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ABSTRACT: This paper presents a study on different digital modulation techniques based on FPGA and their Bit Rate 

Error. Digital modulation represents the transfer of the digital bit stream from the transmitter to the receiver via the 

analog channels. The information signal modifies one or more carrier parameters, leading to shift keying techniques 

during the modulation process. Various DSP based data compression, encoding/decoding algorithms, and noise 

filtering techniques have been developed to achieve effective and efficient data transmission with the help of FPGAs 

for hardware implementation. Modulators were designed using VHSIC (Very High Speed Integrated Circuit) Hardware 

Description Language (VHDL) was realized on high speed FPGA (Field Program Programmable Gate Array). Data 

rate transfer is fairly important in wireless communication systems. BER (Bit Error Rate) of different digital 

modulators was compared. From literature survey it was found that design employs the minimum number of blocks 

necessary for achieving different digital modulation. The functionality of these digital modulators will be demonstrated 

through simulations using Xilinx 13.2. 
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I.INTRODUCTION 

The choice 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 (SRAMs), high-speed input/output 

(I/O) elements, high-speed transceivers and even hard-embedded processors [9]. FPGAs are widely used in different 

applications, such as motor controllers [10], neural network implementations [1, 3], finite-impulse-response (FIR) filter 

realization [11, 12], fuzzy-logic controllers [13], etc. In this paper, basic block diagram and implementation of digital 

modulators using FPGAs has been studied. 

 

II.REVIEW OF RELATED WORK 

 

This section presents a brief review of some of the most recent literature published in the related field. 

Dhivya Jose, et al.  [4] implemented all digital modulation techniques into a single module and implement in a Field 

Programmable Gate Array (FPGA). They proposed a system that allows the user to select any one of four modulations 

without reconfiguring the FPGA. Carrier waveform for the modulator is generated using coordinate rotation digital 

computer CORDIC algorithm which uses shift, addition and very small look up table (LUT). It is hardware efficient and 

iterative algorithm for circular rotation and an efficient method to compute trigonometric functions. The codes for these 

digital modulators are developed in VHDL and the functionality of these digital modulators was simulated using the 

MODELSIM simulation software and synthesized by Xilinx ISE Design suite14.5 and finally implemented in 

SPARTAN-3E FPGA. C. Erdogan et al [5] proposed a novel design which contains minimum number of blocks 

necessary for designing of basic binary digital modulators and implemented on Altera DE2 FPGA Board, and modulator 

is verified using Quartus II simulator. The proposed method in article [6] shows the feasibility of test-bench by means of 

mixed-signal simulation and SW debugger. A prototype has been developed to verify the performance of test-bench; it 
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shows improvement in induction load characterization. For designing of inductors and power converter impedance of 

this type of large signal is used, it also provide real time measurement of parameters. S.O. Popescu et al [7] proposed a 

method to design BPSK modulator and Demodulator using Matlab/Simulink environment and implement it to FPGA 

Spartan 3E kit. The modulator and demodulator were integrated into two different boards, having local clock oscillator 

of the board of 50 MHz which corresponds with a period of 20ns. The BPSK carrier frequency is 31,250 kHz. This 

design is suitable for propagation and to minimize memory utilization. Mehmet Sonmez, Ayhan Akbal [8] presented 

simulation results of binary frequency shift keying (BFSK) and binary phase shift keying (BPSK) modulation techniques 

in FPGA complier. They proposed both the modulation techniques in low power consumption systems. In addition, these 

modulation techniques are used high speed systems. Also, BPSK and BFSK modulations are compared to bit error rate 

(BER). BPSK modulation technique has BER low than BFSK modulation in AWGN channel. Modulators were designed 

using FPGA complier (Quartus II 9.1). In Quartus II complier, results of simulation are observed using vector waveform 

file. 

III. DIGITAL MODULATORS 

A. BASK Modulator  

In a BASK (binary amplitude-shift keying) modulator, the amplitude of the carrier (sinusoidal) signal is changed 

according to the message level (“0” or “1”), while keeping the frequency and phase constant. If transmitting data is 1, 

BASK modulated signal is carrier signal. When transmitting data is 0, BASK modulated signal is 0. In modulation 

process the data bits are multiplied with a carrier signal and then modulated signal is created. 

S(t) = Ac Sin(2𝜋𝑓𝑐𝑡)  ; if symbol = 1 

S(t) = 0                        ; if symbol = 0                (1) 

 

 
Fig. 1 A block diagram of BASK modulation 

Fig.1 shows a block diagram of BASK modulator. The multiplier output is modulated by binary code. This NRZ level 

encoder converts the input binary sequence to the signal suitable for product modulator.  

 

 
Fig. 2 The modulating-signal (message) and the BASK signal waveform 

 

Fig. 2 shows the message signal, carrier signal and BASK modulated signal waveforms. 
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B. BPSK Modulator  
In a BPSK (binary phase-shift keying) modulator, the phase of the sinusoidal carrier signal is changed according to the 
message level (“0” or “1”) while keeping the amplitude and frequency constant.  If transmitting symbol is 1 then 
beginning of BPSK modulated signal’s period is positive values. But if transmitting signal is 0, beginning of BPSK 
modulated signal’s period is negative values.  

S(t) = Ac Sin(2𝜋𝑓𝑐𝑡)  ; if symbol = 1 
       S(t) = -Ac Sin(2𝜋𝑓𝑐t) ; if symbol = 0    (2) 

 

 

Fig. 3 A block diagram of BPSK modulation 

In Fig. 3, the block diagram of BPSK modulator is shown. Binary data is converted to binary code bipolar format, then 
binary code bipolar format signal is multiplied carrier signal. Thus, BPSK modulated signal is created. 

 
Fig. 4 The modulating-signal (message) and BPSK signal waveforms 

Fig. 4 shows the message signal, carrier signal and BPSK modulated signal waveforms. 

 

C. BFSK Modulator  

In a BFSK (binary frequency-shift keying) modulator, the frequency of the carrier signal is changed according to the 

message level (“0” or “1”) while keeping the amplitude and phase constant. 
S(t) = Ac Sin(2𝜋𝑓1c𝑡)  ; if symbol = 1 

      S(t) = Ac Sin(2𝜋𝑓2c𝑡) ; if symbol = 0         (3)   
 

 
Fig. 5 A block diagram of BFSK modulation 
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Fig. 5 shows the block diagram of BFSK modulator. Binary bit stream is multiplied with the carrier signal. Same bit 

stream was inverted and multiplied with carrier signal. After addition of both the signals we get BFSK signal. 

 
Fig. 6 The modulating-signal (message) and BFSK signal waveforms 

Fig. 6 shows the message signal, carrier signal and BFSK modulated signal waveforms. 
 

D. QPSK Modulator 

QPSK modulation is based on Phase modulated. Namely, for each symbol, different phase data is sent to channel. Each 

symbol consists of two bits. These bits are modulated in I channel and Q channel. For I channel carrier signal is used 

sinus, for Q channel carrier signal is used cosines. For QPSK modulation, there are four cases. These cases are 00, 01, 

10 and 11. For each case, QPSK signal is created using signal of different phase. These phases are 45°, 135°, 225° and 

315°. Hence, in contrast to binary modulation techniques such as BPSK (Binary Phase Shift Keying), BFSK (Binary 

Frequency Shift Keying), BASK (Binary Amplitude Shift Keying), QPSK modulation technique is a fast modulation 

technique. 

The QPSK modulation signals are defined as 

     S t = Ac cos( 𝜔𝑐𝑡 + 𝜑𝑖) ; for i=0,1,2,3,            (4) 

In equation (4),    𝜑𝑖 =  2𝑖 + 1 ∗  
𝜋

4
            ; for i=0, Ac=1; 

     S t = Ac cos( 𝜔𝑐𝑡 +
𝜋

4
) 

              =
1

 2
(cosωc t − sinωc t)                                         (5) 

 

Fig. 7 A block diagram of QPSK modulation 

A possible block diagram of QPSK modulator is shown in figure 7. As shown in figure 7, serial binary sequence is 

converted to parallel bits by serial to parallel converter. Carrier signal was generated by carrier generator for channels. 

Output signal of carrier generator is delayed during π/2 time and carrier signal is created for Q-channel. Then, parallel 

bits are multiplied with sinus or cosines carrier signals. Thereby, BPSK signal was created by both I-channel and Q-

channel. 
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Fig. 8 A QPSK modulated signal 

 

The QPSK modulated signal with I channel and Q channel is shown in figure 8. 

 

IV.DIGITAL MODULATORS BASED ON FPGA 
 

A. FPGA Based BASK Modulator  

BASK based on FPGA application can be successfully simulated in Xilinx ISE 13.2. Also, both modulation and 

demodulation can be implemented on FPGA. So, modem based on FPGA is created. The block diagram of the BASK 

system implemented on the FPGA is illustrate in fig.9. 

 
Fig. 9 BASK system implemented on FPGA 

 

B. FPGA Based Design of BPSK Modulation 

BPSK modulated signal can be created by simulator. The block diagram of BPSK Implemented on FPGA is shown in 

Fig.10. Using ADC, message signal is converted digital signal. Thus, in FPGA, the signal can be processed and FPGA 

based BPSK modem can be created. The bit separator separates output of ADC one by one in 14 bits. Bit Separator will 

be created using Very high speed integrated circuit Hardware Description Language. 

 
Fig. 10 BPSK system implemented on FPGA 

 

 



 
    ISSN (Print)  : 2320 – 3765 

    ISSN (Online): 2278 – 8875 

 

International Journal of Advanced Research in  Electrical, 

Electronics and Instrumentation Engineering 

(An ISO 3297: 2007 Certified Organization) 

Vol. 4, Issue 4, April 2015 
 

Copyright to IJAREEIE                                                           10.15662/ijareeie.2015.0404013                                                        1940  

C. FPGA Based Design of BFSK Modulation 

Using Xilinx ISE simulator, BPSK modulated signal can be created. Real time logical circuits have high clock 

frequency, so FPGA operates very fast and received data are processed in real time. This advantage is very important 

for wireless communication systems because data transfer rate is virtual value in mobility. Figure 11, shows the block 

diagram of FPGA-based BFSK modulation. 

 
Fig. 11 BFSK system implemented on FPGA 

D. FPGA Based Design of QPSK Modulation 

Before design is created on FPGA, block diagram of FPGA-based design is realized and a possible algorithm is 

produced. Almost all the designs are controlled using a control block. Used FPGA-based QPSK modulator algorithm is 

the fastest FPGA-based QPSK modulator, because one digital sample is transmitted using only one enabling signal 

(created by control block). Namely, any multiplier or added block is used in this design. Only for one sample of output 

signal (QPSK modulated signal), MUX is used. The block diagram of QPSK Modulator implemented on FPGA is 

shown in fig. 12 

 
Fig. 12 QPSK system implemented on FPGA 

 

V. FPGA AND VHDL 

 

In recently, due to fast operating time, FPGA is widely used in wireless communication systems, signal processing 

areas. FPGA is a logic device that includes a two-dimensional array of generic logic cells and programmable switches 

[15]. In addition, FPGAs consist of an array of programmable logic blocks of potentially different types, including 

general logic, memory, multiplier and adder blocks, input and output unit, surrounded by a programmable routing 

fabric that allows blocks to be programmable interconnected [16]. Due to program FPGA, there are several hardware 

description languages. VHDL is a hardware description language too and it describes the behaviour of an electronic 

circuit or system [14]. Also, VHDL is description language that operates parallel. In modem design, both VHDL 

hardware language and ready block scheme such as multiplier, adder block was used. Designed block using VHDL is 

saved as .vhdl file. Used block is created using .vhdl file. In addition, designs are simulated using .vwf (vector wave 

form) file. Simulating time, clock pulse frequency and starting statement management are set using this file. 
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VI. BIT ERROR RATE (BER) 

 

A. BASK and BPSK BER 

In an AWGN channel, the BER (Bit Error Rate) decreases approximately exponentially as the SNR (Signal to Noise 

Ratio) increases [8]. Straight BPSK produces good BER value at the receiver.  BPSK transmits symbols at same the 

rate of BASK Bit error rate of BPSK as the symbol error rate for BPSK is low that of BASK. Bit error rate of BPSK 

can be shown at equation 6 while bit error rate of BASK can be shown at equation 7. 

Pb = Q( 
2Eb

N0
)                      (6) 

Pb = Q( 
Eb

N0
)               (7) 

In equation (6) or (7), Eb and No represent average energy per bit and noise power respectively. 

 

 
Fig 14: BER of BPSK and BASK modulation technique 

 

B. BPSK and BFSK BER 

In order to performance comparison of BPSK and BFSK, BER of these modulations must be explained. So, error of 

probability these modulations is evaluate the performance of the detector when the additive noise is white and 

Gaussian. BER of BPSK modulation is presented in equation (6). In these equations Eb, N0 are the energy per bit and 

noise power respectively. There exists a phase difference of 180
0
 in BPSK modulation technique. Therefore probability 

error can be expressed as shown in equation (6). On the other hand, for BFSK, error probability is presented by 

equation (7). 

 
Fig 15: BER of BPSK and BFSK modulation technique 
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C. QPSK BER 

QPSK modulation has a good BER performance and is very suitable implementations require 1-2 bps/Hz (bit per 

second per Hertz) spectrum efficiency and is commonly used in wireless communication [9]. Modulated signal is sent 

over AWGN (Additive White Gaussian Noise) and afterwards noisy signal is demodulated using FPGA-based complier 

(Quartus II). But noisy magnitude of AWGN channel is quite low. So, BER (Bit error rate) of this modulator is very 

low. 

VII. CONCLUSION 

FPGA implementations of BASK, BPSK, BFSK and QPSK digital modulators can be demonstrated using Xilinx ISE 

13.2. The advantages of the implementations are the minimum numbers of digital blocks used for performing digital 

modulations, integrating ability with modules in FPGA boards, and the controllability of the input signal’s frequencies. 

In addition, we can demonstrate the hardware implementation of different digital modulation techniques based on 

FPGA. Also, different performance parameters of modulation techniques will be analysed. it is shown that modulation 

techniques (BASK, BPSK, BFSK and QPSK) have disadvantage and advantage in simulation and plotting results. It is 

illustrated that BER of bask high than BER of BPSK. Yet, bit transfer rate of bask is as same as bit transfer rate of 

BPSK. Comparison of BER over AWGN for BPSK and BFSK was introduced. Besides, it is shown that BPSK 

modulation technique has BER low than BFSK modulation technique. The implemented FPGA designs are suitable for 

realization of the digital baseband-modulation. In addition, usage of this kind of implementation for educational 

purposes in digital communications laboratories or courses clearly emphasizes the correlation between different courses 

in electronics engineering. 
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