections, hierarchical
simulation results with SystemC are shown in Figs. 10-12.
These simulation results show the system performance
when there are 100 fluidic samples entering the system for
processing. The performance analysis results include
throughput, resource utilization, and execution time distri-
butions. These data are useful in identifying how component
performance metrics impact overall architectural perfor-
mance, and they provide guidance for optimization.

-
- ”

System Time (second)
o
(&}

0

Liquid for
analyzing

Liquid for 2
mixing

Liquid for
catalyzing

The total time for each fluidic sample staying in the hand-
ling system consists of three periods: the waiting time for
system resources, the processing time, and the microchannel
delivering time. Fig. 10 shows the average values of three
periods for each kind of fluidic samples with one-channel
structure. The chemical fluidic sample waiting time occu-
pies a too high proportion of the total cycle time. The chan-
nel bus is the principal bottleneck preventing liquid samples
from accessing processors and processed liquid samples
from being dispensed. The effects of increasing channel
bus bandwidth by adding another parallel channel bus are
studied in Figs. 11 and 12. Fig. 11 compares system
throughput versus channel bus bandwidth and Fig. 12
compares system resource utilization versus channel bus
bandwidth. The better architecture with the two-channel
bus architecture reduces system processing time and
increases resource availability.

Acquisition rate (workload) is another important system-
level design parameter influencing system performance. For
a given architecture, the MCHS has a saturation capacity,
where resources are maximally utilized. Workloads less
than saturation capacity under-utilizes resources, whereas
workloads greater than saturation capacity may decrease
system quality or even cause system failure. Thus, it is
desirable to investigate saturation operating performance.
Fig. 13 shows the MCHS performance under varying
sample acquisition rates, A changing from 1/100 to 1/5.
The straight dash-point line shows an ideal case when
availability of the system is guaranteed and all input
samples are accepted and processed. The other curve is
actual system performance. When the sample traffic rate is
low, system throughput is nearly linear—the performance

3 Waiting period
2 Delivery time

1 Processing time

Fig. 10. Simulation results: average times for the different samples in various phases.
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System Throughput Comparison with Different Channel Bandwidth
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Fig. 11. Variation of system throughput with different channel bus bandwidths.

Resource Utilization Comparison with Different Channel Bandwidth

T T T T

12+ : Il ONE channel : : 4
Il TWO channels

Channels

-

o o
[« [e ]
T T

1 1

Resource Utilization (100%)
N

Analyzers Mixers Catalyzers

1 2 3 4
System Resources

Fig. 12. System resource utilization.
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System Processing Capability versus Traffic Rate (L)
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Fig. 13. Variation of system processing capability with change in traffic rate.

of the system approximates the ideal. At increased input
rates, meaning reduced interarrival time, actual system
processing capability increases and quickly reaches
saturation.

6. Conclusion

n this paper, we demonstrated SystemC as a strong
candidate for MEFS hierarchical modeling and simula-
tion. The architectural features of a hierarchical model-
ing and simulation environment based on SystemC have
been presented. This design environment extends from
lower level component modeling and simulation to
higher level system modeling and simulation. In addi-
tion, several functional packages have been described.
The complete system modeling and simulation for a
MCHS is presented depending on this design environment.
Simulation results are presented and performance analyses
are presented.
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