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 A global positioning system (GPS) sensor is needed for a ballistic/moving 

object to do position tracking. In previous study, a multi GPS processing 

system was made using several microcontrollers and data processing cannot 

be done simultaneously. Therefore, it was considered as ineffective system. 

In this research, field programmable gate array (FPGA)-based data 

processing system for multi-GPS receiver was proposed. The proposed 

system was designed to reduce root mean square error (RMSE). There are 

two main processes in the proposed system which work in parallel, i.e. data 

parsing and data processing. Raw data from GPS receiver was collected and 

calculated to get average value, then sent it through serial communication to 

show result. Experimental results confirm the RMSE value of the proposed 

system is smaller than the conventional one. The RMSE for latitude, longitude, 

and altitude decrease by 38.46%, 58.28%, and 24.80%, respectively. 
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1. INTRODUCTION  

Recently, detecting and tracking moving objects, such as ballistic object become interesting issues 

among researchers. Development of technology leads to quick and precise coordinate’s determination of 

target position. It will affect to firing accuracy and effectiveness [1]–[4]. Ballistic object trajectory tracking 

system is very important in flight test. The system can be based on inertial sensors (Inertial Navigation 

System), radar transponders, Doppler tracking, and global positioning system (GPS). Tracking using 

commercial GPS cannot work well in maximum altitude. Another thing that often happens is the GPS signal 

is not well received by the antenna placed on the nose-cone of the object [5].  

In order to conduct tracking, it is necessary to have a GPS sensor. This device is used to receive data 

from 24 satellites. At least, three satellites must be connected to receive data properly. Each satellite will send 

a navigation message to the earth continuously. The receiver on earth will capture and track the satellites to 

obtain and process information in real time to get accurate data such a latitude, longitude, altitude, speed, 

time, and so on [6]. 

The accuracy of commercial type GPS data has a variation of about 20 meters, so it still needs to be 

improved. In order to solve this issue, Widada [5] has proposed a method of combining several GPS 

receivers to improve the accuracy and reliability of the tracking system. The study made a prototype using 4 

GPS receivers placed on the nose-cone as shown in Figure 1, each GPS is connected to a microcontroller for 

data parsing. Then the data from each microcontroller is sent alternately to the main microcontroller to 
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calculate the average value, and transmit using radio telemetry to the launch station. The study is claimed to 

reduce root mean square error (RMSE) for latitude around 30% and longitude around 30%, while for altitude 

around 40% [5]. 

 

 

 
 

Figure 1. Prototype using 4 GPS receivers 

 

 

The method is considered ineffective because the proposed system cannot receive GPS data 

simultaneously and also needed more than one microcontroller. Field programmable gate array (FPGA) is a 

device that has typical function in digital logic [7], [8]. FPGA-based system has been applied to various 

applications, such as in microelectronics, industrial control, robotics, and internet of things (IoT) [9]–[11]. 

According to Deepchand’s research, FPGA is able to perform multi-channel universal asynchronous receiver 

transmitter (UART) communication processes and multi-channel pulse-width modulation (PWM)  

generator [12], [13]. The FPGA is able to realize parallel data processing so that it can support data 

processing in real time [14]–[19]. Whereas Maxfield stated that FPGA has more than enough capabilities to 

implement soft-core processor such as embedded microcontroller with various I/O which have very broad 

functions [20]. The speed of FPGA based embedded systems is faster than the microcontroller one. This was 

proven by Haskell and Hanna’s research [21]. In addition, another advantage of FPGA is the designer can 

freely determine the I/O to be implemented in the system, so that an FPGA has higher flexibility than a 

microcontroller [13]. Based on the background, in this research, a multi-GPS receiver data processing system 

based on FPGA was designed and evaluated. With the simultaneous reading, the system is proposed to 

produce GPS data output with lower RMSE compare to the previous research.  

 

 

2. RESEARCH METHOD 

This research was conducted by considering several specifications. Discussions are presented in this 

section related to system architecture, system flowchart, subsystem design, and experimental method. Main 

subsystems were designed to realize functions as data parser, data processor, and UART transmitter. 

 

2.1.  System architecture 

The multi GPS receiver data processing system consists of 3 main blocks of digital system i.e. data 

parser block, data processing block, and UART transmitter block as shown in Figure 2. The data parser block 

has a function to parse the data that has been received from the GPS sensor. Then, the data processing block 

calculates the average of GPS data received. While, UART Transmitter block serves to send data serially to 

other devices such as personal computer (PC) in order to monitor the results. 

The digital system is designed and verified using Verilog hardware description language (VHDL). 

Simulation of input and output of a digital system can be controlled using the VHDL [22]. The VHDL 

provides alternative approach to circuit design just by using text descriptions and independent of schematics. 

 Each GPS receives raw data which must be interpreted following sentences of national marine 

electronics association (NMEA). The NMEA sentences consist of $GPGGA, $GPGLL, $GPVTG, $GPRMC, 

and $GSGGA [23]. Information of latitude, longitude, and altitude are required when the GPS is applied to 
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moving/ballistic object. In addition, number of satellites connected to the GPS is important as well to ensure 

position information. Furthermore, the $GPGGA sentence contains the required information. Therefore, data 

parser must be implemented to extract $GPGGA from the GPS raw data [23]–[25]. 

 

 

 
 

Figure 2. Main block diagram of the proposed system 

 

 

2.2.  System flowchart 

The proposed system runs based on flowchart shown in Figure 3. The process starts with taking data 

from four GPS sensors simultaneously using the FPGA board. After the raw data from the GPS sensors is 

obtained, the data parsing process is applied so that only GPS data with the NMEA “$GPGGA” format will 

be processed. After the data is obtained, the parsing process is carried out again to get latitude, longitude, 

altitude, the number of satellites data. The next process is checking the number of satellites. If the number of 

satellites from one or several GPS sensors is 3 or more, the data will go directly to the next process, i.e. the 

calculation of the average data. However, if the number of satellites from one or several GPS sensors is less 

than 3, then the data owned by the GPS sensors are filled in with a 0 value and immediately forwarded to the 

next process, i.e. the calculation of average data. After the average is calculated, the next process is merge the 

average result data and also the input data from each GPS into one data packet. Then, the last process is 

sending the serial data to display on PC and return to the process of collecting data from four GPS sensors. 
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Figure 3. System flowchart 

 
 

2.3.  Subsystem 

First subsystem to be discussed is data parser. As illustrated in Figure 4, there are 4 inputs from GPS 

sensors, each GPS sensors is connected to a parser module. The input is transferred directly to Rx port of the 

parser module. Data from GPS will be received serially with UART communication via the UART Receiver 

module. Next process is the data will be sorted using the brute-force string matching algorithm. This 
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algorithm works by matching characters every 8 bits of data. Figure 5 illustrates the algorithm [25]. In this 

research, the data of “$GPGGA” must be sorted. The code shows the fix data from GPS, however, only data 

of latitude, longitude, altitude, and also the amount of satellites will be extracted later. The character 

matching process is conducted by shifting. In order to do the parsing process, it is necessary to make a state 

diagram so that the process runs systematically. The data parsing scheme can be explained by state diagram 

shown in Figure 6. The state diagram shows that there will be a transition between states through character 

detection process. If it has not or does not detect the right character, then the process will turn back to the 

“Dollar” state. Process of transition between states can be explained by Table 1. After being sorted, the 

output data will be in the form of latitude, longitude, altitude and the number of satellites for each GPS 

sensor. This data will then be forwarded to the data processing block. 

 

 

 
 

Figure 4. Data parser block 

 

 

 
 

Figure 5. $GPGGA parsing scheme 

 

 

Second subsystem is data processing block. This block is useful to process data from data parser 

block outputs. As shown in Figure 7, this block consists of ASCII_to_integer, buffer_ASCII, buffer_module, 

validator, average, and integer_to_ASCII entities. Data from the data parser block will be firstly forwarded to 

buffer_ASCII entity. This entity serves to hold the input data so that the input data entered randomly can be 

arranged together. The ASCII_to_integer entity is used to convert the input data which is still in the ASCII 

form into integer data, so that it can proceed to the next process. As for buffer_ASCII entity, data from each 

GPS will be hold temporarily. Data will be issued when eject_data port gets logic 1. 

After the data is converted to an integer, then the data is forwarded to the buffer_module entity 

which is used to hold the data first. Latitude, longitude, and altitude data will be removed from this buffer 

according to the input provided from the gps_valid port that comes from the entity validator. This entity 

checks the number of satellites available. If GPS is able to receive data from 3 or more satellites, then the 

data from the GPS is considered to be valid. 
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Figure 6. Parsing state diagram 

 

 

Table 1. State table of parsing 
Initial state Destination state Transition trigger Explanation 

Dollar DetG Rx_Byte = 0x24 “$” characteradetection 

DetG DetP Rx_Byte = 0x47 “G” characteradetection 
DetP DetG2 Rx_Byte = 0x50 “P” characteradetection 

DetG2 DetG3 Rx_Byte = 0x47 “G” characteradetection 

DetG3 DetA Rx_Byte = 0x47 “G” characteradetection 
DetA DetComma Rx_Byte = 0x41 “A” characteradetection 

DetComma Parsing Data Rx_Byte = 0x2C “,” characteradetection 

Parsing Data Dollar Rx_Byte = 0x0A New line detection 

 

 

 
 

Figure 7. Data processing block 

 

 

Table 2 shows data will be forwarded to the next process, namely the average calculation process 

that occurs at the average entity. In the average entity, input data will be calculated on average by adding data 

from a valid GPS and then doing the division process in accordance with the data from the valid GPS. The 

last process is conversion from integer data into ASCII. This process is carried out by the integer_to_ASCII 

entity. Data needs to be changed to ASCII because it will be used for serial transmission. Double dabble 

algorithm is used in this process. This algorithm is basically changing binary data into binary-coded decimal 

(BCD) with a width of 4 bits [26], [27]. The basic principle of this algorithm is to do a bit shift. Because 

ASCII data requires an 8 bits data width, the end of the data will be added with a 4 bits width as MSB with 

the value of “0011”. This is important because it refers to the ASCII code in Table 3. Then, well known 

UART Transmitter block is responsible for sending data every 8 bits. Data will be sent with 9600 bps baud 

rate. 
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Table 2. Buffer table 
GPS_Valid GPS1 GPS2 GPS3 GPS4 

0000 No No No No 
0001 Yes No No No 

0010 No Yes No No 

0011 Yes Yes No No 
0100 No No Yes No 

0101 Yes No Yes No 

0110 No Yes Yes No 
0111 Yes Yes Yes No 

1000 No No No Yes 

1001 Yes No No Yes 
1010 No Yes No Yes 

1011 Yes Yes No Yes 

1100 No No Yes Yes 
1101 Yes No Yes Yes 

1110 No Yes Yes Yes 

1111 Yes Yes Yes Yes 

 

 

Table 3. ASCII code 
Character Decimal Binary 

0 48 00110000 
1 49 00110001 

2 50 00110010 

3 51 00110011 
4 52 00110100 

5 53 00110101 

6 54 00110110 
7 55 00110111 

8 56 00111000 

9 57 00111001 

 

 

2.4. Experimental method 

In order to evaluate the results, experiments were conducted with simulation and actual 

implementation on the FPGA. The simulator used in this study is ModelSim. The simulation is necessary to 

confirm the proposed system is able to provide output in accordance with the expectation. The next process is 

the implementation to Altera Cyclone IV FPGA board. There are 2 experiments to be performed, i.e.: 

a) Testing with 1 GPS sensor 

The purpose of this test is to confirm the proposed system can run well by receiving data from 1 

GPS sensor. In order to compare the performance, this test is conducted by connecting the GPS sensor to 

Arduino and FPGA board. The parameters to be observed are the output data in the form of latitude, 

longitude, and altitude of the sensor. The number of data taken from this test is 500. 

b) Testing with 4 GPS sensors 

The purpose of this test is to confirm the proposed system can receive data from 4 GPS sensors 

simultaneously. In order confirm the performance, this test is applied to Arduino-based system  

(5 microcontrollers) and FPGA-based system. The same parameters are observed, i.e. latitude, longitude, and 

altitude of the sensor. This test generates 500 data. After testing, the RMSE will be calculated from the data 

obtained. The RMSE can be calculated using (1). 

 

𝑅𝑀𝑆𝐸 =  √
∑ (𝑥𝑜𝑏𝑠,𝑖−𝑥𝑠𝑡𝑎𝑡𝑖𝑐,𝑖)2𝑛

𝑖=1

𝑛
 (1) 

 

where: 

RMSE  = Root mean square error  

xobs,i = Real-time data value 

xstatic,i  = Sampling data value 

n = Sample number. 

 

 

3. RESULTS AND DISCUSSION 

Evaluation results are presented in this section. The evaluation results consist of simulation and 

experimental results. Prototypes based on Arduino and FPGA were fabricated to conduct the experiments. 
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3.1.  Data parser simulation result 

Data parser is tested through simulation by providing raw data from GPS as the input and taking 

only the $GPGGA sentence. The simulation uses data of latitude, longitude, altitude, satellite number as 

shown in Table 4. The simulation result of the parsing process is mentioned in Figure 8. There was a state 

change for $GPGGA parsing. This means that $GPGGA sentence can be found. At the end of the timing 

diagram, there is “ParsingData” state and followed by a rising edge on the “done” signal. These mean that the 

parsing process has been completed. Furthermore, Figure 9 shows the parsing simulation results of latitude, 

longitude, altitude and number of satellite. The result shows that the output of the parsing process is in 

accordance with the test data provided in Table 4. 

 

 

Table 4. $GPGGA test data 
 Lat Lon Alt Sat 

GPS1 0756.89465 11238.31502 469.0 04 

GPS2 0755.87746 11236.31419 465.0 04 

GPS3 0756.88464 11231.31145 465.0 05 

GPS4 0755.87475 11238.31611 478.0 04 

 

 

 
 

Figure 8. Parsing state simulation result 

 

 

  
 

Figure 9. Latitude, longitude, altitude and satellite number parsing results 

 

 

3.2.  Data processing simulation result 

In this test, the output data from the parser will be directly processed. Simulation is carried out for 

550 ms. With the test data as in Table 4, the results are presented in Figure 10. It shows input data from data 

parser is synchronized. The input data is also calculated for its mean value, so that the average results of 

latitude, longitude, and altitude can be obtained. 

 

3.3.  Top level entity simulation result 

Top level entity is tested through simulation by providing raw data from GPS. Simulation is carried 

out for 550 ms. This simulation is a combined simulation of data parser and data processing blocks with 
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additional UART Transmitter block. Figure 11 shows that the control state changes from idle to digit 1 when 

the done_conv signal originating from the int_to_ASCII entity has logic 1. In addition, the counter will also 

run to perform 8-bit data transactions with 9600 baud rate. Figure 12 shows the condition for writing process. 

Red circle number 1 shows the detail phenomenon of the signal done_conv experienced a falling edge. Then 

the red circle number 2 illustrate the data transmission has begun. It is marked by the falling edge of the TX 

signal. After that, in the “tulis state” (means write state), there will be a process of writing data on the UART 

transmitter block. Every 8 bits that come from RAM are released from the TX port serially with a baud rate of 9600. 

 

 

 
 

Figure 10. Data processing simulation results 

 

 

  
  

Figure 11. Top level entity simulation results Figure 12. Data writing process 

 

 

3.4.  Prototype testing result 

Experiment was conducted by using prototypes see Figures 13 and 14. The prototypes were tested 

by put the prototypes in a stationary position and taking sample of 500 data. After RMSE calculations, the 

following data are obtained. Table 5 summarize the testing result of the prototype with Arduino. The  

Arduino-based prototype decreases the RMSE until 58.87%, 33.05%, and 40.46% for latitude, longitude, and 

altitude, respectively. Based on Table 6, the prototype with FPGA can decrease the RMSE until 38.46%, 

58.28%, and 24.80% for latitude, longitude, and altitude, respectively. 
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Figure 13. Arduino based prototype Figure 14. FPGA-based prototype 

 

 

Table 5. Arduino-based RMSE 

Parameter 
1 GPS 

RMSE 

4 GPS 

RMSE 

RMSE 

Decrease (%) 

Latitude (°) 4.51e-03 1.85e-03 58.87% 
Longitude (°) 3.34e-03 2.24e-03 33.05% 

Altitude (m) 5.201 3.096 40.46% 
 

Table 6. FPGA-based RMSE 

Parameter 
1 GPS 

RMSE 

4 GPS 

RMSE 

RMSE 

Decrease (%) 

Latitude (°) 2.86e-03 1.76e-03 38.46% 
Longitude (°) 3.34e-03 1.39e-03 58.28% 

Altitude (m) 0.558 0.419 24.80% 
 

 

 

From the results summarized in Tables 5 and 6, the RMSEs of the latitude parameter for 1 GPS and 

4 GPS at FPGA are 1.57 and 1.05 smaller than the Arduino, respectively. At the longitude parameter, the 

FPGA based prototype has RMSEs of 0.99 and 1.60 smaller than Arduino-based one for 1 GPS and  

4 GPS, respectively. Whereas the RMSE at altitude parameter for 1 GPS and 4 GPS on FPGA are 9.31 and 

7.37 smaller than Arduino-based one, respectively. From the experiment results, the RMSEs of FPGA-based 

prototype is smaller than the Arduino-based prototype. It means the FPGA-based prototype has better 

performance than the Arduino-based prototype. 

 

 

4. CONCLUSION  

In this study, a multi GPS receiver data processing system has been proposed and successfully 

implemented on the FPGA. The proposed system can produce output in accordance with the input given 

during the simulation. For each parameter, the proposed system produces a smaller RMSE than an Arduino 

microcontroller-based system. Therefore, the proposed system has better performance than the Arduino 

microcontroller-based one. 

In the future, a data storage system on secure digital (SD) cards will be added to the proposed 

system, so that data retrieval process can be simpler. Furthermore, direct testing on moving objects will also 

be conducted to see the performance of the system in the tracking process. In order to confirm the system 

accuracy, testing at location with certain values of latitude, longitude, and altitude must be conducted. 
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