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Abstract— Digital communications devices designed on FPGAs are capable of affording multiple communications protocols
without the need to arrange new hardware, and can support new protocols in a matter of seconds. In addition, FPGAs
provide a means to update systems that are physical difficult to access. For these reasons, FPGAs provide us with an ideal
platform for implementing adaptive communications algorithms. This paper proposes a new approach to digital modulator
techniques, applied to telemetry applications; simplifying the hardware design and inherently increasing data rate. This
paper describes a method to implement modulation techniques (BPSK, QPSK and 8PSK) to transfer high data rate on field
programmable gate array (FPGA). The implementation have been successfully done in VHDL using Xilinx ISE 13.2 Design
suite and finally implemented in SPARTAN-3 FPGA.
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I. INTRODUCTION

Modulation is a method which is used to encode information from digital form to analog form. The digital modulation scheme is
more secure and efficient for transmission as compared to other. The correction and noise detection are better in digital
techniques over analog techniques. The selection of digital modulation scheme will significantly affect the characteristics and
performance of a communication system. The objective of a digital communication system is to transport digital data between
two or more nodes. This is usually achieved in radio communication by adjusting a physical characteristic of a carrier
(sinusoidal), the frequency, phase, amplitude or a combination of it. This is performed in real systems with a modulator at the
transmitting end to impose the physical change to the carrier and a demodulator at the receiving end to detect the resultant
modulation on reception. Field-programmable gate arrays (FPGAs) are semiconductor devices containing programmable logic
elements (LEs) and a hierarchy of reconfigurable interconnects to realize any complex combinational or sequential logic
functions. Today’s FPGAs consist of configurable embedded static random-access memories (SRAMSs), high-speed input/output
(I/0O) elements, high-speed transceivers and even hard-embedded processors. FPGAs are widely used in different applications,
such as motor controllers, neural network implementations, finite-impulse-response (FIR) filter realization, fuzzy-logic
controllers, etc. Also, FPGAs provide a means to update systems that are physical difficult to access. For these reasons, FPGAs
provide us with an ideal platform for implementing adaptive communications algorithms. FPGA based design for QPSK & 8-
PSK modulator implementation for satellite communication is given by Satish Sharma et al. [2]. Similar work has been proposed
by Dhivya Jose, et al. [3] In which carrier waveform for the modulator generated using coordinate rotation digital computer
CORDIC algorithm which uses shift, addition and very small look up table (LUT). [1] proposed BPSK and BFSK modulation
techniques in low power consumption systems and for high speed systems. a novel design which contains minimum number of
blocks necessary for designing of basic binary digital modulators and implemented on Altera DE2 FPGA Board is proposed by C.
Erdogan et al [4], [8] published a study to develop an implementable low power QPSK modulator. [10] proposed a method to
design BPSK modulator and Demodulator using Matlab/Simulink environment and implement it to FPGA Spartan 3E kit. [11]
proposed a real time implementation of FPGA based frequency synthesizer by utilizing I/Q modulation. Many other researchers
[5, 6, 7,9, 12 and 13] have also focused on the development of on chip based communication system. Rest of this paper is as
follows, section-1l methodology for BPSK, QPSK and 8PSK modulator design, followed by simulation result in section-IIl,
finally section-IV concludes this paper.

Il. METHODOLOGY

A. BPSK- Modulator

BPSK also called as phase reversal keying (PRK) or two phase shift keying. It is simplest form of PSK. It takes two phases
separated by 180 degrees. That’s the reason why generally it is called as 2-PSK. We can’t say where these points have located. It
has many disadvantages like the highest rate of noise distortion, can able to transmit 1 bit/symbol. So, it is not suitable for high
data transmission applications. In modern digital communication, the BPSK modulation is the most popular applied in modern
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wireless communication. In wireless applications, such modulation may also be used for medical purposes, such as satellite
telemetry, biotelemetry, telemedicine and healthcare. Furthermore, endoscopy, retina and brain telemetry devices are mainly
developing with a high data rate. There is a high demand for a higher data rate, because of increasing the electrode numbers for
reading the nerve signal information or controlling data. In such applications BPSK has advantages over FM, AM, ASK and FSK
modulations. We propose in this section to develop VHDL code to generate a digital BPSK signal for improving modulator
performance and increasing the data rate. Compared to the other analog modulators, this type of modulator provides digital
synthesis and the flexibility to reconfigure and upgrade with the two most often used languages VHDL-and Verilog-based. The
BPSK signal can be represented mathematically in equation (1), while the input data and transition for carrier wave is shown in
Figure-1.

Sgpsx = (I)J% cos (.t + <|J) 1

As revealed in Figure 1, the digital data is converted from analog or already generated in digital form and, this is required to
convert to the analog modulator performance. For this technique, it is essential to convert the binary data m (t) into NRZ signal
that maps the logic (0) to -1V (nominal) and logic (1) to + 1V. This data signal controls the transition shift (0), (7) for the carrier
signal. That results in high power consumption for these types of analog modulators, reduces their efficiency and limits their
biomedical application. This also increases the hardware complexity of the circuit and produces a large physical device.

NRZ Binary J 1 0,‘ 1 1 0 1 0
Data

z wmmwwmwwwww

Figure 1: BPSK waveform with respect to (NRZ) data state

The proposed modulator was developed with a VHDL description code to generate carrier shifts (0) and (180°) which are
controlled by the input binary data to perform the transition of the BPSK signal. The modulator consists of digital and analog
parts as shown in Figure 2. The proposed modulator output signal at multiplexer (Mux) is in digital modulated form. It can be
expressed as:

Mux,,, = carry. PN + carr;. PN o)
The filter is essential for the modulator to complete the process (off-chip); the output signal produced by the filter has an analog
form. In this work, we investigated two types of filters, the first is low pass filter (LPF) and the second is band pass filter (BPF).
The BPSK VHDL modulator output signal fed into the test filters.
Generally, the output is selected by the multiplexer then filtered with either a passive band pass filter or low pass filter to
eliminate the high frequencies and the harmonics which are associated with the square wave signal, in order to provide the
transmit analog signal (Tx). The simulated random data signal (Data_in) that is generated by a PN sequence can be represented
by the Fourier series analysis as expressed in equation (3), where the input carrier signal is a periodic pulse train signal, which
mathematically can be expressed in equation (4).

PN(t) = z;‘::—m Cpp(t—nT,) (3)

sinf(2k—1]ow )
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Figure 2: The proposed digital BPSK Modulator Block Diagram Compared to analog Modulator
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The module system was synthesized with VHDL programming code and simulated with the Xilinx 13.2.

B. QPSK- Modulator

QPSK also one type of phase shift keying which is under the digital modulation. Demand for a high data rate for the data
returned from the body is increasing, and require an efficient modulator to achieve both a high data rate and low power
consumption. In such applications, the QPSK modulation has advantages over other schemes, and double symbol rate with
respect to the BPSK over the same spectrum band. All analog or hybrid analog/digital QPSK modulators work with the phase
shift of the carrier (¢), as the key of the modulation. The phase shifter is the most important element in the modulator to acquire
two discrete signals sin(wt) and cos(wt). Practically, it uses a direct digital synthesizer (DDS) or numerical control oscillator
(NCO) to generate the carrier signal. However, in analog modulation it is essential to use the NRZ format to map I and, that
produces analog QPSK signal, which can be represented mathematically in equation (5) and I/Q are defined in equations (6) and
(7) respectively:

Sapsk = 1(t) cos(w .t) — Q(t)sin (w,t) (%)
() = \Ems[(m -1) ﬂ (6)
Q(t) = ﬁsin [2i-17] @)

Where: fc is the frequency carrier.
1(t) is the in phase of data.
Q(t) is the quadrature of data.
i is the number of M (M=2, marks this a BPSK, =4 is QPSK)
These types of conventional modulators are not suitable for medical applications, which are essentially working with the input
data in NRZ signal form. The proposed QPSK modulator was programmed to generate a carrier phase shifter, to acquire four
discrete states (0°, 90°, 180°, and 270 °©), where the input data was split into two separate streams in-phase I, and quadrature
phase @Q, to map the carrier signal, which was interfaced to the multiplexer.
The output is selected by multiplexer to provide a digital QPSK signal, which passes via a passive filter before being transmitted
that eliminates the high frequencies. Figure 3 demonstrates the proposed VHDL QPSK modulator compared to an analog
modulator. The digital QPSK signal of the multiplexer output can be represented in equation (8) below:

Muxy,e = IQ. Cy + 1Q.Cap + 1Q. Cy5p + 1Q. C15p ®)
To simplify the modulator design, the principle of the QPSK analog modulator, that is the main challenge for converting and
designing the modulator in simple digital form. However, in analog modulation when generating the QPSK signal and data are
in NRZ signal format, it is essential to map the data into | and Q streams, which are influence the carrier signal according to the
transition of the input data. These types of techniques are not suitable for biomedical applications; it is conventional modulators,
which are essential when working with the input data in NRZ signal format. To convert the carrier, it is synthesized with a
periodic pulse signal, which generates four discrete states (0°, 90°, 180°, and 270°), whilst the data mapping is described in
different concepts. Figure 4 describes the first concept (A). The direct digital modulator is controlled by two streams I and Q of
the carrier (0°, 270°) and inverted data is the controlling carrier (90°, 180°), then two carriers are combined together and
subtracted in order to produce the QPSK signal. The critical point in this process is difficulty of converting the adder/subtractor
in full design of modulator in digital form.

Figure 3: The proposed digital VHDL QPSK Modulator block diagram Comparing to analog QPSK modulator
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Figure 4: A Concept for generating direct QPSK digital modulator

C. 8-PSK Modulator

The higher level of direct digital modulations is the 8-PSK. As a result of extending the symbol rate, the separation between
phase states becomes smaller and susceptibility to noise increases. The 8-PSK modulator is described as deploying, the highest
order PSK constellation. The challenge in digital modulation schemes is for a perfect synthesis design to minimize the
processing circuit with compatible hardware. In practice, there are different topologies to synthesize the 8-PSK modulator,
which is mostly used in mobile communication and in modern telecommunication. The modulator block diagram is shown in
Figure-5, which is possible for synthesis with the FPGA technologies. The signal constellation usually deals with binary data
that means the number of symbols, the symbols probabilities constellation diagram for the 8-PSK modulator as shown in
Figure-6.

Figure-5: Block diagram for 8-psk modulator

Q 101

Figure 6: Constellation diagram of 8-PSK modulator

Third proposed modulator is 8PSK, which is composed of eight discrete signals as (0°,45°, 90°,135°), (180°,225°, 270°, 315°).
These carrier signals are controlled by the binary input data through a counter to generate (2 n — 8 where n = 3), that performs
the transition of the eight carrier signals data mapping. It is then interfaced into eight inputs multiplexer, and the output provides
an 8- PSK digital signal. However, we demonstrate in Figure 4.9, the principle of the proposed direct digital modulator 8-PSK.
The multiplexer output for the digital 8PSK signal can be expressed in equation (4.9) below as:

Muxwtf_CGDﬂDng_—l— CJL_SDUDIDZ + C1g0Do D1 Dy + C305DoD1 D5 + Coo Do Dy Dy + Coa50DoD1 D5 +
C13sDoD1 D5 + C315 Do D4 D o

8-PSK
digital signal
e

T OTMOAE >

JLL

8-Carrier Clock

| -—

Data Input

Figure 7: Principle of direct digital modulator 8-PSK in FPGA/CPLD
The carrier phase shifter generates the eight phase clocks as (0°,180°,90°,135°, 45°, 225°, 270°, 315°), where the data mapping
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provides the essential transitions of the carrier. The multiplexer is a selectable switch which is interfaced from the carrier phase
hifter and mapped data; the output provided is an 8-psk digital signal.

HLSIMULATION RESULTS

The new simple VHDL Binary Phase shift Keying (BPSK) modulator has been synthesized for transcutaneous biomedical
devices applications. It is programmed with the Hardware Description Language (VHDL) code to generate the behavioural
BPSK digital signal. The behavioural simulation (RTL view) for BPSK modulator is shown in Figure- 8 and the waveform
simulation is presented in Figure-9.

BPSK_modulator:1

Freq_div2MHz PN_gen
[ a Guou cx ot
4 [
u1 u2
Carrier_Phase mux_2
- e | [ oo
uo
us

BPSK_modulator

Figure8: RTL View for BPSK Modulator

Figure 9: Simulation Waveform of BPSK Modulator at clock size 100us

The behavioural simulation (RTL view) for QPSK modulator is shown in Figure-10 and the waveform simulation is presented
in Figure-11 which demonstrates the output signal waveforms indicating the transitions (90°) ( 180°) of the carrier signal

(output of multiplexer), due to the data influence.
QPSK_Modulator:1

carrier_shifter Freq_div

L

U4
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Figure 10: RTL View for QPSK Modulator
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Figure 11: Simulation Waveform of QPSK Modulator with clock size 100us

The behavioural simulation (RTL view) for 8-PSK modulator is shown in Figure-12 and the waveform simulation is presented
in Figure-13 which demonstrates the transition of the digital signal for 8- PSK modulator output.

psk_mod:1

Carrier_8Phaser

counter
o [ h
Sl
3
muxBto_1
4

psk8_mad

Figure 12: RTL View for 8-PSK Modulator

Figure 13: Simulation Waveform of 8-PSK Modulator at clock size 100us

TABLE I: COMPARISON OF DEVICE UTILIZATION FOR BPSK, QPSK AND 8PSK MODULATOR

Parameters BPSK QPSK 8-PSK
Selected Device Xc3s50-5pq208 Xc3s50-5pq208 Xc3s50-5pq208
No. of Slice 6 out of 768 10 out of 768 4 out of 768

' 0% 1% 0%
No. of Slice Flip 10 out of 1536 15 out of 1536 7 out of 1536

Flops 0% 0% 0%
. 9 out of 1536 17 out of 1536 7 out of 1536

No. of 4 input LUTs 0% 1% 0%
4 out of 124 7 out of 124 7 out of 124

No. of bonded 10Bs 3% 505 506

1 outof 8 1 outof 8 1 outof 8
No. of GCLKSs 12% 12% 12%
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IV.CONCLUSION

The digital modulators (BPSK, QPSK and 8PSK models) have been successfully designed, simulated and synthesized with
VHDL programming code in Xilinx 13.2. The proposed work presented a better performance with high data rate. The output of
the multiplexer produced a BPSK or QPSK digital (square) signal waveform with the data rate of 2Mbps with very low area
requirement. Proposed technique simplifies the modulator to synthesize with FPGA or CPLD technologies, and useful for various
applications. Synthesis report shows that our proposed design consumes lesser area while providing high data rates. Some other
techniques of modulation can further be implemented through our proposed technique.
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