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(ABSTRACT) 
 

Global Positioning System (GPS) is a satellite-based navigation system that has been used 
widely both in civilian and military for positioning, navigation, timing and other position 
related applications.  The hardware-based GPS receivers provide the least user flexibility. 
Thus, it is necessary to have Software-based GPS receivers for easy and quick 
implementation, simulation and analysis of algorithms.  Software-based GPS receiver 
processes the GPS signal at the radio frequency or intermediate frequency depending on the 
hardware configuration of the receiver.  In this development of the acquisition and tracking 
processes of the software receiver, the front-end device that converts the radio frequency 
signal from the antenna to an intermediate frequency is the Mitel 2021 GPS receiver board.  
An analog-to-digital (A/D) converter then digitizes the output signal from the RF front-end. 
The data is then processed using MATLAB programs to achieve acquisition and tracking of 
the GPS signals.  The software GPS receiver can perform acquisition and tracking using 
different parameters and threshold values.  This flexibility of operation allows weaker signals 
to be tracked and processed. 
 

In this software receiver design, the focus is on the acquisition and tracking of L1 band 
C/A code GPS signals used by most civilian applications. The purpose of this thesis is to 
develop the acquisition and tracking algorithms to extract the navigation data bits from the 
raw GPS signals. The navigation data bits provide all the necessary information to compute 
the pseudorange between the receiver and the visible satellites and determine the receiver 
location.  Both MATLAB simulated GPS data and realistic GPS signals from a GSS 6560 
simulator are used to verify the performance of the acquisition and tracking programs.  The 
acquisition program is capable of locating the beginning of the C/A code and the carrier 
frequency to within the desired accuracy.  From the output of the acquisition program, the 
tracking program can decode the navigation data bits.  The tracking algorithm implemented is 
based on the block adjustment of synchronizing signal (BASS) method. 
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CHAPTER 1 INTRODUCTION 
 

For a long time in history, people have been searching for a reliable way to determine 
their location and destinations.  The Global Positioning System (GPS) is the newest 
achievement in this search for precise positioning.  Though originally intended for military 
use, GPS has been found useful in many civilian applications including surveying and 
navigation exceeding its original purpose. 

 
1.1 History of GPS 
 

The launch of Sputnik in 1957 also marked the beginning of the era of satellite navigation.  
Initially, the U.S. Navy developed a satellite navigation system called Transit.  In 1964 
Transit became functional for U.S submarines and went commercial in 1967.  However, the 
system could only be used to calculate the position of low velocity, surface vehicles.  To 
accommodate the need for high dynamic, high velocity vehicles such as aircrafts, GPS was 
eventually developed based on the concepts for the Transit system. 
 

Since the introduction of GPS, the system has integrated into people’s lives.  For civilian 
users, GPS is generally used as a navigation tool.  Whereas for military users, GPS plays a 
vital part in military operations that require precise and definite location readings.  Therefore, 
GPS usage is very wide and depends on the individual user’s application.  Civil receivers 
through out the world are capable of using Standard Positioning Service (SPS) signal, while 
only authorized users can have Precise Positioning Service (PPS).  GPS is the only system 
today that provides precise position information at any time, any where, and in any weather.  
Public transport nowadays uses GPS for navigation and receiving message from their control 
center.  
 

The first GPS satellite was launched in 1978. The first ten satellites launched were 
developmental satellites, called Block I.  From 1989 to 1997, 28 production satellites, called 
Block II, were launched.  The last 19 satellites of this series of satellites were called Block 
IIA, which were the updated versions.   The initial operational capability of GPS was 
established in December 1993.  The primary system was completed with the launch of the 
24th GPS satellite in 1994.  In February 1994, the Federal Aviation Agency (FAA) declared 
GPS ready for aviation use [1].  The third-generation satellite, Block IIR, was first launched 
in 1997.  These satellites are being used to replace the aging satellites currently in the GPS 
constellation. Figure 1.1 shows a picture of the IIR satellite in space.  The next generation of 
satellites, Block IIF, is scheduled for its first launch in late 2005. 
 

A GPS satellite provides a platform for radio transmitter, atomic clocks, computers, and 
various equipment used for positioning and other military projects.  Each satellite broadcasts 
messages that allow the user to recognize the satellite and determine its position in space.  
The GPS system is capable of providing real-time navigation data to all users including high-
dynamics users such as spacecrafts.  Since the system is aimed at providing global coverage 
including the polar regions, the satellites must be orbiting instead of stationary.  Since 
originally designed for military applications, the system also has some built-in tolerance for 
jamming signals.   
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1.2 Structure of GPS 
 

The entire GPS system consists of three segments: the control segment, the space segment 
and the user segment.  The control segment consists of five GPS earth stations.   The master 
control station is located at Falcon Air Force Base in Colorado Springs, CO.  The main 
function of the earth stations is to monitor the performance of the GPS satellites.  Each 
monitor station has two cesium clocks as reference for the GPS system time.  Each of the five 
earth stations makes continuous pseudorange and delta range measurements to all satellites in 
view every 1.5 seconds.  These measurements are used to update the satellites’ navigation 
messages.   The data collected from the satellites by the earth stations is transmitted to the 
master control station for processing.  The master control station is responsible for 
monitoring GPS performance, generating and uploading the navigation data to the satellites 
to sustain performance standards, as well as promptly detecting and responding to satellite 
failure to minimize the impact.  Figure 1.2 is a graphical illustration of the three segments of 
the GPS system. 
 

 
 

Figure 1.2 TheThree Segments of GPS 
 
1.2.1 The Control Segment 
 

The locations of the GPS monitor stations are known with a high degree of accuracy and 
each station is equipped with a cesium atomic clock.  The control segment uses the 
information collected by the monitor stations to predict the behavior of individual satellite’s 
orbiting and clocking status, making sure that they remain in acceptable limits. The 
prediction data is up linked to the satellites for transmission back to the users. A station can 
perform a track up of up to 11 satellites at a time [2]. 
 

The five unmanned monitor stations are located around the world at Falcon Air Force 
Base in Colorado, Hawaii, Ascension Island in the Atlantic Ocean, Diego Garcia Atoll in the 
Indian Ocean, and Kwajalein Island in the South Pacific Ocean.  The monitor stations checks 
the exact altitude, position, speed, and the overall health of the orbiting satellites. Ground 
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antennas are used to monitor and track the satellites. They also transmit corrective 
information back to the individual satellites [2].  The signals from each satellite are read by 
four of the five stations excluding the station in Hawaii which does not have a ground 
antenna.  Since the precise positions of the stations and time coordinates are known, the 
pseudorange measurements made by each station for a particular satellite can be used to 
calculate an inverted navigation solution to correct any error in the location and time of that 
satellite. 
 

The measurements from the monitor stations are then sent to the master control station in 
Colorado.  The Master Control Station is called the Consolidated Space Operations Center 
(CSOC), which is located at Falcon Air Force Base in Colorado Springs, Colorado.  It 
controls the overall management of the remote monitoring and transmission sites. As the 
main center for support operations, the Master Control Station calculates any position or 
clock errors for each individual satellite according on the information received from the 
monitor stations.  If an error is found, it passes the instructions to the monitor station with the 
appropriate ground antenna to relay the necessary corrective information back to that 
particular satellite [2].  The ephemeris of each satellite and the timing errors are uploaded to 
the satellites once per day via the ground antennas even without any error occurring. 
 
1.2.2 The Space Segment  
 

The space segment consists of the satellites and the Delta rockets that launch the satellites 
from Cape Canaveral, in Florida.  Each orbit has an inclination angle (the angle between the 
earth’s equator and the actual orbit) of 55° to ensure the coverage of the polar regions.  The 
radius of the satellite orbit is 26,560 km and each satellite orbits the earth twice in one 
sidereal day, which is the time for the earth to complete one 360º rotation.  The mean sidereal 
day is 23 hours, 56 minutes, and 4.09 seconds, which is slightly shorter than the solar day of 
24 hours.  Powered by solar cells, the satellites can orientate themselves to face toward the 
sun for power and their antennas toward the earth for transmission.  Table 1.1 lists some of 
the characteristics of the GPS satellites. 

 
       Table 1.1 Characteristics of GPS Satellites 
 

Number of Satellites 24 
Number of Orbital Planes 6 
Number of Satellites per Orbit 4 
Orbital Inclination 55° 
Orbital Radius 26560 km 
Orbital Period 11 hrs 58 min 2.05 sec 
Ground Track Repeat Sidereal Day 

 
However, the satellites in each orbit are not evenly spaced.  Two satellites are separated 

by 30.0°-32.1°, and the other two are 92.38°-130.98° from the first two satellites and between 
themselves.  The spacing of the satellites minimizes the effects of a single satellite failure on 
system degradation [1].  The spacing of the satellites in orbit also ensures that a minimum of 
five satellites are in view to users worldwide with a Position Dilution of Precision (PDOP) of 
six or less.  At any time, a receiver on Earth is capable of picking up signals from a maximum 
of 12 GPS satellites.  A typical receiver can track between 4 to 11 satellites at a time.  Most 
GPS receivers have a 5º elevation mask, which means it can only track satellites with an 
elevation angle greater than 5º.  Each satellite is also equipped with an atomic clock accurate 



 4

to within three nanoseconds to let it broadcast signals that are synchronized with those from 
other satellites.  Figure 1.4 shows a graphical representation of the GPS satellite constellation. 
 
 

 
Figure 1.4  GPS Satellite Constellation 

 
1.2.3 The User Segment  
 

The user segment consists of the passive GPS receivers.  The receivers utilize the signals 
transmitted from the satellites, together with precise measurement of the signal transmission 
delays to determine the user position and velocity, as well as synchronize to the GPS time.  
The users can be classified into two groups, military and civilian users. The military uses the 
GPS in a wide range of scope, from navigation tools to target designation, air support to the 
integration of smart weapons [4]. For the civilian users, GPS is used in many applications 
such as point-to-point navigation as well as surveying. 
 
1.3 User Position Solution  
 

Though the GPS signal travels to the ground at the speed of light, it still takes a 
measurable amount of time to reach the receiver.  The receiver then calculates the distance to 
the satellite by measuring the difference between the time when the signal is received and the 
time when it was sent, and multiply by the speed of light.  To calculate its precise latitude, 
longitude, and altitude, the receiver measures the distance to four separate GPS satellites. 
 
1.3.1 Solution of User Position From Pseudorange Measurements 
 

To determine the user position in three-dimensional space, three satellites and three 
ranges from different satellites to the receiver are required.  The intersection of the three 
distances should indicate the user’s position.  However, a fourth satellite is necessary to 
calculate the unknown bias between the satellite clock and the receiver clock.  The need for 
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the fourth satellite is due to difference in the precise atomic clock that is used in the satellite 
and the normal clock used in the receiver.  The atomic clock is much more accurate than the 
clock used in the GPS receiver. Any slight error in the user clock can result in a significant 
offset in the exact user location.  However, the atomic clocks are much more expensive than a 
regular clock and it is uneconomical for every GPS receiver to contain an atomic clock.  
Therefore, the fourth satellite becomes necessary which allows a receiver to solve for the 
timing offset and eliminate it in calculating the navigation solution. 
 
1.3.2 User Position Accuracy Measure 
 

Two factors affect a user’s overall position accuracy: the errors inherent in the GPS 
signals and the geometry of the four GPS satellites whose signals are used to calculate the 
navigation solution.  The inherent error in the GPS signal is known as the user equivalent 
range error (UERE), which is primarily contributed by the clock and ephemeris errors from 
the satellites, atmospheric delays, multipath, and receiver noise.  The other source of error 
depends on the GPS satellite geometry.  Since the receiver determines its position using 
trilateration, the further apart the four satellites are, the better the receiver position accuracy is. 
The effect of satellite geometry on the accuracy of a navigation solution is measured by the 
dilution of precision (DOP). 
 
 
CHAPTER 2 GPS SIGNAL STRUCTURE 
 

The GPS signal is a phase-modulated signal using bi-phase shift keying (BPSK).  The 
phase change rate is often referred as the chip rate.  The spectrum of the signal can be 
described by a sinc function with spectrum width proportional to the chip rate.  If the chip 
rate is 1 MHz, the main lobe of the spectrum has a null-to-null width of 2 MHz.  Therefore, 
this type of signal is referred to as a spread-spectrum signal [1].  A code division multiple 
access (CDMA) signal in general is a spread-spectrum system.  All the signals in the system 
have the same carrier frequency.  The signals are modulated by a set of orthogonal (or near-
orthogonal) codes.  In order to acquire an individual signal, the code of that signal must be 
used to correlate with the received signal.  A system is referred as a direct-sequence 
modulated system when the modulation code is a digital sequence with a frequency higher 
than the data rate.  The GPS signal is CDMA using direct sequence to bi-phase modulate the 
carrier frequency [1].   

 
Figure 2.1 Biphase Modulation of GPS signal 

 
Since the CDMA signals of a system use the same carrier frequency, there is a greater 

probability of interference among the signals.  This effect is especially significant when 
strong and weak signals are mixed together.  Sometimes during the acquisition process, a 
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cross-correlation peak of a strong signal may be stronger than the desired peak of a weak 
signal.  In this case, the receiver may then obtain the wrong information.  In order to avoid 
the interference, all the signals should have approximately the same power levels at the 
receiver.   
 
2.1 GPS Signal Structure 
 

There are two types of GPS signals: the coarse/acquisition (C/A) code and precision (P) 
code.  The actual P code is encrypted by a Y code, so it is often referred as the P(Y) code.  
Currently, the C/A code is used for civilian applications while the P(Y) code is reserved for 
military use.  The focus of this software GPS receiver is to acquire and track the C/A code.   
 

The GPS signals are transmitted on two different frequencies: L1 (1575.42 MHz) and L2 
(1227.6 MHz).  These frequencies are coherent with a 10.23 MHz clock related as follows 

 

MHzMHzL
MHzMHzL

23.101206.12272
23.1015442.15751

×==
×==

 

 
There have been developments on the signal structure of GPS.  Currently the L1 

frequency carries both the C/A coded signals and the P(Y) signals.  The L2 frequency 
contains only the P(Y) signal.  The P(Y) code is only available for PPS users, while the C/A 
code is also available for SPS users.  Since the focus of this software receiver design is on 
civilian applications, so only the acquisition and tracking GPS signals at L1 frequency are 
studied in detail.  The GPS signal at L1 frequency can be expressed as 

 
( ) ( ) ( ) ( ) ( ) ( )φπφπ +++= tftDtCAtftDtPAS cpL 111 2sin2cos  

 
where 1LS is the signal at L1 frequency, pA is the amplitude of the P code, ( ) 1±=tP is the 
phase of the P code, ( ) 1±=tD  is the data code, 1f is the L1 frequency, φ  is the initial phase, 

cA is the amplitude of the C/A code, ( ) 1±=tC is the phase of the C/A code [1].  Figure 2.2 
shows the block diagram of how the GPS L1 frequency signal is generated. 
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Figure 2.2 Generation of GPS L1 Frequency Signal 

 
2.2 The P Code 
 

The P code is bi-phase modulated at 10.23 MHz and the main lobe of the spectrum is 
20.46 MHz wide from null-to-null.  The code is generated from two pseudorandom noise 
(PRN) codes with the same chip rate of 10.23 MHz.  One PRN sequence has 15,345,000 
chips, which has a period of 1.5 seconds, the other one has 15,345,037 chips, and the 
difference is 37 chips.  The code length generated by these two codes is 23,017,555.5 seconds, 
which is slightly longer than 38 weeks.  However, the actual length of the P code is 1 week as 
the code is reset every week.  This 38-week-long code can be divided into 37 different P 
codes and each satellite can use a different portion of the code [1].  The first 32 sets of codes 
are used for the satellites in orbit.  Five of the P code signals (33-37) are reserved for other 
uses such as ground transmission.  In order to perform acquisition on the signal, the time of 
the week information must be known very accurately which can be obtained through the C/A 
code. 
 
2.3 The C/A Code 
 

The C/A code is a bi-phase modulated signal with a chip rate of 1.023 MHz with a null-
to-null bandwidth of the main lobe of the signal spectrum of 2.046 MHz.  Each chip period is 
977.5 ns (1/1.023 MHz).  However, the transmission bandwidth of the GPS signal at the L1 
frequency is approximately 20 MHz to accommodate the bandwidth needed for the P code 
signal.  Therefore, in addition to the main lobe of the C/A code signal, several side lobes of 
the signal are also transmitted in this bandwidth.  Figure 2.3 shows a screen shot of a C/A 
coded GPS signal on the spectrum analyzer.  The L1 frequency GPS signal contains only the 
C/A code and is simulated by the Spirent GSS 6560 simulator.  It can be observed that the 
null-to-null bandwidth of main lobe is approximately 2 MHz. 
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Figure 2.3 Power Spectrum of Simulated C/A Coded GPS L1 Frequency Signal 
 
The spectrum of the C/A code of satellite 31 sampled at 5 MHz is shown in Figure 2.4.  

The C/A code period contains 1,023 chips, and with the chip rate of 1.023 MHz, the code 
period is 1 ms.  Since the navigation data has a data rate of 50 Hz, one data bit period is 20 
ms long and contains 20 complete sets of C/A codes. 

 
Figure 2.4  Power Spectrum of C/A Code of Satellite 31 Sampled at 5 MHz 
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2.4 Generation of C/A Code 
 

To understand the acquisition and tracking of the C/A coded GPS signal, the composition 
of the C/A code is studied.  The GPS C/A code is one kind of Pseudorandom noise (PRN) 
codes also known as the Gold codes.  Two maximum-length linear feedback shift register 
(LFSR) of 10 stages, G1 and G2, driven by a 1.023 MHz clock, are used to generate a 
maximum length pseudo random code.   If the shift register has n bits, the length of the 
sequence generated is 12 −n .  Since both shift registers in G1 and G2 have 10 bits, the 
sequence length generated is ( ) 10231210 =− bits.  Both G1 and G2 are initialized to be all 
ones, since the all-zero state is illegal.  The feedback taps of the G1 and G2 LFSRs are 
defined by the generator polynomials 
 

( )
( ) 1098632

103

12
11

XXXXXXXG
XXXG

++++++=

++=
 Eq. 2.1 

 
The output of the G2 LFSR for each C/A code is delayed by the modulo-2 addition of two 

code phase selection bits specific for each satellite. The C/A code is generated by the 
modulo-2 addition of the output of the G1 LFSR and the delayed output of the G2 LFSR.  
Figure 2.5 is a graphical presentation of how the C/A code for a particular satellite is 
generated.  This will work since adding a phase-shifted version of a PRN sequence to itself 
will shift the phase of the code, while not changed the code [3].  The positions of the code 
selection bits determine the satellite identification.  There are 32 sets of unique C/A codes for 
the 32 satellite numbers.  Another five are reserved for various applications such as ground 
transmission.   

 
Figure 2.5  GPS C/A Code Generator 
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The code phase assignment of the GPS satellites are given in the Table 2.1.  The satellite 
vehicle identification number is in column one.  The second column contains the PRN 
number of the satellites from 1 to 37.  The code phase selections of the G2 generator of the 
satellites are listed in column three.  The code delays measured in chips are presented in 
column four.  The last column shows the first 10 bits of the C/A code generated for each 
satellite in octal format. 

 
             Table 2.1  GPS C/A Code Phase Assignment 
 

Satellite 
Vehicle ID 

GPS Signal 
PRN 

Code Phase 
Selection 

Code Chip 
Delay 

First 10 C/A 
Chips in Octal 

1 1 2 ⊕ 6 5 1440 
2 2 3 ⊕ 7 6 1620 
3 3 4 ⊕ 8 7 1710 
4 4 5 ⊕ 9 8 1744 
5 5 1 ⊕ 9 17 1133 
6 6 2 ⊕ 10 18 1455 
7 7 1 ⊕ 8 139 1131 
8 8 2 ⊕ 9 140 1454 
9 9 3 ⊕ 10 141 1626 

10 10 2 ⊕ 3 251 1504 
11 11 3 ⊕ 4 252 1642 
12 12 5 ⊕ 6 254 1750 
13 13 6 ⊕ 7 255 1764 
14 14 7 ⊕ 8 256 1772 
15 15 8 ⊕ 9 257 1775 
16 16 9 ⊕ 10 258 1776 
17 17 1 ⊕ 4 469 1156 
18 18 2 ⊕ 5 470 1467 
19 19 3 ⊕ 6 471 1633 
20 20 4 ⊕ 7 472 1715 
21 21 5 ⊕ 8 473 1746 
22 22 6 ⊕ 9 474 1763 
23 23 1 ⊕ 3 509 1063 
24 24 4 ⊕ 6 512 1706 
25 25 5 ⊕ 7 513 1743 
26 26 6 ⊕ 8 514 1761 
27 27 7 ⊕ 9 515 1770 
28 28 8 ⊕ 10 516 1774 
29 29 1 ⊕ 6 859 1127 
30 30 2 ⊕ 7 860 1453 
31 31 3 ⊕ 8 861 1625 
32 32 4 ⊕ 9 862 1712 
** 33 5 ⊕ 10 863 1745 
** 34 4 ⊕ 10 950 1713 
** 35 1 ⊕ 7 947 1134 
** 36 2 ⊕ 8 948 1456 
** 37 4 ⊕ 10 950 1713 
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2.5 Correlation Properties of C/A Code 
 

One of the most important properties of the C/A codes is their high autocorrelation peak 
and low cross-correlation peaks.  However, in order to detect the presence of a weak signal, 
the peak of the autocorrelation of the weak signal must be stronger than the cross-correlation 
peaks of the strong signals.  Theoretically if the codes are orthogonal, the cross correlation 
values will be zero.  However, the Gold codes are only near orthogonal codes, so the cross 
correlation values of the C/A codes are not zero but rather small values.   
 
The autocorrelation function of a C/A code is  

( ) ( ) ( )∫
∞

∞−

+= dttCAtCAR iiii ττ   Eq. 2.2 

where CAi is the C/A code from the i-th satellite, and τ is the phase of the time shift.  The 
correlation peak repeats every code period.  The high correlation peak property of the 
autocorrelation function is used to synchronize the receiver locally generated code with the 
code of the received signal.  The ideal cross-correlation of orthogonal codes are zero, but 
since the C/A codes are only near orthogonal, the cross-correlation values are not zero but 
small compared to the correlation peak value.  The cross-correlation between the C/A codes 
of two satellites is defined as 

( ) ( ) ( )∫
∞

∞−

+= dttCAtCAR jiij ττ   Eq. 2.3 

where CAi is the C/A code for the i-th satellite and CAj is the C/A code for the j-th satellite 
and ji ≠ . 
 

In Figure 2.6 a, the autocorrelation of one set of C/A code for satellite 15 is plotted.  A 
close-up view of the autocorrelation is shown in Figure 2.6 b.  The maximum autocorrelation 
value is 1023, which corresponds to the number of chips in one set of the C/A code.  The 
scale of the figure is shifted to show the peak at the center.  The autocorrelation reaches its 
maximum when 0=τ .   
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Figure 2.6 a  The Autocorrelation of Satellite 15 

 

 
Figure 2.6 b  The Autocorrelation of Satellite 15 (Close-up) 

 
The cross-correlation value of two Gold Codes with even n values is one of the three 

values calculated using Eq. 2.4 
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In the case of the C/A codes, 10=n  is even, so the P value is calculated to be 1,023.  The 
cross-correlation values are calculated using Eq. 2.4 and the results are given in Table 2.2. 
 

      Table 2.2  Occurrence of Cross-Correlation of C/A Code 
Cross-Correlation Value Occurrence (%) 

-65/1023 12.5 
-1/1023 75 
63/1023 12.5 

 
The cross-correlation values of the C/A codes of satellite 15 and 31 is presented in the 

Figure 2.7.  Since the values are very small, the GPS satellites can simultaneously broadcast 
signals at the same frequency.  The cross-correlation takes on one of the three values 63, -65 
and -1 [1]. 

 
Figure 2.7  The Cross-Correlation of Satellite 15 and Satellite 31 

 
From Figure 2.6 and 2.7, it can be seen that the correlation peak value is much more 

significant than any other correlation values.   The high peak value helps the receiver to 
acquire the GPS signal.  The secondary peaks in the autocorrelation are at least 
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approximately 24 dB down from the original peak.  The ratios of the secondary peaks are the 
maximum and are calculated as follows 
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2.6 Navigation Data Message  
 

GPS satellites transmit 50-bit-per-second data streams which are superimposed on the 
C/A- and P-codes via modulo-2 additions. Once a receiver has matched its code to the code 
of a satellite at the carrier frequency, it can begin to decode the navigation data message from 
the particular satellite.  Thirty data bits make up a word which is 600 ms long.  Ten words 
make up a subframe of 6 seconds.  A page of data contains 5 subframes and is 30 seconds 
long.  A satellite’s entire data message lasts 12.5 minutes and contains 25 pages of data.   

 
The 1500 bits navigation message contains information concerning the satellite clock, the 

satellite orbit, the satellite health status, and various other data.  The information content of 
the five subframes can be summarized in Table 2.3 

 
   Table 2.3  GPS Navigation Message in Each Subframe 

Subframe 1:      satellite clock corrections, health indicators, age of data 
Subframe 2-3:   satellite ephemerides 
Subframe 4:      ionosphere model parameters, UTC data, almanac and health  
                          status data for satellites numbered 25 and higher 
Subframe 5:      almanac and health status data for satellites numbered 1-24 

 
The first three subframes contain information about the ephemeris used to calculate the 

user position.  Each subframe contains ten words. The first word is the telemetry word (TLM) 
containing a synchronization pattern and diagnostic messages.  The second word of each 
subframe is the hand-over word (HOW) which contains among others the Z-count, an 
internally derived 1.5 s since the beginning of the current GPS week in each satellite.  This 
number and the P-code give the reading of the satellite clock at signal transmission time.  The 
GPS time is given in terms of the number of seconds in a week and is reset at the end/start of 
each week.  At the end/start of the week, the cyclic paging to subframes one through five will 
restart with subframe one regardless of which subframe was last transmitted prior to end/start 
of week [1].  All upload and page cutovers will occur on frame boundaries. 
 

Each satellite transmits its own position in three-dimensional coordinates and time.  All 
GPS receivers are passive, so they are solely dependent on the received signals for the 
necessary processing.  The receivers make use of one way Time of Arrival (TOA), which is 
the transmission time from satellites to the receivers.  The navigation data provides the 
receiver with the location of the satellite at the time of transmit.    
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2.7 Doppler Shift 
 

The Doppler frequency shift caused by the satellite motion affects both the carrier 
frequency and the C/A code.  The radius of the earth is 6,378 km around the equator and 
6,357 km at the poles.  The mean earth radius is considered as 6,371.3 km.  The angular 
velocity dtd /θ  and the speed of the satellite sv can be calculated from the approximate 
radius of the satellite orbit as 
 

srad
dt
d /10458.1

05.26058360011
2 4−×≈

+×+×
=

πθ  Eq. 2.5 

 

sm
dt
drv s

s /387410458.126560 4 =××== −θ    Eq. 2.6 

 
where sr  is the mean radius of the satellite orbit and θ  is the angle between the user and the 
satellite.   
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The Doppler frequency is caused by the satellite velocity component dv direct toward the 
receiver 

θ

θ
β

sin2

cos
sin

22
sese

es
sd

rrrr

rvvv
−+

==    Eq.  2.7 

 
where er is the mean radius of the earth. 

 
Figure 2.7  Doppler Velocity vs. Elevation Angle 

 
Figure 2.7 shows the Doppler velocity is zero when the elevation angle is 90°.  The 

maximum Doppler velocity is calculated by taking the derivative of the Doppler velocity and 
setting it equal to zero as follows [1] 
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The maximum Doppler velocity dmv occurs along the horizon and is calculated using Eq. 2.8. 
 

sm
r
rvv
s

es
dm /3.929

26560
3.63713874

=
×

==   Eq. 2.8 

 
The maximum Doppler frequency for the L1 frequency can therefore be calculated using 

Eq. 2.9 

kHz
c
vf

f dmr
dm 88.4

102.99792458
3.92910 1575.42

8

6

=
×
××

==  Eq. 2.9 

 
In the acquisition phase of the receiver, the search range is expanded to 5±  kHz.of the 

carrier frequency to accommodate Doppler Frequency shift.   
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The Doppler frequency also shifts the C/A code, but the effect is rather small due to the 
low frequency of the C/A code (1.023MHz).  The Doppler frequency on the C/A code is 
calculated as follows 

Hz
c
vf

f dmc
dc 17.3

102.99792458
3.92910 1.023

8

6

=
×

××
==   Eq. 2.10 

 
The rate of change of the Doppler frequency is an important factor in determining the 

frequency update rate in the tracking process.  One simple way to estimate the average rate of 
change of the Doppler frequency and another way is to calculate the maximum rate of change 
of the Doppler frequency [1].  The elevation angle for the maximum Doppler velocity can be 
solved using Eq 2.11 

242.0sin 1
max ≈








= −

s

e

r
r

θ rad     Eq. 2.11 

 
Since the satellite completes one orbit in 11 hours, 58 minutes and 2.05 seconds, the 

satellite travels π2  radians.  The time it takes to change from the maximum Doppler angle to 
minimum Doppler angle is calculated as follows 

( ) sec5.9109
2

242.0
205.26058360011 =







 −

+×+×=
π

π

t  Eq. 2.12 

 
During this time, the Doppler frequency changes from 4.9 kHz to 0, so the average rate of 

change of the Doppler frequency can be calculated as 
 

sHzfdr /536.0
5.9109

1088.4 3

=
×

=δ     Eq. 2.13 

 
In tracking the GPS signal in a GPS receiver, two factors are necessary to update the 

tracking loop: the change of the carrier frequency and the alignment of the input data signal 
and the locally generated C/A code.  However, since the change in Doppler frequency is not 
constant over time, the maximum Doppler frequency change also needs to be considered.  
The maximum change in Doppler velocity, dv , over time can be computed as follows [1] 
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Since the maximum rate of change of the frequency occurs at
2
π

θ = , the corresponding 

maximum rate of change of the speed is [1] 
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The maximum rate of change of the Doppler frequency can then be calculated as 
 

sHz
c
f

dt
dvf rd

dr /936.0
1099792458.2

1042.1575178.0
8

6

max
=

×
××

==δ  Eq. 2.16 

 
This value is still relatively small which allows the tracking loop to be updated every 

second.  From the above calculations, it can be seen that the rate of change of the Doppler 
frequency caused by the satellite motion is very low and the update rate of the tracking 
program is much more frequent for the satellite motions to have significant effects.   
 
 
CHAPTER 3 SOFTWARE GPS RECEIVER 
 

In a conventional GPS receiver, the acquisition and tracking of the signals are all 
processed by the hardware.  However, in a software GPS receiver, the signal is digitized 
using an analog-to-digital converter (ADC).  The digitized input signal is then processed 
using the software receiver.  The acquisition process searches for the presence of a signal 
from a particular satellite, and the tracking program finds the phase transition of the 
navigation data from that satellite.  Ephemeris data and pseudoranges can be recovered from 
the navigation data bits.  Finally the user position can be calculated from the ephemeris 
obtained. 
 
3.1 Advantages of A Software GPS Receiver 
 

A GPS software receiver has more flexibility due to its hardware independence.  The 
receiver is mainly implemented in software except for the front-end part, which offers various 
advantages.  First, a software receiver removes the nonlinear, temperature-dependent 
components of conventional hardware receivers.  Second, a software receiver can provide 
more evaluation and testing flexibilities.  Some systems may collect complex data in both the 
in-phase (I) and quadrature (Q) channels while others use real data from one channel [1].  
The output data from these different platforms can be processed by the same software 
receiver.  Both complex and real data can be generated by the software receiver with slight 
modifications.  The software receiver can also adapt to data digitized with various sampling 
frequencies.  The performance of different algorithms can be compared without any hardware 
development.  Third, it provides an effective simulation environment.  New algorithms can be 
developed for the software receiver to solve problems, such as jamming signals, without 
altering the hardware components.  It is easy to prototype theoretical signals such as the L5 
frequency signal (currently being developed by the GPS modernization program) and test the 
processing techniques for the new signal without any new hardware development.  

 
The data input to the software receiver does not have to be processed in real time.  

Therefore the receiver does not have to be constantly tracking the signals, which is useful in 
cases where data cannot be collected continuously [1].  Theoretically, the minimum amount 
of data necessary to make the position calculations is only 18 seconds.  However, with 
Doppler shift, the subframes from different satellites will arrive at the receiver at different 
times.  In addition, the beginning of subframe 1 of each satellite data also needs to be 
obtained.  In order to properly calculate the user position, at least 30 seconds of GPS data is 
required [1].  However, this maybe another advantage in a software receiver, where only 30 
seconds of data can be used to calculate an initial user position. 
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3.2 Software Receiver Architecture 
 

The architecture of software-based GPS receiver is as shown in Figure 3.1.  It consists of 
an antenna and a RF front-end and an Analog-to-Digital Converter (ADC).  The RF front-end 
device is necessary to down convert the GPS signal to an intermediate frequency (IF).  The IF 
signal is then sampled and digitize through the ADC.   

  
 

Figure 3.1 Software Receiver Architecture 
 

The front-end of this software receiver design is through the Mitel GP2021 receiver.  The 
GP2021 chip contains five signal down conversion stages.  The first three stages are 
performed by mixers in the GP2010 front-end chip.  The fourth down converstion is digital, 
occurring in the sampler which is driven by the 40/7 MHz GP2021 SAMPCLK output.  The 
final down conversion occurs in the GP2021 correlator, where quadrature outputs of the 
carrier DCO are mixed with the sampled GPS IF signal to produce the in-phase and 
quadrature outputs I and Q at base-band.  The input signal to the A/D converter is extracted 
from the third stage IF through an output pin.  The input signal to the ADC is at an IF of 
approximately 4.31 MHz, and the sampling frequency is 20 MHz.  The sampling frequency 
was chosen experimentally that has the best acquisition and tracking performance.  The 
hardware setup used for downconverting the GPS data and the ADC are shown in Figure 3.2.  
The GPS signal extracted from the GP2010 output pin is shown in Figure 3.3 

 

Figure 3.2 Software Receiver RF Front-End Setup 
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To recover the navigation information the digitized signal then goes through the 
acquisition and tracking processes implemented in software.  The acquisition process 
searches for the presence of a signal from a particular satellite, and the tracking program finds 
the phase transitions of the navigation data from a particular satellite.  Ephemeris data and 
pseudoranges can be recovered from the navigation data bits.  Finally the user position can be 
calculated from the ephemeris obtained. 
 
3.3 Software Receiver Input Signals 
 
3.3.1 Simulated Ideal GPS Signal in MATLAB 
 

To understand the performance of the acquisition and tracking programs, 10 GPS data 
bits are initially simulated in MATLAB at the carrier frequency of 4.3097 MHz.  Table 3.1 
lists the values of each data bit and Figure 3.3 graphically illustrated the simulated navigation 
data. 
 

   Table 3.1  Value of Simulated GPS Navigation Data Bits 
Bit  1 2 3 4 5 6 7 8 9 10 
Value 1 -1 1 -1 1 1 -1 -1 1 -1 

 
 

 
Figure 3.3  Simulated GPS Navigation Data Bits 

 
 As discussed previously in sections 2.3 and 2.4, the GPS navigation data is modulated 
with a satellite specific C/A code.  The locally generated C/A code is also digitized at 20 
MHz to match the sampled navigation data.  Figure 3.4 illustrates the sampled C/A code for 
satellite 11.  The power spectrum of the sampled C/A code of satellite 11 is shown in Figure 
3.5.  The main lobe bandwidth of the C/A code is approximately 2 MHz which corresponds 
to the theoretical value of 2.046 MHz.  The signal is also at baseband before modulated with 
the carrier. 
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Figure 3.4  Sampled GPS C/A Code for Satellite 11 

 
Figure 3.5  Power Spectrum of GPS C/A Code for Satellite 11 

 
The input data bits are then multiplied with the digitized C/A code samples.  The resulting 

signal is still at baseband and is shown in Figure 3.6.  The figure plots the data for one 
millisecond which consists of one complete set of C/A codes sampled at 20 MHz. 
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Figure 3.6  Simulated Baseband GPS C/A Coded Data for Satellite 11 

 
For the convenience of testing purposes, the GPS signal is simulated at the IF carrier 

frequency of the Mitel GP2021 board.  The simulated carrier has a frequency of 4.3097 MHz 
, chosen arbitrarily within the range of output IF frequency of the Mitel 2021 board.  The 
power spectrum of the carrier is presented in Figure 3.7. 

 
Figure 3.7  Power Spectrum of Simulated IF Signal 
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The final MATLAB simulated GPS signal contains no noise or Doppler shift.  The power 
spectrum of the signal for one millisecond is shown in Figure 3.8.  The simulated GPS signal 
is plotted in the time domain in Figure 3.9 a.  A detailed view of the BPSK signal is shown in 
Figure 3.9 b.  It can be seen that the phase is discontinuous whenever there is a bit transition.  
Since the IF carrier is at 4.3097 MHz, the waveform in Figure 3.9 b contains approximately 4 
cycles in each microsecond, which corresponds to the intermediate frequency. 

 

 
Figure 3.8  Spectrum of Simulated GPS C/A Coded Data for Satellite 11 at IF 

 

 
Figure 3.9 a  Simulated Baseband GPS C/A Coded Data for Satellite 11 at IF 
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Figure 3.9 b  Simulated Baseband GPS C/A Coded Data for Satellite 11 at IF (Close-up) 

 
3.3.2 RF Signal from GSS 6560 Signal Simulator 

Other than the simple version of the MATLAB simulated GPS signal, more realistic and 
longer GPS input data is needed to test the software receiver. To ensure the quality of the 
input signal, a simulator is used to create RF signals used as the input to the front-end of the 
software GPS receiver.  The Spirent GSS 6560 Multichannel GPS/SBAS simulator employs 
an all-digital modulation scheme that produces a simulated GPS signal of very high 
resolution.  The Spirent GSS 6560 GPS/SBAS simulation system with SimGEN provides a 
complete simulated RF environment that produces GPS L1 C/A code signals.  The GSS 6560 
simulator can simulate up to 12 channels of L1 frequency C/A coded GPS signals.  It 
generates the GPS signals through the control of the SimGEN software over a USB link.  The 
simulated output RF signals take account of the effects of high-dynamic vehicle motion, 
navigation satellite motion.  Also the delays caused by  Ionosphere and Troposphere on the 
signal are simulated using built-in Ionosphere and Troposphere models.   

The GSS 6560 simulator comprises of two primary elements.  The first element is multi-
channel RF signal generator.  Each generator provides the actual signals that stimulate the 
receiver or sensor, which channel represents a satellite signal at a single carrier frequency.  
Each channel can simulate either a direct satellite signal or a multipath signal.  Figure 3.10 
shows two GSS 6560 and an STR 4500 simulators stacked together.  These two GSS6560 
simulators in the GPS lab are capable of simulating two independent vehicles simultaneously.  
The STR 4500 simulator at the top is an older simulator that also produces up to 12 channels 
of C/A coded RF signals at L1 frequency. 
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Figure 3.10  GPS Simulators Hardware Setup 

The second element is the SimGEN software which allows the specification, development 
and execution of simulations. The simulation takes the form of a scenario defined via a set of 
description or source files, each of which has its own specific editor.  During the actual 
simulation, SimGEN runs models that act on the source file information and calculate the 
pseudorange between the simulated visible satellites and the simulated vehicle in which the 
receiver is installed [4].  Figure 3.11 gives a screen shot of the SimGEN scenario used to 
generate the input signal to the software receiver. 
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Figure 3.11  Screen Shot of SimGEN Scenario 

The simulated data is used to test the acquisition and tracking programs initially because 
it does not contain noise or Doppler shift.  After this verification of the program, the GPS 
signal from the GSS 6560 simulator will be used to evaluate the performance of the 
acquisition and tracking processes. 

 
 

CHAPTER 4 GPS C/A CODE SIGNAL ACQUISITION 
 

The GPS signal from the simulator is a combination of carrier wave, C/A code and 
navigation message.  In order to extract the navigation data from the GPS signal, it is 
necessary to remove the carrier wave and the C/A code.  The process of receiving GPS 
signals may be divided into three steps: acquisition, tracking, computing the position solution 
from recovered navigation data bits.  Acquisition is used to detect the presence of a signal 
from a particular satellite and calculate the initial code offset and Doppler shifted carrier 
frequency.  The tracking process, bit synchronization, and sub-frame synchronization are 
used to keep lock on the carrier and code and to obtain pseudorange, carrier phase 
measurements from the recovered navigation data bits.  In a conventional receiver, the front-
end, the acquisition and tracking processes, are implemented in hardware while the 
navigation solution calculations are completed in software.  This thesis focuses on the 
acquisition and tracking of the signals through software implementations 
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The two most important parameters to be determined by the acquisition program are the 
beginning of the C/A code and the carrier frequency of the input signal.  The typical received 
signal contains information from more than one GPS satellite.  For each satellite, the 
beginning of the C/A code and the carrier frequency after Doppler shift are different from 
others.  Once the acquisition program detects the presence of a desired satellite and finds the 
beginning of the C/A code, it uses the information to despread the signal.  After the despread 
of the spectrum, the signal becomes a continuous carrier wave.  The carrier frequency of the 
signal can then be determined.  The estimated beginning of the C/A code and the carrier 
frequency are then passed onto the tracking program [1]. 
 

The beginning of the C/A code and the IF carrier frequency of a GPS signal from a 
satellite can be found by correlating the incoming signal with the receiver generated signal.  
There are several different methods to perform acquisition.  The two methods analyzed are 
the serial search in time domain and parallel search using fast Fourier transform (FFT) in 
frequency domain.  Though serial search is the slowest search method, it is usually 
implemented in hardware based receivers due to its simplicity.  The parallel search (FFT 
method) in frequency domain usually implemented by software receiver since serial search 
method is computation intensive in the software approach. 
 
4.1 Factors Affecting the Acquisition Performance 
 

Several factors can affect the performance of the acquisition program.  One of the most 
important factors is the length of data used to acquire the code offset and Doppler shifted 
frequency.  Another factor is the frequency search step in calculating the carrier frequency.  
More search steps will provide finer frequency at the cost of more processing time. 
 
4.1.1 Data Length for Acquisition 
 

It is important to determine the length of data necessary to perform acquisition. The 
longer the data the longer is the processing time.  The benefit of using a longer period of data 
is the improvement of the SNR of the signal.  However, if fast acquisition is critical for the 
implementation of software-based GPS receiver, the optimum length of data should be used 
for successful fast acquisition.  The two factors that limit the selection of longer data period 
are the length of the navigation data and the change in Doppler frequency.  

 
Since the navigation data length is 20 ms, if the first 10 ms of the data has a phase 

transition due to the navigation data bit, there will be no phase transition in the next 10 ms of 
data.  Therefore, the maximum data length that can be used is 10 ms.  Since the C/A code is 
one millisecond long, the beginning of a C/A coded input signal can be found within this 
amount of data.  However, there is still the possibility that a phase transition due to the 
navigation data occurs in this one millisecond of data.  If the transition occurs in this one 
millisecond of data, the next one millisecond of data cannot contain another navigation data 
bit transition.  In order to guarantee that there is at least one set of data with no data bit 
transition, a minimum of two consecutive milliseconds of data should be used for successful 
acquisition.  As noted previously, a maximum length of 10 ms of data can be ensured to 
contain no navigation data bit transition.  There is a tradeoff between the processing time and 
data length used for acquisition.  Only one or two milliseconds of data are required for strong 
signals while the weaker signals need five to ten milliseconds of data for acquisition [5].  
However, the strength of a signal from a particular satellite is difficult to determine before 
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acquisition. Therefore, the acquisition program processes at least two consecutive data sets.  
The data length cannot exceed 10ms unless a technique to handle the navigation data 
transition effect during the acquisition process is implemented [6].  High sensitivity can be 
achieved using the tracking program. 
 

The signal-to-noise ratio can be increased by processing longer periods of data in the 
acquisition process.  However, the extended data will also increase the processing time.  If a 
navigation data transition occurs in the input signal to be processed, the despread signal will 
no longer be a continuous carrier wave.  Since there is at most one data bit transition in any 
20 ms of the input signal, if a navigation data bit transition occurs in the first 10 ms of data, 
the next 10 ms of data will be continuous.  In actual acquisition, even if there is a phase 
transition due to a navigation data bit, the spectrum spreading is not very wide [1].  The 
correlation peak usually can be detected, so the beginning of the C/A code can be found. 
 
4.1.2 Doppler Frequency Search Step 
 

Doppler frequency search step is another key factor for successful and fast acquisition. 
Since the carrier frequency is affected by the Doppler shift, the shift has to be accounted for 
in the receiver generated signal.  However, the exact Doppler shift is unknown, so the search 
needs to cover the range of all possible Doppler frequencies.  The maximum Doppler 
frequency that needs to be searched is 10± kHz which is the sum of both the Doppler on the 
C/A code and on the carrier[3].  However, the number of frequency steps necessary to cover 
the 20 kHz frequency range needs to be determined.  Widening the bandwidth of the 
searching steps improves the speed of the search.  Using a narrow bandwidth in the search 
process requires more steps to cover the same desired frequency range resulting in more 
computation time.  However, searching with narrow bandwidth steps improves the sensitivity.  
The frequency step is related to the length of data used in acquisition [1].  From the 
correlation properties of the GPS C/A code signals, it can be seen that when the input signal 
and the locally generated complex signal are off by one chip, there is no correlation.  If the 
two signals are off by less than one chip, there is partial correlation.  When the two signals 
are misaligned by half a chip, the peak correlation amplitude decreases by 6dB [5].  To 
ensure there is still partial correlation between the input signal and the locally generated 
signal, the maximum frequency separation should be within half a chip.  If the data length is 
1 ms, 1 kHz signal will change one cycle in 1ms.  In order to keep the maximum frequency 
separation within half a cycle in 1ms, the frequency step should be 1 kHz. Hence, the furthest 
frequency separation between the input signal and receiver generated signal is 500Hz.  If the 
data length is 10ms, the search frequency step should be 100Hz. 
 

Also visible satellites in the incoming signal are not necessarily known in advance, so the 
search needs to search for all possible satellites.  Therefore, the receiver needs to generate 
signal at different carrier frequencies with different C/A codes.  If the visible satellites are 
known, then the search range can be significantly limited and reducing the computation time.   
 
4.2 Acquisition Methods 
 

The conventional approach to signal acquisition is to search for the satellites in the time 
domain through hardware.  The search for the satellites can be performed in series as well as 
in parallel depending on the hardware design.  In a software receiver, the acquisition is 
generally performed on a block of data using parallel search algorithm.  After acquiring the 
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desired signal, the relevant parameters are then passed onto the tracking program.  If the 
receiver is operating in real time, there will be a time lapse between the data used for 
acquisition and the data being tracked.  If the acquisition program is slow in determining the 
beginning of the C/A code and the carrier frequency, the time gap between the acquisition 
and tracking programs will be more significant [3].  When the receiver does not process data 
in real-time, the speed of acquisition is not as important.  However, in designing a real-time 
software receiver, an important consideration is the speed of signal acquisition. 
 
4.2.1 Serial Search in the Time Domain 
 

Serial search is the simplest and most frequently used acquisition method especially in 
hardware GPS receivers.   In a serial search, each possible frequency and code offset is 
evaluated serially until the correct values are found (when the value crosses a certain 
threshold).  In this approach, the digital IF signal, [ ]nx  is multiplied by the locally generated 
C/A code, [ ]mnCA +  where n is the n-th sample and m is the number of phase shifted 
samples of the replicated C/A.  Since the sampling rate is 20 MHz, the length, L, of one C/A 
code period is 20,000 samples nominally. 
 

 
Figure 4.1  Algorithm for Serial Search Acquisition 

 
After the C/A code is despread, the in-phase (I) and quadrature (Q) channels are generated 
after mixing with the local oscillator.  The I and Q components are accumulated over N code 
periods, and the accumulated sum of these two channels is squared.   The next K correlations 
are accumulated to produce an averaged correlation value.  If the average correlation peak 
value crosses a certain threshold value, then the satellite is acquired.  The correlation in 
discrete time domain is expressed as 
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where ω is the radian frequency.  Setting N and K to smaller values allows faster acquisition.  
However, choosing larger values for N and K will improve the acquisition of weaker signals 
and reduce the probability of false acquisition [7].  Choosing a larger N value increases the 
possibility of a data bit transition in the correlation process, but it also improves the signal-to-
noise ratio (SNR).  The data transitions are synchronized to the code periods and occur only 
once every 20 code periods.  
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Usually when serial search is performed the code phase is incremented 
2
1 chip when one code 

phase has been tested.  Therefore, there are 204610232 =× code phases that must be 
searched [6].  In the software receiver implementation, with the input signal sampled at 20 
MHz, 40,000 samples of the received data are correlated with the locally generated C/A code 
by sliding the replicated code over the 40,000 samples.  Figure 4.2 illustrates the linear search 
over the range of possible carrier frequencies.  If there is some a priori information about 
either the carrier or code phase distribution, it is possible to use other more efficient serial 
search methods than the linear search algorithm.  Linear search simply increments in the code 
phase and Doppler frequency linearly [7]. 

 
Figure 4.2 Linear Search Algorithm 

 
4.2.2 Parallel Search in the Frequency Domain using FFT 
 

The output of a linear, time-invariant (LTI) system, ( )ty  can be found through 
convolution in the time domain and Fourier Transform in the frequency domain.  The time 
domain convolution can be expressed as 
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where ( )tx  is the input signal and ( )th is the impulse response [1].  The corresponding 
frequency response ( )fY  through the Fourier Transform is 
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where ( )fX  and ( )fH are the Fourier Transforms of the input signal and the impulse 
response respectively.  The output ( )ty in the time domain is obtained from the inverse 
Fourier Transform. 

( ) ( ) ( ) ( ) ( ){ }fHfXFthtxty 1−=∗=   Eq. 4.4 
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In discrete time concepts, the relationship in Eq. 4.4 can be expressed in terms of 
summations. 
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where ( )mx  is the input signal and ( )mnh −  is the impulse response in discrete time domain.  
The discrete Fourier Transform (DFT) of the output is 
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This is circular convolution, which is different from linear convolution.  In linear convolution, 
if the input and the impulse response of the system both contain N points of data, the system 
output has 12 −N points.  However, in circular convolution, the output is only N points.  This 
is due to the periodic nature of the DFT [1]. 
 

In the acquisition process, correlation, rather than convolution is used.  The correlation 
between ( )nx  and ( )nh  can be expressed as 
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In the case of correlation, ( )nh  is not the impulse response of the system, but that of another 
signal.  The DFT of ( )nz is 
 

( ) ( ) ( )

( ) ( ) ( )
( )

( ) ( ) ( ) ( ) ( )kXkHemxkHkZ

eemnhmxkZ

emnhmxkZ

N

n

N
kmj

N

n

N
kmjN

m

N
kmnj

N

n

N

m

N
nkj

1
1

0

2

1

0

21

0

2

1

0

1

0

2

−
−

=

⋅⋅

−

=

⋅⋅−

=

+⋅−

−

=

−

=

⋅⋅−

==









+=

+=

∑

∑ ∑

∑∑

π

ππ

π

 Eq. 4.8 

 
where ( )kX 1− is the inverse DFT.  The magnitude of ( )kZ can be written as 
 

( ) ( ) ( ) ( ) ( )kXkHkXkHkZ ∗∗ ==    Eq. 4.9 
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The parallel search algorithm can also be implemented using circular correlation.  The 
20,000 samples of the received data are correlated with the replica code by circularly shifting 
the replica code.  The circular correlation is a multiplication in the frequency domain that can 
be expressed as. 

[ ] [ ] [ ] [ ]( ) [ ]( )( )∗− ⋅=−⊗= nCAFnxFFnCAnxmR
nCorrelatioCircular

1
44 344 21  Eq. 4.10 

 
where the fast Fourier transform (FFT) and its inverse (IFFT) is used to calculate R [7].    
Since the fast Fourier transform is used to implement the DFT and IDFT, the acquisition is 
also called the FFT search.  In the case of the software GPS receiver, the incoming signal is 
mixed to baseband and the in-phase and quadrature components are used as the real and 
imaginary inputs when calculating the FFT.  The result is multiplied by the complex 
conjugate of the FFT of the C/A code.  The circular correlation is obtained by taking the 
magnitude of the inverse FFT of the result.  Figure 4.3 presents the implementation of the 
parallel search in the frequency domain. 
 

 
Figure 4.3  Algorithm for Parallel Search FFT-based Method Acquisition 

 
The acquisition program of the software receiver uses the circular correlation method to 

find the signal.  Only 1ms of input data is used to obtain the beginning of the C/A code 
initially.  Since the sampling frequency of the signal is 20 MHz, there are 20,000 samples in 
one C/A code period of duration one millisecond.  Since the C/A code does not necessarily 
start at the beginning of the input data, the beginning of the C/A code needs to be found 
before despreading the data.  A local copy of the specific C/A code is generated for 1 ms and 
digitized at a frequency of 20 MHz to create the 20,000 samples needed.  The digitized code 
is then slid over the 20,000 sample input data to find the peak correlation value. 

 
If the digitized C/A code with the correct phase is multiplied with the input signal, the 

input signal will be a continuous carrier wave.  Once the signal becomes a carrier wave, the 
frequency of the signal can be determined through an FFT operation [1].  If the input data 
length is 1 ms long, the FFT will have a frequency resolution of 1 kHz.   A threshold needs to 
be set to determine if the frequency component is strong enough.  The highest frequency 
above the threshold is the desired frequency component [1].   
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Since the signal is digitized at 20 MHz, 1 ms of data contains 20,000 data points, so a 
20,000-point FFT contains 20,000 frequency components.  However, only the first 10,000 
points of the FFT contains useful information.  The second half of the frequency components 
is the complex conjugate of the first half [1].  Since the frequency resolution is 1 kHz, the 
total frequency range covered by the FFT is 10 MHz, which is half of the sampling 
frequency.  .  If a 20,000 point FFT is performed on each of the 20,000 multiplications, a total 
of 20,000 frames of data each containing 10,000 useful frequency components is produced.  
There are a total of 8100.2 × outputs in the frequency domain.  Assuming the threshold is 
crossed, the highest amplitude of these outputs contains the desired information about the 
carrier frequency and the beginning of the C/A code [1].  However, searching and comparing 
all 8100.2 ×  frequency components is computational intensive and time consuming.  Since 
the interested frequency range is only 10± kHz of the ideal carrier frequency taking account 
of the Doppler shift, the acquisition program generates carrier waves for a frequency range of 

10± kHz from the ideal carrier frequency with a frequency step of 1000 Hz.  With the 1 kHz 
frequency step, a total of 21 Doppler frequency steps can cover the desired search range of 

10± kHz from the center frequency.  Searching only the 21 frequency components can 
significantly reduce the computation time.  Performing FFT on 20,000 points with 21 
frequency components will generate altogether 420,000 ( )21000,20 ×  point outputs.  This 
signal is correlated with receiver generated C/A code and carrier frequency with Doppler 
frequency range of 10± kHz at steps of 1 kHz.  The frequency resolution of the acquisition 
program is 1 kHz.  The beginning of the C/A code has a time resolution of 50ns ( )MHz20/1 .   

 
If 10 ms of data is used, the signal only needs to be correlated for 1 ms because the length 

of the C/A code is only 1 ms.  Each operation consists of a 20,000-point multiplication and a 
200,000-point FFT.  The total number of useful output is ( )000,100000,20100.2 9 ×× .  By 
lengthening the input data used for acquisition, the operation time increases significantly.  
Though the time resolution of the beginning of the C/A code remains 50 ns, the frequency 
resolution improves by a factor of 10 to 100 Hz.   

 
4.2.3 Fine Carrier Frequency Resolution 

 
To find the carrier frequency with finer resolution, the FFT is no longer an efficient 

method.  To obtain 10 Hz frequency resolution with FFT, the data length required is 100 ms.  

With the sampling rate of 20 MHz, a total of 2,000,000 





 ×

1000
100000,000,20  points FFT has 

to be computed, which is a time consuming operation.  The final estimated carrier frequency 
is calculated using its phase relationship.  The initial carrier frequency is estimated to be the 
highest frequency component of the FFT.  Let the highest frequency at time m be represented 
as ( )kX m , where k is the k-th frequency component calculated in the FFT.  The initial phase 

( )kmθ  can be calculated using the real and imaginary components of ( )kX m  as 
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A second estimate of the phase can be found at time n, some time after the occurrence of 

m.  The phase at time n of frequency component k, ( )knθ  can be calculated as  
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The fine frequency estimate can be calculated with the phase change between time m and n as 
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   Eq.  4.13 

 
In order to keep the frequency unambiguous, the phase difference ( ) ( )kk mn θθ −  must be less 
than π2 .  If the phase difference is at the maximum value of π2 , the unambiguous bandwidth 

is ( )mn −
1 , where ( )mn −  is the delay time between two consecutive sets of data [1]. 

 
Initially, the FFT of each millisecond of data is computed with the frequency resolution 

of 1 kHz.  If the actual carrier frequency of the input signal is between two frequency 
components, there will be uncertainty in the phase.  To eliminate this ambiguity, the 
amplitude comparison technique is implemented.  Let the amplitude of the highest frequency 
component k of the FFT be ( )kX , the two adjacent frequency components have amplitudes 

( )1−kX  and ( )1+kX .  The amplitudes of ( )1−kX  and ( )1+kX  are compared to find the 
stronger of the two.  If the amplitude of ( )1−kX  is higher, then the actual carrier frequency 
is lower than the frequency of ( )kX , otherwise it is higher than that of ( )kX . 

 
If there is a navigation data bit transition between two consecutive sets of data, a phase 

shift of π is introduced.  In this case, the input signal no longer has a continuous phase.  If 
this phase transition is not accounted for, the estimated frequency will be off by π which 
corresponds to a 500 Hz frequency offset with 1 kHz frequency resolution.  To avoid this 
source of error, the unambiguous bandwidth is limited to 250 Hz.  To account for the effect 
of noise, the maximum frequency uncertainty allowed is reduced to 200± Hz which 

corresponds to a phase angle difference of
5

2π
± .   With this maximum allowed frequency 

offset, a phase transition caused by the navigation data bit will cause an offset of 
5

3π
±  

or
5

7π
± .  The magnitudes of both offset values are outside the maximum allowed frequency 

offset range.  When a frequency offset outside the maximum allowed range occurs, π  is 
either added or subtracted from the frequency offset to account for the navigation data bit 
transition.  Therefore, the calculated frequency is kept to within 200 Hz of the ideal 
frequency component value.   The maximum frequency offset between two adjacent k values 
in ( )kX  is kept to 400 Hz. 

 
In the acquisition program, the FFT of one millisecond of data is first calculated as ( )kX .  

The complex conjugate of ( )kX  is computed and denoted as ( )kX ∗ .  Since the Doppler shift 
range covers 21 frequency components with 1 kHz frequency resolution, a local code ( )nci  
( )21,...2,1=i , is generated for each of these frequency components.  The locally generated 
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codes are also sampled at 20 MHz, where n denotes the sample numbered 1…20,000.  The 
FFT of the digitized local codes are then computed as ( )nC i .  To remove the C/A code from 
the incoming signal, the FFT of the input data is multiplied with the FFT of each of the 
locally generated codes.  The inverse FFT of their products are found in the time domain.  
The absolute maximum of the result contains the frequency resolution in 1 kHz and the 
beginning of the C/A code in 50 ns resolution.  To find the carrier frequency to 200 Hz 
resolution, two DFT operations are performed on the same set of data.  One DFT is calculated 
at a frequency 400 Hz lower than the highest frequency component and another 400 Hz 
higher.  The amplitudes of the three DFTs are compared and the frequency of the highest 
component is set as the new carrier frequency.  The new frequency is within 200 Hz of the 
true carrier frequency.  The locally generated code is then multiplied with the next 5 ms of 
data to remove the C/A code.  The remaining signal only contains the navigation data bits.  
The highest frequency component for each of the 5 ms are calculated as ( )kX n  where 

5...2,1=n .  The difference in the phase angle between two consecutive sets of data is defined 
as nn θθθ −=∆ +1 .  In this case, the final fine frequency is the average of the four sets of 
frequencies. 

 
4.3 Performance of the Acquisition Program 

 
To verify that the acquisition program works properly, the simulated data (described in 

section 3.4) was first used as the input signal.  Figure 4.4 illustrates the result of the 
acquisition process for simulated GPS signal of satellite 11.  The peak is where the estimated 
carrier frequency and beginning of the C/A code for satellite 11 as calculated by the 
acquisition program. 

 
Figure 4.4 Acquisition of Satellite 11 at IF 4.3097 MHz 

There was no phase shift or C/A code offset added in the simulation, so the resulting 
signal should have a carrier frequency that matches the original carrier frequency and the 
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beginning of the C/A code should be at 1.  Figure 4.5 and 4.6 breaks the plot in Figure 4.4 
into two different 2-D components.  From Figure 4.5, it can be seen that the acquisition 
program found the beginning of the C/A code of satellite 11 to be at sample one.  In Figure 
4.6, the carrier frequency returned by the acquisition program is 4.3097 MHz.  The true 
carrier frequency of the simulated signal is 4.3097 MHz.  In this case, the carrier frequency 
returned by the acquisition program matches that of the simulated signal. 

   
Figure 4.5  The Correlation Output of Input Signal and the C/A Code of Satellite 15 

 

 
Figure 4.6  Frequency Component of the Despread Signal of Satellite 15 

Once the acquisition program is verified to work with the simulated GPS signal, the GPS 
signal from the GSS 6560 simulator is used as the new input signal.  The digitized input 
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signal is shown in Figure 4.7 a.  A more detailed view of the input signal can be found in 
Figure 4.7 b.  Since the signal is extracted from a pin on the Mitel 2021 board, the signal 
strength is much weaker compared to the simulated signal using MATLAB.   

 
Figure 4.7  a  Raw GPS Input Signal from Satellite 15 at IF 

 

 
Figure 4.7  b  Raw GPS Input Signal from Satellite 15 at IF (Close-up) 
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The correlation matrix for the signal from satellite 15 is illustrated in Figure 4.8.  Again, 
the acquisition program returns the calculated position of the beginning of the C/A code and 
estimated carrier frequency. 

 
Figure 4.8 Acquisition of Satellite 15 at IF 4.31 MHz 

 
For this particular set of data collected from satellite 15, the outputs of the acquisition 

program is shown in Figures 4.9 and 4.10.  In the 20,000 point sampled input data of 1ms, the 
beginning of the C/A code is calculated to be at sample 16355.  The correlation peak at this 
sample value is much greater than the cross-correlation values.  This result further verifies the 
correlation property of the C/A codes.  The highest frequency component shown in Figure 4.6 
is the estimated carrier frequency with the Doppler shift.   

 
Figure 4.9  The Correlation Output of Input Signal and the C/A Code of Satellite 15 
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Figure 4.10  Frequency Component of the Despread Signal of Satellite 15 

 
From the results, it can be verified that the Doppler shift did not cause the ideal carrier 

frequency to shift much.  The initial estimated carrier frequency is still 4.31 MHz.  However, 
the final carrier frequency output of the acquisition program is 4.309797 MHz.  This value is 
obtained after several frequency refined searches.  Since the initial frequency resolution is 1 
kHz, the estimated carrier frequency will be too coarse for the tracking program.  The 
bandwidths of the tracking loops are very narrow, so the final estimated carrier frequency 
should be within a few Hertz of the actual carrier frequency. 
 

The acquisition search returns the frequency and phase of the PRN code for a specific 
satellite.  If the user is moving at a considerable speed and is frequently changing direction 
the receiver may lose the satellite signal.  If the frequency deviations are not corrected for, the 
receiver will eventually lose track of the satellite and no data will be decoded.  The outputs of 
acquisition are used for tracking the signal so that both carrier and code can be stripped off 
from the incoming signal.   
 
 
CHAPTER 5 TRACKING OF GPS C/A CODE SIGNAL 
 

  After the acquisition process is complete, the receiver enters the tracking phase. A 
delay-locked loop (DLL) is used to track the C/A code phase and a phase-locked loop (PLL) 
is used to track the carrier frequency of the incoming signal with Doppler shift.  When both 
tracking loops are in lock, it is possible to decode the 50 Hz navigation data message.  The 
tracking loop follows the incoming signal and adjusts itself to de-spread and de-modulate the 
incoming signal. If the receiver is stationary, the rate of change of Doppler frequency is small 
so the update rate of tracking loop is less frequent.   
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5.1 Code Tracking 
 

Since the phase of the incoming GPS signal is not constant, the code tracking process 
becomes necessary to remove the phase shift in the C/A code such as the effect of noise.  
When a phase shift occurs, the correlation peak of the locally generated code and the 
incoming signal will decrease.  However, only knowing that a phase shift has occurred is not 
sufficient, the direction of the shift needs to be determined in order to compensate its effect. 
 

 
Figure 5.1  Ideal Correlation of C/A Code and Input Signal 

 
5.1.1 The Early, Prompt and Late Codes 
 

Ideally, the correlation between the local C/A code and the input signal decreases linearly 
from its peak correlation value to zero at 20 samples when the phase shift between the two 
signals reaches one full chip.  From the properties of the orthogonal codes, there should be no 
correlation when two signals are misaligned by a chip or more.  Therefore, the cross-
correlation between different PRN codes is treated as noise.  When a phase shift occurs, the 
peak correlation value will either slide to the left or the right or the ideal correlation curve.   

 
Figure 5.2  Correlation of C/A Code and an Input Signal with Phase Shift to the Left 

 
Figure 5.3  Correlation of C/A Code and an Input Signal with Phase Shift to the Right 

 
Therefore, two additional sets of sampled C/A codes are needed to determine the 

direction of the shift.  The two sets are the early and late codes respectively.  The original 
sampled C/A code is referred as the prompt code.  The early and late codes are time shifted 
versions of the prompt code by half a chip or less.  In this case, the early copy of the C/A 
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code is shifted three samples to the left from the prompt code and the late code is shifted 
three samples to the right. 
 

 
Figure 5.4 Correlation Plot of the Prompt, Early, and Late Codes  

 
5.1.2 The Delay-Locked Loop (DLL) 
 

The delay locked loop (DLL) consists of early, prompt and late code generators, filters 
and discriminators.  The incoming IF signal is first down-converted by the carrier frequency 
obtained from the acquisition process to the I and Q channels at baseband.  The down-
conversion process can be described in Eq. 5.1 and Eq. 5.2  
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where cf is the IF carrier frequency estimated by the acquisition program.  The I and Q 
channel data are multiplied by the early, late and prompt C/A codes to obtain the correlation 
values.  The locally generated prompt signal is used to de-spread the incoming signal.  The 
early and late codes each correlate with the incoming C/A coded signal to produce two other 
outputs. These outputs are filtered, squared and compared using a discriminator.  Based on 
the discriminator output, if certain thresholds are crossed, the locally generated C/A code is 
adjusted to match the C/A code of the incoming signal.  The sum of the I channel over one 
code period and the square envelope are given as follows 
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The sum of the envelopes is fed into the discriminator and then the code loop filter makes 

the decision if a phase change has occurred.  Different discriminators can be used, for 
example, E-L envelope (which is used in the present algorithm), E-L power or E-L 
normalized.  In the case of the Early-Late discriminator, the output signal ε, is calculated 

 

Late
Early

=ε    Eq. 5.5 

 
The discriminator output is tested against two thresholds to see if a phase shift greater 

than the maximum tolerance has occurred in the receiver.  From the output of the 
discriminator, the direction of the shift in the C/A code can be determined: 
 



 42 

1=ε , the prompt code is aligned with the incoming C/A coded signal, no shift is necessary, 
1<ε , a phase shift to the left has occurred, shift the codes to the right, 
1>ε , a phase shift to the right has occurred, shift the code to the left. 

 
The discriminator output is averaged over 20 code periods.  In the code loop filter, if the 

averaged result still crosses either threshold values, the codes are shifted accordingly.  Figure 
5.5 shows the block diagram of the code tracking loop. 

 
Figure 5.5 Block Diagram of Code Tracking Loop 

 
5.2 Carrier Tracking 
 

When the carrier frequency changes, the receiver loses track of the satellite signal.  The 
carrier tracking process can keep phase lock of the satellite as long as the frequency shift is 
within the allowed range. 
 
5.2.1 The Phase-Locked Loop (PLL) 
 

The phase locked loop (PLL) is a critical component in coherent communications 
receivers that is responsible for locking onto the carrier of a received modulated signal [11]. 
Ideally the transmitted carrier frequency is known and its phase needs to be determined for 
accurate demodulation. However, due to factors such as noise and satellite motions, the actual 
carrier frequency received may be slightly different from the expected frequency.  This 
difference can be modeled as a time-varying phase.  Provided that the frequency mismatch is 
small relative to the carrier frequency, the feed-back control of an appropriately calibrated 
PLL can track this time-varying phase, thereby locking onto the correct frequency as well as 
phase [7]. 
 

The Phase Lock Loop (PLL) consists of a numerically controlled oscillator (NCO), 
carrier loop filter and a discriminator.  The output of the DLL is a signal only modulated with 
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the navigation data, which is also used as the input to the PLL.  The PLL used for GPS signal 
tracking is a Costas Loop.  The output of the discriminator is used to generate a control signal 
to tune the frequency of the NCO so that the loop can continuously demodulate the incoming 
signal [8].  The PLL used to tracking a GPS signal is usually a second order loop.  However, 
a higher order PLL is necessary for tracking signals on a high dynamics receiver [9].  

 
The transfer function of the the second order loop filter in the z-domain can be described 

by the following equations 
 

( ) ( )
1

1

1
121

−

−

−
∗−+

=
z

zCCCzF   Eq. 5.6 
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 The parameter values of damping factor, natural frequency and loop gain are chosen 

according to the experimental results of [1].  The damping factor,ς , a value of 0.707 is 
considered to be optimum.  However, the change in natural frequency, nω (which depends on 
the noise bandwidth), and loop gain affects success or failure of the tracking [6].  These 
parameters are related with the incoming signal strength.  Normally a noise bandwidth of 
20Hz and loop gain, K of 400 shall successfully track the incoming signal [1].   
 

The carrier NCO generates an IF signal with the same frequency obtained from the 
acquisition program.  The signal generated has both I and Q channels.  The signal from each 
channel is correlated with the input signal and then lowpass filtered using an elliptic filter.  
An arc tangent (atan) discriminator that is insensitive to the phase transition of the navigation 
data bit transitions is used to determine the phase shift in the carrier frequency.   
Once the input IF signals in the I and Q channels are down-converted to baseband using the 
estimated carrier frequency cf , the resulting baseband signals are then multiplied with the 
prompt code and are summed over one code period.  The resulting I and Q signals are then 
fed into the discriminator which gives the angle in radians between the signals in the two 
channels.  Figure 5.6 shows the schematics of the carrier tracking loop. 
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Figure 5.6 Block Diagram of Carrier Tracking Loop 

 
The discriminator is an atan discriminator instead of an atan2 discriminator to take out the 

effect of phase shifts due to the BPSK modulation.  The angle goes through the carrier loop 
filter to the carrier frequency NCO, in order to correct cf .  The correction of cf is made by 
shifting the phase in a successive way.  The corrected phase is calculated as 

 
oldnewcorr θθθ −=  

 
5.3 GPS Signal Tracking Using the BASS Method 
 

The conventional GPS receiver uses the DLL to track the shift in the C/A code and the 
PLL to track the carrier frequency.  The combined block diagram of both the code and carrier 
tracking loops is shown in Figure 5.7.   

 
In the case of a software GPS receiver, both loops are implemented in software.  The 

tracking program for this software receiver uses the block adjustment of synchronizing signal 
(BASS) method.  The DLL is still used to calculate the C/A code offset.  The difference in 
the BASS method is that it uses one frequency component of the discrete Fourier transform to 
determine the phase of the carrier signal and uses consecutive measurements on phase to 
track the carrier frequency [11]. 
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Figure 5.7  Block Diagram of Code and Carrier Tracking Loops 

 
The incoming data is processed one millisecond at a time from the beginning of one set of 

C/A code.  The input data is continually processed in millisecond increments by the tracking 
loops.  Only one set of digitized C/A code is generated.  The sampled C/A code is reused 
every millisecond with adjustments obtained from the output of the code tracking loop.  
Therefore, instead of generating a new set of C/A code and sample it for every block of input 
data, the C/A code samples can be reused to reduce the load on the processor.  The locally 
generated carrier signal needs to be updated to the correct frequency for each set of input 
data. 
 

The decoding of the navigation data only depends on the phase difference between two 
consecutive blocks of data.  In order to create a continuous locally generated carrier, the 
initial phase of the data needs to be calculated.  Adjustments to the carrier signal have to be 
made for every millisecond of data.  The phase difference between the carrier signal and the 
input data over one millisecond should be either 0 orπ , plus a constant bias as the phase error 
is not forced to zero.  Ideally, the phase of the carrier signal and the C/A code should be 
synchronized [1].  In this initial development of the software receiver, this synchronization is 
overlooked to reduce the complexity of the system. 
 

The DFT of the input signal, ( )nx , is defined as  
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 Eq. 5.11 

where k is the k-th frequency component of the input signal and N is the total number of data 
points.  The frequency component with the highest amplitude, ( )ikX , is the frequency of the 
incoming signal.  The initial phase of the block of data can be calculated using Eq. 4.11.  This 
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operation is repeated for the highest frequency component of each millisecond of data.  The 
fine frequency can be obtained from Eq. 4.13. 
 

Similar to the acquisition process, the performance of the tracking program is first 
verified on the MATLAB simulated GPS data.  The spectrum of one millisecond of the 
incoming C/A coded signal at IF is shown in Figure 5.8.  From visual observation, it is very 
similar to the signal in Figure 3.10 (they should theoretically be identical). 
 

 
Figure 5.8  Spectrum of Received GPS C/A Coded Data for Satellite 11 at IF 

 
The spectrum of the same data after the C/A code has been removed is shown in Figure 

5.9.  The frequency of the highest component is at approximately 4.3 MHz, which 
corresponds to the range of the input carrier frequencies.  Once the C/A code is despread, 
only the carrier frequency is modulated on the data signal. 
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Figure 5.9  Spectrum of Received GPS Signal for Satellite 11 with C/A Code Removed 

 
For testing purposes, the original one millisecond of input data is first demodulated by the 

carrier frequency obtained from the acquisition program with the C/A code still in the signal.  
From Figure 5.10, it can be seen that the bandwidth of the mainlobe of the spectrum is 
approximately 2 MHz.  This result matches the bandwidth of the C/A code. 

 
Figure 5.10  Spectrum of Received GPS Signal for Satellite 11 with C/A Code at Baseband 
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The one millisecond of data after despreading and demodulation is shown in Figure 5.11.  
The frequency of the navigation data should be at baseband.  This process is repeated for all 
10 data bits simulated, which lasts 200 ms.  The recovered data bits from the tracking 
program are illustrated in Figure 5.12.  The results match the waveform of the original 
simulated input data bits. 

 
Figure 5.11  Spectrum of Received GPS Signal for Satellite 11 at Baseband 

 

 
Figure 5.12  Recovered GPS Navigation Data Bits for Satellite 11 
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The real-like signal from the simulator is then tested using the tracking program.   For a 
comparison with the simulated data, the spectrum of the first one millisecond of data is also 
plotted in Figure 5.13.  The signal is noiser than the simulated signal and the magnitude of 
the spectrum is much smaller because the input signal is very weak. 

 
Figure 5.13  Spectrum of Received GPS C/A Coded Data for Satellite 15 at IF 

 
After the C/A code is stripped off the incoming signal, the data is still modulated by the 

carrier frequency.  The frequency of the signal also at approximately 4.3 MHz (see Figure 
5.14).  The original signal is also down-converted to baseband using the carrier frequency 
from the acquisition program with the C/A code.  The result is filtered and shown in Figure 
5.15. 

 
Figure 5.14  Spectrum of Received GPS Signal for Satellite 15 with C/A Code Removed 
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Figure 5.15  Spectrum of Received GPS Signal for Satellite 15 with C/A Code at Baseband 

 
The spectrum of the first millisecond of signal without C/A code and carrier frequency is 

at baseband and plotted in Figure 5.16. 
 

 
Figure 5.16  Spectrum of Received GPS Signal for Satellite 15 at Baseband 
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The tracking output of two seconds of data is shown in Figure 5.17.  Compared to the 
navigation data bits recovered from the simulated data, the magnitudes of these data bits are 
much smaller due to the weak input signal.  The carrier frequency does not seem to be 
completely removed because the weaker signal is much more sensitive to frequency shift.  A 
more detailed view of the recovered bits is shown in Figure 5.18 for 400ms.  The bit 
transitions can be seen clearly and each bit lasts approximately 20 ms which corresponds to 
the length of a data bit. 

 
Figure 5.17  Recovered GPS Navigation Data Bits for Satellite 15 

 

 
Figure 5.18 a  Recovered GPS Navigation Data Bits for Satellite 15 for 400 ms 
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Figure 5.18 b  Recovered GPS Navigation Data Bits for Satellite 15 for 400 ms 

 
 
CHAPTER 6 FUTURE WORK 
 

The acquisition and tracking programs presented above are written specifically for this 
ongoing development of the software GPS receiver.  Both programs are tested for both 
MATLAB simulated data and GSS 6560 simulated data.  Scenarios were designed using 
SimGEN to create the simulated GPS data.  The resulting IF signal is extracted from the 
Mitel 2021 board and then digitized.  The data from the simulator data is much weaker in 
magnitude.  The quantization levels of the 8-bit UltraFast 2020 board maybe insufficient for 
accurate signal representations.  The signals are easily lost in the tracking loops due to 
quantization noise.  For future work, an amplifier can be installed between the output of the 
Mitel 2021 board and the ADC.  The BASS method is used to recover the navigation bits 
instead of the conventional PLL.  To recover longer periods of navigation data, modifications 
to the hardware setup have to be made.  The memory of the computer used to digitize the data 
needs to be increased to take longer periods of data.  The current configuration can only take 
a maximum of 10 seconds of data.  Also the future code should be converted to C to improve 
data processing efficiency.  Once longer periods of data can be obtained, the navigation 
messages can be decoded by comparing the recovered data with the parity bits. 

 
The goal of the complete development of the software receiver is to be able to track real-

time GPS signals in the future.  Also with the development of new GPS signals at the L5 
frequency, the acquisition and tracking programs software receiver can be tested at the new 
frequency.  Since the code can also be adapted in the future for possibly testing the new 
Galileo system developed by the European Union.  As long as the code structures are known, 
the programs can also be modified to decode the P code and the newly developed M code in 
the future. 
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