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Abstract—The digital design methodologies are evolving with
the increase of digital systems utilization in daily life. The
Model Based Design (MBD) methodology provides a unique
methodology for design and implementation of digital systems
on Field Programmable Gate Array (FPGA). Recently, a lot of
research effort has been put to exploit new methodologies for
designing and prototyping of digital systems on FPGA. The
FPGA hardware provides prototyping which provides means of
verifying your design at an early stage of development cycle.
This helps to evaluate design trade-offs by testing the design in
real-time on hardware. Making prototypes is a common
practice in research-oriented projects. However, it requires
excess development time which increases time to market of the
product. This paper illustrates the use of reconfigurable MBD
for rapid prototyping of digital systems on Microsemi ACTEL
FPGA:s for improving the design-cycle and time-to-market of a
product. The model is simulated to verify the functionality of
the design at system-level and a high-level code is generated
from the MBD toolset embedded in MATLAB for hardware
implementation. Then, a High-Level Synthesis (HLS) is
performed on the generated code which converts this high-level
code into Verilog-HDL suitable for hardware implementation
on FPGA. Hence, this work presents a methodology and its
analysis for design of digital system using high-level synthesis
on Microsemi ACTEL FPGA.

Index Terms—Model-based design, binary phase shift keying,
high-level synthesis, field programmable gate array.

. INTRODUCTION

The digital design methodologies are evolving with the
increase of digital systems utilization in daily life. In rapidly
changing digital system design world, all the methods and
technological advanced platforms are utilized mixed
language platforms for design and implementation. The
model-based or building block based design is most popular
as it provides rapid prototyping facility. The matrix
Laboratory (MATLAB) software provides interface with
many hardware programming devices. These interfaces
provided by MATLAB made it possible for designers to
perform rapid prototyping my using pre-developed codes or
by converting the MATLAB code to the hardware specific
programming language. For instance the MATLAB software
provides interface for Texas Instrument Digital Signal
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Processor (DSP) [1], [2] for design of digital systems.
Similarly the MATLAB software provides the interfaces for
different vendors FPGA [3]-[5] for prototyping. Besides
interfacing FPGAs with MATLAB require conversion of
MATLAB files into Verilog Hardware Description Language
(HDL) [6], [7].

The digital systems are defined through Hardware
Description Languages (HDL) or using some high-level
language for a specific hardware platform, eg. a
microcontroller or a microprocessor. The Model-based
Design (MBD) refers to the use of blocks or diagrams instead
of code [8]. These fundamental blocks vary in complexity
from a register or a delay element to random bit generator to
more advanced blocks like a Direct Digital Synthesizer (DDS)
capable of generating Sine / Cosine discrete values for a
given frequency and sampling rate. These blocks are
provided with configurable specification options to suit
designer’s needs by the software itself, e.g. Simulink
(MATLAB). However, more than just ease of graphical
environment to connect basic modules / blocks, the MBD is a
paradigm shift for system level development in which the
system is built in a bottom-up approach to architect a
versatile and complex algorithm, e.g. a control algorithm,
signal processing, or image processing algorithms [8].

In case of designing the blocks in FPGAs are implemented
using a High-Level Synthesis tool integrated with the MBD
software, for example the Symphony High Level Synthesis
(SHLS) tool for Microsemi-ACTEL FPGA [9]. Similarly, the
Xilinx FPGA provides tools for MBD [10], [11]. Previously,
researchers have worked on utilizing the tools in embedded
with MATLAB software for Xilinx FPGAs for prototyping
on Xilinx FPGAs. S. Kotel et al. [12] presented his idea of
utilizing the MATLAB embedded tool for video processing.
S. Chhabra et al. [13] presented the hardware and software
co-simulation for image processing application. The research
performed were mainly focused on utilization of Xilinx
FPGA tools embedded in MATLAB software for prototyping.
In this paper, we focus the implementation of a Binary Phase
Shift Keying (BPSK) modulator using MATLAB software
and SHLS software for Microsemi ACTEL FPGA. The idea
is to show the ease of design and implementation of a
complex algorithm using the MBD methodology and
contrasts it with conventional RTL coding using HDL.

The paper is structured as follows. The previous work is in
Section Il. Section Il provides an introduction to BPSK
modulator and the proposed implementation. Section 1V
provides experimental results. Finally, Section V concludes
the paper.
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Design and implementation of digital modulators in
reconfigurable hardware such as FPGAs has always been a
hot topic not only due to the low complexity of the algorithm.
There were many researchers who implemented modulators
using VHDL [14], [15] which involve great effort to tackle
the timing and synchronization of individual modules along
with the verification of the overall design.

Previously, F. Ferrandi et al. [16] presented Xilinx design
flow for IP core generation. The implementation for IP-core
generation provides the techniques utilized for generation of
IP cores using hardware software co-design. Then, there have
been vendor specific implementations with a graphical
interface [17], [18] in which Xilinx devices have been
targeted. In this paper, we target Microsemi-ACTEL FPGAs
suitable for space communications [19] and provide
hardware results for BPSK modulator with constant signal to
noise ratio which we could not find in existing
implementation. However, the basic idea is to show the ease
of system design and modification in response to design
changes. This paper presents the first implementation of the
MBD for prototyping using Microsemi-ACTEL FPGA
SHLS tools with MATLAB software.

The MBD implementation of digital down converter using
the MATLAB software and simulating it on Modelsim
software is presented for its effectiveness on FPGA [20]. The
MBD for software define radio is presented by X. Cai et al.
[21]. The implementation has been focused on utilization of
Xilinx FPGA tools for designing of software define radios.

PREVIOUS WORK

I1l. THE BPSK MODULATOR PROPOSED IMPLEMENTATION

The BPSK is a digital modulation technique in which the
phase of the carrier (reference signal) is modulated to distinct
phases/angles. However, as the name suggests, it uses two
phases which are separated by 180< The BPSK is also called
as 2-PSK or Phase Reversal Keying. The Fig. 1 shows the
waveform generated from BPSK modulation. The working is
explained by the fact that it has one fixed phase, say 0< when
the binary data is at one level, say logic level 0, and when the
data is at the other level say logic 1, phase is reversed or set to
180< Though, the resulting phase corresponding to the logic
level is user defined, a binary 0 is 0°and a binary 1 is 180<
the phase changes when the binary state switches so that the
signal is coherent. A BPSK modulator system requires a
multiplication of sinusoidal wave with the binary data of 1
as shown in Fig. 2.

However, this is an analog implementation of BPSK
modulator in which the multiplier has an analog sinusoidal
carrier from an oscillator. Such carrier wave generation is not
applicable in digital systems where we can only store discrete
values. The simplest of Phase Shift Keying methods to digital
modulation, yet BPSK is a complex algorithm for
implementation in FPGAs using HDL.

The BPSK modulator can be implemented on FPGA using
an IP-core based implementation [22], Custom designed
HDL-core based implementation, and the MBD
implementation [23], [24].
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Fig. 2. A BPSK modulator.

A. Design Using FPGA Vendors IP-Core

Firstly, the IP-cores cannot be utilized for modification of
algorithms for research purpose. In communication
implementation of BPSK Modulator for implementing
modification of algorithm using the IP-core based
implementation cannot be performed using IP-cores. The
IP-cores cannot be used to conduct further research, and
implementation must be done by designing the HDL core by
an individual.

B. Conventional HDL-Core Design for FPGA

While there can be many FPGA implementations using
Verilog HDL or VHDL, the basic idea is to generate a carrier
wave (Sine or Cosine) of a particular frequency, and multiply
it with the incoming data in digital domain. However, only
discrete values of carrier can be stored in digital format,
which means we need to store samples of sinusoid for a given
frequency. Moreover, we also need to know how many
samples of the sinusoid are acceptable for a given Analog to
Digital Convertor (ADC) to produce a smooth waveform.
The higher the number of samples in a sinusoid cycle, the
better the performance of BPSK modulator at the output of
ADC. In digital domain, the generation of a sinusoidal wave
is implemented using a CORDIC algorithm or using
Look-Up-Table (LUT) based approach.

C. LUT Based Implementation

The Fig. 3 summarizes LUT based implementation; it
involves using phase generation circuit, implemented in the
form of accumulator. It uses sinusoid amplitude generation,
using LUTSs, storing amplitude sample values. It uses digital
Sine/Cosine wave generation by cascading phase generation
circuit and amplitude generation. It also uses phase reversal,
implemented in the form of inverter and multiplexer.

D. Drawbacks of HDL Based Implementation

The implementation in FPGA using HDL requires
synchronization among the modules as well as critical timing
of signals due to multiple clock domains, e.g. core clock
frequency, sampling frequency and carrier frequency. This
results in significant loss of time for verification of the whole
circuit, and as the circuit complexity grows, there is
exponential rise in verification time. Furthermore, the design
is not scalable, e.g. in case we want to make a slight change in
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the carrier frequency or increase multiplier precision, we
need to change whole look-up table, bit widths, and need to
adjust number of samples. Thus a re-design of whole system
is inevitable, and new verification cycle waits again.
Consequently, we need a better scalable development
strategy to encounter such complex problems.

IV. THE EXPERIMENTAL RESULTS

In the MBD, a scalable and easily modifiable modeling
and implementation is conveniently achievable by using
blocks which have a graphical interface for setting the block
or module's parameters. These blocks are pre-verified and
can be simulated in one click. The phase generation and
waveform convertor in Fig. 3 is collectively called a Direct
Digital Synthesizer (DDS), which is the most critical part of
BPSK modulator and is readily available as a block in
MATLAB. Hence, the carrier generation in digital domain
for any carrier frequency, central clock, and any sampling
rate is at the fingertips of the designer. Moreover, a designer
can also control the number of bits the modulator processes
out which is very handy in case the designer intends to
increase the modulator's precision and interface with ADC.

A possible equivalent BPSK modulator is designed using
the MBD strategy in the Fig. 4. The carrier generation is
carried out by a pre-designed available model of DDS. A
Bernoulli Binary bit generator is used as an input to the
model, which is further, registered (INPUT_BIT). This
defines the input boundary of the system model. The output
of multiplexer is a 1 or -1 as dictated by the Bernoulli's bit
generation principle. The output of the multiplexer, which is
our b(t) is multiplied with the discrete samples of carrier
wave which is our output of modulator. The output is also
registered, which marks the output boundary of our model.
The SHLS Tool block shows the system is to be synthesized
with Symphony HLS, a high-level synthesizer from Synopsis
Inc. A Scope serves as an output probe to the system model
through which the output of system model can be observed.
The simulation results for a BPSK modulator with
specifications of data rate of 10 Kbps, carrier frequency of 40
KHz, samples per wave cycle of 40 samples, sampling
frequency of 2 MHz, output word length of DDS core 16 bits,
and output bits width of multiplier of 12 bits output.
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Fig. 3. BPSK waveform.

A. Synthesis Results

Symphony HLS software provides versatile options for
system-level optimizations and generating the RTL code for
the model, including target device e.g. specific FPGA like
Microsemi-ACTEL ProAsic3E (A3PE1500), RTL options
for language settings, design options for synchronous /
asynchronous reset, clock resets domain, and HLS

Constraints. The HLS constraints are useful for speed versus
area optimization. We used asynchronous reset for the
system model to reset the system after an interval of 8 bits
time to compensate for imperfect clocks. A tolerance of 0.1%
in clock frequency can hugely disturb SNR of BPSK output
due to striking of the bit at non-zero crossing of the carrier.
The hardware resources utilized for Microsemi-ACTEL
ProAsic3E (A3PE1500) are shown in Table I.

TABLE I: HARDWARE RESOURCES

Cell Count Area Count*Area
AND2 9 1 9
AX1 1 1 1
AX1C 1 1 1
DDS 1 10325 10325
DFN1C1 10 1 10
DFN1P1 2 1 2
GND 1 0 0
INV 1 1 1
NOR2B 12 1 12
VCC 1 0 0
XOR2 24 1 24
Total 63 10385
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Fig. 4. BPSK Modulator design using Simulink.

Fig. 5. BPSK output waveform of the System Model.
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V. CONCLUSION

The goal of rapid prototyping is to quickly create the
system design, verify it and modify if necessary without
re-iterating the design cycle and verification step. However,
as we see in conventional BPSK modulator design, the
design requires cumbersome amount of effort for wave
generation in discrete domain, meet the timing requirements
of individual modules, and verify the design with non-trivial
test benches and covering all test scenarios. A slight
modification in the design due to specification changes
requires complete re-designing, and verification cycle. Such
a redesign step is not needed in the MBD strategy where the
modules are not only pre-verified by the software tool but can
take any specification, eliminates timing and verification
stage, simulates the design without writing test-benches and
generating the RTL code for your system, thanks to
High-Level Synthesis strategy.
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