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ABSTRACT  

Processing GPS carrier-phase measurements can provide high positioning accuracy 

for several navigation applications. However, if not detected, cycle slips in the 

measured phase can strongly deteriorate the positioning accuracy. Cycle slips 

frequently occur in areas surrounded by trees, buildings, and other obstacles. The 

dynamics experienced by the GPS receiver in kinematic mode of navigation also 

increases the possibility of cycle slips. Detection and correction of these cycle-slips 

is essential for reliable navigation. One way of detecting and correcting for cycle 

slips is to use another system to be integrated with GPS. Inertial Navigation Systems 

(INS), using three-axis accelerometers and three-axis gyroscopes, is integrated with 

GPS to provide more reliable navigation solution. Moreover, INS was utilized in the 

past for GPS cycle slip detection and correction. For low cost applications, Micro-

Electro-Mechanical-Systems (MEMS) accelerometers and gyroscopes are used 

inside INS.  For land navigation, reduced inertial sensor system (RISS) utilizing two 

accelerometers, one gyroscope, and the vehicle odometer was suggested. MEMS-

based RISS has the advantage of using less number of MEMS-based gyroscopes and 

accelerometers thus reducing the overall cost and avoiding the complex error 

characteristics associated with MEMS sensors. In this thesis, we investigate the use 

of MEMS – based RISS to aid GPS and detect and correct for cycle slips. The Kalman 

filter was employed in centralized fashion to integrate the measurements from both 

GPS and RISS. This thesis research also offers a new threshold selection criterion 

resulting in a more robust cycle slip detection and correction. The proposed method 

was tested in different scenarios of road tests in land vehicle. Results show accuracy 
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improvement over the conventional double differenced pseudoranges-based 

integrated system. Moreover, the adaptive selection criterion of the detection 

threshold proposed in this thesis improves the detection rate, especially in the case 

of small-sized cycle slips.    
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Chapter 1 INTRODUCTION 

 

1.1 BACKGROUND 

          In Global Positioning System (GPS) navigation, carrier phase measurement can be used 

to achieve very precise positioning solutions. Carrier phase measurements are much more 

precise than pseudorange measurements but they are ambiguous by an integer number of 

cycles. When these ambiguities are resolved, a sub-centimetre level positioning can be 

achieved. However, in real time kinematic applications, the GPS signal could temporarily be 

lost because of various disturbing factors such as trees, buildings, bridges. Vehicle dynamics 

adds to this problem as well. This signal loss causes a discontinuity of an integer number of 

cycles in the measured carrier phase, known as cycle slip. Consequently, the integer counter 

is reinitialized, meaning that the integer ambiguities become unknown again. In this event, 

ambiguities need to be resolved once more to resume the precise positioning and 

navigation process. This is a computation-intensive and time-consuming task. Typically, it 

takes few minutes to resolve for ambiguities. The ambiguity resolution is even more 

challenging in real time navigation due to the receiver dynamics and time sensitive nature 

of the required kinematic solution.  Therefore, it would save effort and time if we could 

instead detect and estimate the size of these cycle slips and correct the measurements 

accordingly.  

Inertial Navigation Systems (INS) on the other hand, can provide a smoother and 

continuous navigation solution at higher data rates since it is autonomous and immune to 

interferences that deteriorates the GPS positioning quality. However, INS errors grow with 

time due to inherent integration in the mechanization process. Thus, both GPS and INS 
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systems exhibit mutually complementary characteristics, and their integration provides a 

more accurate and robust navigation solution than either stand-alone system.  

         Recently, the Micro Electro Mechanical Systems (MEMS) grade inertial sensors are 

being used for low cost navigation applications. However, these inexpensive sensors have 

complex error characteristics; therefore, latest research is conducted to utilize less number 

of inertial sensors inside the inertial measurement unit (IMU) to obtain the navigation 

solution [1]. Advantage of this trend is twofold. The first is to avoid the effect of the inertial 

sensor errors. The second is to reduce the cost of the IMU in general [2]. One such approach 

is used in this thesis known as the RISS (Reduced Inertial Sensor System). The RISS 

configuration uses one gyroscope, two accelerometers, and vehicle wheel rotation sensor. 

The gyroscope is used to observe the changes in vehicle’s orientation in the horizontal 

plane. The two accelerometers are used to obtain the pitch and roll angles. The wheel 

rotation sensor readings provide the vehicle’s speed in the forward direction.  

        A filtering technique is usually employed to perform the GPS/INS integration. Kalman 

filter is an optimal estimator which minimizes mean squared error and is unbiased when 

used to combining sets of measurements. Combined with its real-time recursion ability the 

filter has been the method of choice of most GPS/INS applications [3]. Major approaches of 

integration are loosely coupled GPS/INS integration and tightly coupled GPS/INS 

integration. The former strategy is simpler and easier to implement since the inertial and 

GPS navigation solutions are generated independently before being weighted together by 

the Kalman filter.    There are two main drawbacks with this approach: 1) signals from at 

least four satellites are needed for navigation solution which cannot always be guaranteed; 

and 2) the outputs of the GPS Kalman filter are time correlated which has a negative impact 

upon the system performance. The latter strategy performs the INS/GPS integration in a 
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single centralized Kalman filter. This architecture eliminates the problem of correlated 

measurements which arises due to cascaded Kalman filtering in the loosely coupled 

approach. Moreover, the restriction of visibility of at least four satellites is removed.    

1.2 PROBLEM STATEMENT 

Carrier phase measurements can be used to obtain very high accuracy in real time 

positioning and navigation but they require the integer ambiguities to be resolved. When 

these ambiguities are resolved, a sub-centimetre level positioning can be achieved. 

However, in real time kinematic applications, the GPS signal could be lost temporarily 

because of various disturbing factors and vehicle dynamics causing what is known as cycle 

slip. Consequently, the integer counter is reinitialized, meaning that the integer ambiguities 

become unknown again. At this point, ambiguities need to be resolved once more to resume 

the precise positioning and navigation process. This is a computation-intensive and time-

consuming task. The ambiguity resolution is even more challenging in real time navigation 

due to the receiver dynamics and time-sensitive nature of the application.  Therefore, in 

many cases, it would be faster and easier if we could instead detect and estimate the size of 

these cycle slips and correct the measurements for it. Recent research focuses on the use of 

information external to the GPS measurements to build efficient cycle slip detection and 

correction algorithms. One such common approached is integrating the GPS measurements 

with the measurements provided by INS systems. MEMS sensors have been employed for 

this purpose to provide low-cost navigation solutions.  However, there is still need to make 

the overall solution more affordable and to mitigate the complex error characteristics of the 

MEMS-based inertial sensors. Thus, the research in this thesis proposes integrating a 

reduced inertial sensor system (RISS) with GPS to provide a robust cycle slip detection and 

correction method.  With the use of fewer number of inertial sensors, the complex error 
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characteristics of inertial sensors (especially for gyroscopes) are avoided, thus leading to 

more robust GPS cycle slip detection and correction approach.    

1.3 OBJECTIVES 

The ultimate goal of this research is to improve the performance of carrier phase based GPS 

navigation by tackling the problem of cycle slips in the measured phase with the aid of 

minimized number of low cost inertial sensors. To achieve this objective, this thesis aimed 

at: 

1. Reviewing the state of the art in the field of cycle slip detection and corrections 

methods showing their strengths and weaknesses.     

2. Studying the ability to improve the performance of the best available technique to 

obtain a robust solution. 

3. Investigating the selection criteria of the detection threshold and suggesting a new 

threshold selection criterion to get the best possible cycle slip detection ratio. 

4. Realizing the proposed method and examining its performance using real road test 

data.    

1.4 OVERVIEW OF THE RESEARCH 

In this thesis, a tightly coupled GPS/RISS integrated system is introduced for cycle 

slip detection and correction for land vehicle navigation using relative-positioning 

technique. The principle of the algorithm is to compare double differenced (DD) phase 

measurements with estimated measurements derived from the output of the GPS/RISS 

system against a threshold. In case of a cycle slip, the measurements are corrected with the 

calculated difference.   
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The used system filter has a total of eleven states which include three position and 

three velocity errors. The attitude state consists of the azimuth error only. The sensor 

errors include the errors associated with wheel the sensor-driven acceleration, and the 

gyroscope error. The two states added for the GPS system are the clock bias of the GPS 

receiver and its drift. First, pitch and roll are derived from the accelerometers readings after 

removing the accelerations due to forward speed and normal transversal acceleration 

component respectively.  The azimuth angle is obtained by, first removing the rotational 

components due to transport rate and Earth rotation rate and then integrating the 

gyroscope measurements. Knowing azimuth and pitch angles, vehicle forward speed can be 

projected into East, North, and Up velocities.  The East and North velocities are transformed 

into geodetic coordinates and then integrated over the sample interval to obtain positions 

in latitude and longitude. The vertical component of velocity is integrated to obtain altitude. 

Subsequently, knowing the receiver position and the satellite ephemeris data, satellite-to-

receiver ranges can easily be computed and subsequently converted to DD phases. Herein, 

cycle slip detection process is performed by checking computed DD phases against DD 

measured phases. Differences between estimated and measured phases are compared 

against a threshold. Violation of this threshold is an indication of a cycle slip in the DD phase 

measurements. In case of a cycle slip, the DD phase measurement is instantly corrected for 

that slip by adding the corresponding difference.  

The performance of the proposed algorithm was examined on several real-life land 

vehicle trajectories which included various driving scenarios including high and slow 

speeds, sudden accelerations, sharp turns and steep slopes. The road test was designed to 

demonstrate the effectiveness of the proposed algorithm in different scenarios such as 

intensive and variable-sized cycle slips. Research in this thesis has a direct influence on 

navigation in real time environments where frequent cycle slips occur and resolving integer 
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ambiguities is not affordable because of time and computational reasons. An additional 

consequence of this research is significant reduction in the cost of an integrated system due 

to the use of fewer MEMS inertial sensors.  

1.5 THESIS OUTLINE 

Chapter 2 of this thesis elaborates on the main concepts of GPS, INS, and land vehicle related 

reference frames.  GPS architecture, signals, observables, and errors are discussed in details. 

INS sensors, errors, and mechanization (with focus on RISS) are discussed. Body frame, 

local level frame (LLF), and Earth Centered Earth Fixed reference frames (ECEF) are defined 

at the end of the chapter.    

Chapter 3 describes the GPS/INS integration procedure and Kalman filter. First, the main 

components of Kalman filter: the state vector, the dynamic model and the observation 

model are defined. Then, the major GPS/INS integration approaches are described showing 

their advantages and disadvantages.  

Chapter 4 is dedicated to the topic of cycle slip detection and correction. Cycle slips and 

their sources are defined.  Then cycle slips detection and correction techniques are listed 

based on the type of used measurement/measurement-combinations including:  phase-code 

(L1 or L2), phase-phase (Dual frequency L1 and L2), Doppler (L1 or L2), and time-

differential phases (L1 or L2). The chapter ends with discussing the idea of cycle slips 

detection and correction with INS aiding.  

Chapter 5 introduces the developed cycle slip detection and correction algorithm. 

Methodology is shown with required derivations towards the building of the algorithm. The 

detection and correction process is described.  
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Results are demonstrated in Chapter 6. The road test trajectory is described in the 

measurement domain. Different cycle slip scenarios are simulated showing the resultant 

detection errors. New threshold selection strategy is proposed and discussed. Finally, the 

algorithm is applied to the real trajectory data and calculated position results are shown.   

The thesis ends in Chapter 7 with some conclusions and recommendations based on the 

conducted research.   
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Chapter 2 NAVIGATION SYSTEMS AND REFERENCE FRAMES 

 

Navigation is the science of accurately determining the position and velocity of a moving 

body relative to a reference [4]. The term, coming from Latina meaning “to sail”, has a very 

long history. Hundreds of years ago people travelled through oceans guided only by stars, 

which could be invisible at any time making the mission challenging. Later on, humans used 

basic techniques to get from one place to another, e.g. the stars, map and compass, and 

lighthouses. Today, guided by satellites, one can cross the whole world without being lost as 

long as travelling under an open sky. With modern technology, navigation has been widely 

applied in systems built into passenger vehicles, ambulances, police cars, farming vehicles, 

fire trucks and mobile robots [5]. A navigation system can be either dependent or 

autonomous. For the former, the process of finding a solution is called position fixing, as in 

the case of Global Positioning System (GPS), where the navigation is based on the 

information from external sources with known locations. For the latter, as in the case of 

Inertial Navigation Systems (INS), the process is known as dead reckoning where the 

system can obtain the solution based on the knowledge of initial position, speed and 

heading information [3]. For many navigation applications, the combination of both 

technologies is required where each complements the shortcomings of the other. 

2.1 GLOBAL POSITIONING SYSTEMS 

The GPS is a satellite-based navigation system which was developed by the US Department 

of Defense in the early 1970s for military navigational needs. Later on, the system was made 

available to civilians, and currently it is accessed by both military and civilian users. The 

first satellite was launched in 1978 and the system was declared fully functional in 1995 [4]. 

A network of at least 24 satellites (with space for 6 additional satellites) orbiting the earth 
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in nearly circular orbits with a mean radius of about 26,560 km. Each satellite orbits the 

earth almost twice a day (completes a cycle in11 hours and 58 minutes) [6] [7].  The GPS is 

a passive system, where the satellites transmit signals in a one-way fashion where GPS 

receivers anywhere in the world can obtain these signals free of charge and then calculate 

their position and velocity.  

2.2 CONCEPT OF GPS POSITIONING  

           The message sent by the satellites contains the time the message was sent, precise 

orbital information (the ephemeris), and the general system health and rough orbits of all 

GPS satellites (the almanac). Once receives the signal, a receiver measures the transit time 

of each message and computes the range (distance) to each satellite [4] [8]. Based on the 

Geometric trilateration, the receiver combines these measurements, knowing location of the 

satellites from the message, to determine the receiver's location (latitude, longitude, 

altitude). Figure 2.1 depicts the concept of trilateration. However, because of the bias in the 

receiver’s clock, differently from the Geometric trilateration, a forth satellite is required 

here. The signal from the fourth satellite is used to remove the receiver clock errors [6] [7]. 

2.3 GPS ARCHITECTURE  

The GPS system is composed of the three segments: 1) Space Segment, 2) Control Segment, 

and 3) User Segment [7]. The space segment is made of the satellites constellation. Usually 

24 satellites plus three spares are in the constellation. The control segment consists of 12 

monitoring stations distributed across the world with a master control station in Colorado 

Springs, USA. The user segment represents millions of civilian and military users worldwide 

with diversity of GPS receivers. The three GPS segments are shown in Figure 2.2. 
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Figure 2.1 The trilateration concept for satellite based positioning. 

 

 

 

 

 

Figure 2.2 The three GPS segments 



11 
 

 

Figure 2.3 The GPS satellite constellation 

 

2.3.1 SPACE SEGMENT  

The current GPS constellation, shown in Figure 2.3, consists of 24 satellites in nearly 

circular orbits with an altitude of about 20,200 km above the earth [9]. Each satellite 

orbits the earth in a period of approximately 12 sidereal hours. To ensure that at least 

four satellites are visible at any time to a user under an open sky view, satellites are 

unevenly deployed in a total of six planes with an inclination of 55 degree with respect 

to the equator with four satellites per plane [4] [6]. Satellites in the constellation can be 

identified using a variety of systems such as launch sequence number, assigned vehicle 

pseudo-random noise (PRN) code, and NASA catalogue number. Typically, PRN number 

is used to avoid confusion [8].   

2.3.2  CONTROL SEGMENT     

The Control Segment consists of three main components, worldwide monitor stations, a 

master control station, and ground control stations [8]. Main functions assigned to this 
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segment of GPS as listed in [4] are to: monitor satellite health and orbits, maintain GPS time, 

predict satellite ephemerides and clock parameters, and to update satellite navigation 

messages. 

The procedure of monitoring and controlling satellites and their clocks is as the following 

[6]: the ground monitoring stations measure signals from satellites then transfer them to 

the master control station for analysis. The master control station calculates the clock and 

orbital model correction parameters for each individual satellite. These parameters along 

with other data are uploaded to all the satellites via one of the ground stations.       

2.3.3 USER SEGMENT  

The user segment is the large collection of all military and civilian GPS receivers. When 

introduced to the market in mid-1980s, first precise positioning receivers cost above 

$100,000. Nowadays, a pocket-size receiver is available at less than $100. Estimations show 

that more than million receiver have been produced each year since 1997 [4]. As GPS is 

available at no direct charge to all users, a user can simply determine his/her position 

anywhere in the world at any time by affording a GPS receiver [7].  

2.4 GPS SIGNALS 

Satellites are equipped with long term frequency stability clocks; they produce a 

fundamental L-band frequency of 10.23 MHz. From this fundamental frequency, satellites 

generate two carrier wave signals at L1= 1575.42 MHz and L2= 1227.60 MHz which are 

multiplication of the fundamental frequency by 154 and 120 respectively [8].  

Each satellite transmits a signal composed of three main components: carrier radio 

frequency signal with frequency L1 or L2; ranging code which has a unique sequence of bits 

assigned to each satellite; and a binary coded data message containing mainly data on 

satellite position and clock bias information. The carrier frequencies are modulated by data 
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to carry required information to the user. The L1 is modulated by two ranging code signals: 

the Coarse/acquisition code (C/A) and the Precise code (P) [4] .   

There is a different C/A PRN code for each satellite and each PRN code is nearly orthogonal 

to all other PRN codes; thus, a GPS receiver is simply able to discriminate between different 

satellites although all satellites are broadcasting on the same two frequencies [10].  Each 

C/A code has a length of 1023 bits, commonly called chips in GPS literature, repeated every 

millisecond. The duration of each C/A code chip is about 1 micro second. The chipping rate 

of C/A code is 1.023 MHz (or megachips/second (Mcps)) with a wavelength of about 300 m. 

The P code, which is extremely long (about seven days), modulates both L1 and L2. This 

code has a chipping rate of 10.23, ten times that for a C/A code, and with a wavelength of 

about 30 m. With smaller wavelength, this code provides better precision in the range 

measurements than C/A code [4].   

The third component of the satellite signal is the navigation message. At a rate of 50 bit per 

second it takes 12.5 minutes for the complete message to be received [7]. Most important 

information contained in this message is ephemeris, clock bias parameters, and almanac. To 

simplify the idea, the code is first combined with the binary navigation message using a XOR 

operation: If the code chip and message bit are different, the result is 1; and if they are the 

same, the result is 0. Then the combined signal is superimposed on the carrier with a 

modulation process. Binary phase shift keying (BPSK) is used: a 0 bit leaves the carrier 

signal intact; whereas, a 1 bit, as multiplying the signal by -1, shifts the carrier by 180 

degrees [4]. The idea is shown in Figure 2.4. It was mentioned above that the PRN code 

patterns are nearly orthogonal, which is a special property facilitates the process of satellite 

identification. This is clearly discussed in [4]. 
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Figure 2.4 Satellite signal structure: The binary message is combined with the code through 

an XOR operation then composite signal is modulated upon the carrier sinusoidal signal. 

 

Two patterns are said to be orthogonal if the sum of the term-by-term products of them, 

shifted arbitrary relative to each other, is nearly zero. For two satellites m and n have PRN 

codes      and     , respectively, the cross-correlation function is expressed as:  

∑                                    
                                             2-1 

 Where                       

Because of this property of PRN codes, the cross-satellite interference is small [10].  

Another important property of PRN codes is that each PRN pattern is almost uncorrelated 

with itself.  

∑                             | |        
                                        2-2 
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Auto-correlation of a PRN pattern is almost zero for any shift | |         n is zero, the 

function reaches a peak value which is used to identify a satellite by comparing the pattern 

with a replica generated at the receiver side. 

2.5    GPS OBSERVABLES 

Once locks a satellite signal, a GPS receiver keeps tracking three main observables namely, 

pseudoranges, carrier phase, and Doppler [7] [11]. Pseudoranges are deduced by measuring 

the transit time of the signal from a satellite to the receiver. They are denoted as so because 

the measured time is biased by satellite and receiver clock errors [6].  Carrier phase 

observable provides measurement of the difference between received carrier phase and the 

phase of a signal generated at the receiver. Doppler observable represents the value of the 

change in frequency that the receiver should apply when comparing its replicas with the 

received satellite signals [12].        

2.5.1 PSEUDORANGES MEASUREMENTS   

GPS satellites broadcast microwave signals which apparently travels at speed of light. A GPS 

receiver on the other hand measures the signal transit time from a satellite to the receiver 

which is the difference between signal reception time at the receiver and the transmission 

time at the satellite which is marked on the signal. Multiplying the transit time with speed of 

light yields the range between the satellite and the receiver [10]. As a result of this scaling, a 

timing error of one microsecond would result in a range error of about 300 m [9], again this 

why it is denoted as “pseudorange.” In fact, this measured transit time is biased mainly 

because the satellite’s and the receiver’s clocks are not synchronized [6] [7].  

Suppose a signal is received at the receiver at GPS time t and according to the receiver clock 

the reception time is      . Let   be the corresponding transit time of the signal from the 
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satellite to the receiver. Let the transmission time to be         according to the satellite 

clock. Then, the measured pseudorange is determined as [4]: 

                                                                                    2-3 

But both       and         are biased from GPS time t. 

If we let                   and,                      

Where        is the receiver clock bias and          is the satellite clock bias form GPS 

time. 

Then equation 2-3 becomes: 

                                

                                                                               2-4 

So far we are treating transit time   as if the signal is travelling in space; however, this is not 

true: the signal from satellite to receiver propagates through two layers of atmosphere 

namely, the ionosphere and the troposphere. The ionosphere extends from about 60km to 

1,000 km above the earth’s surface while the troposphere covers lower region from about 

8km to 40 km above the earth’s surface. Both layers affect signal transit time [6]. Therefore, 

the term    in equation 2-4 becomes 

                                                                              2-5 

Where            is the true range between the receiver at time t and the satellite position 

at time (       

      is the ionospheric delay  

     is the tropospheric delay 
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For a specific satellite m, the final model for the measured psudorange is: 

               
           

                                         2-6 

Where:    is the measured pseudorange between the mth satellite and the receiver 

(meters), 

   is the true range between the receiver position at reception time and the mth satellite 

position at transmission time (meters),  

   is speed of light (m/s), 

     is the receiver clock bias (seconds), 

   
  is the mth satellite clock bias (seconds), 

    is the ionospheric delay (meters), 

    is the tropospheric delay (meters), 

  
   is the receiver measurement noise, multipath, and modeling errors (meters).  

2.5.2 PHASE MEASUREMENTS 

A GPS receiver also measures, much more precisely than the code, the phase of the carrier 

signals. The measured phase is the difference between the phase of the signal-replica 

generated at the receiver and the phase of the carrier signal from satellite. The fractional 

phase can be accurately measured however, the number of total cycles, known as Integer 

Ambiguity, remains unknown [7]. Thus, the receiver acquires phase lock with the satellite 

signal measuring the initial fractional phase and from then on counting complete cycles and 

keeping track of the fractional part [4] [13].  
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Figure 2.5 shows that pseudorange and phase measurements have the same trend but 

distant with the ambiguity term. Furthermore, it shows how the pseudorange 

measurements are noisy versus the phase measurements.  

 The measured phase, in units of cycles, takes the form: 

                                                                                 2-7 

Where      is the measured phase, 

    is the phase of the receiver-generated signal, 

    is the phase of the arriving signal, 

N is the integer ambiguity  

Similar to code measurements, if we count for clock offsets, atmospheric delay, and other error 

components we get: 

  
 

 
                                                                 2-8 

Where   is the wavelength of the carrier signal. 

Measured phase can be converted into meters by multiplying equation 2-8 with the 

wavelength    

                       +                                            2-9 

Once more, for a specific satellite m, the final model for the measured phase is: 

               
              

                                    2-10 

 Where:       is the measured phase to the mth satellite  (meters),  

   is the true range between the receiver position at reception time and the mth satellite 

position at transmission time (meters),  
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   is speed of light (m/s), 

     is the receiver clock bias (seconds), 

   
  is the mth satellite clock bias (seconds), 

    is the ionospheric delay (meters)1,  

    is the tropospheric delay (meters), 

  
   is the receiver measurement noise, multipath, and modeling errors (meters). 

 

 

 

 

 

 

 

 

Figure 2.5 Pseudorange versus phase measurements. 

 

2.5.3 DOPPLER MEASUREMNETS 

Doppler measurement is the instantaneous rate of change of carrier phase [14]. The 

measured effect, also known as Doppler shift, is a result of the relative motion between the 

satellite and the receiver. The observable is important for real time navigation because it is 

                                                             
1 Minus sign is discussed later in the ionospheric delay section. 
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linearly dependent on the radial velocity; and hence, facilitates the determination of velocity 

of the moving vehicle [15]. The observed Doppler shift    relates to range rate by:  

   
 ̇

 
                                                                          2-11 

Where 

  ̇  is the line-of sight range rate, 

   is the wavelength of carrier signal 

In [8], “the raw Doppler shift is less accurate than integrated Doppler.” Doppler is used as 

supporting measurement for position and velocity determination solutions. In addition, it is 

used for cycle slip detection and correction, the topic of this thesis.  

2.6 GPS ERRORS 

In the GPS measurement section, we merely named the main sources of GPS errors. 

Actually, GPS error sources are commonly classified into three main categories, errors 

related to satellites and control segment, errors originating in the medium the signal 

propagates in, and receiver related errors  [8]. In this section, we list those which contribute 

more to the total error component.    

2.6.1 SATELLITE ORBITAL ERRORS 

Receivers calculate satellite positions based on information contained in the navigation 

message known as satellite ephemeris. These Ephemeris parameters are estimated at the 

control segment and then uploaded to the satellites. Satellites broadcast updated ephemeris 

data each two hours; however, these parameters are estimated by a curve fit to the 

measured orbit which leaves residual errors relative to the actual orbit. This error source 

introduces an RMS error of about 2 meters [4].    
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2.6.2 SATELLITE CLOCK ERROR  

GPS satellites are equipped with very accurate clocks but still drift from GPS time. One 

reason is that, according to the theory of relativity, a clock aboard a moving satellite will tick 

at a different rate relative to a clock on the ground [4]. The stability of satellites’ clocks is 

about 1 to 2 parts in 1013 a day which is about 8.64 to 17.28 ns a day. This is equivalent to 

range error of about 2.59m to 5.18m, directly obtained by multiplying the clock drift error 

by the speed of light. As mentioned before, one of the control segment tasks is to predict 

satellite ephemerides and clock parameters. Based on observations from monitoring 

stations, the control segment periodically (every 30 minutes) estimates the correction 

parameters and uploads them to the satellites. Satellites in turn broadcast these corrections 

in the navigation message enabling receivers to correct for satellite clock errors [4]. 

Another approach is to remove this error component by differencing between receivers as 

this error is common for all receivers tracking same satellite [7].  

2.6.3 IONOSPHERIC DELAY 

The ionosphere layer was defined briefly in the GPS measurements section. This layer of 

atmosphere contains various gases which are easily ionized by the sun’s radiations. Mainly 

the intensity of the solar activity determines the condition of ionosphere which is also 

affected by season and time-of-day. Depending on these three parameters, the level of 

ionization is determined affecting the refractive indices of various layers of the ionosphere, 

and hence, affecting the signal transit time measured by the receiver [10]. 

External parameter also changes the effect of this error is satellite elevation. Signals coming 

from satellites at lower elevations pass through longer periods of ionospheric effect than 

satellites at higher elevations [6].  
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What is interesting about ionosphere is that it is affecting both pseudorange measurements 

and phase measurements equally in magnitude but with opposite signs. This is because 

ionized gases are dispersive mediums for radio waves. Ionospheric delay for pseudoranges 

and ionospheric advance for carrier phase are given by: 

       
          

  
                                                                      2-12 

Where 

    is the pseudoranges ionospheric delay, 

    is the advance in carrier phase because of the ionospheric, 

    is the frequency of the corresponding signal and, 

     is the total electron content2   

Most important here is that ionospheric delay is frequency dependent which, as we will see 

later, would help mitigating ionospheric error using dual frequency measurements.   

2.6.4 TROPOSPHERIC DELAY 

Troposphere is the lower part of atmosphere which is composed of dry gases and water 

vapor. As a refractive layer, the troposphere, too, delays GPS signals; however, being 

electrically neutral the layer is non-dispersive for different GPS frequencies.  Tropospheric 

delay has two components, wet and dry. The wet component is difficult to model but 

fortunately, it accounts for only 10% of the delay. The dry component, which is responsible 

for the rest of the delay, is better modeled. Tropospheric delay is frequency independent; 

therefore, unlike the ionospheric delay, it cannot be removed by combining measurements 

                                                             
2 TEC is the number of electrons in a tube of 1 square meter cross sectional the path from 

the satellite to the receiver and expressed as:      ∫        
 

 
 ,       is the variable 

electron density along the signal path [4]. 
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from L1 and L2 GPS signals. As the case with ionospheric delay, satellite elevation plays a 

rule with maximum values for the delay near the horizon; depending on satellite elevation, 

the tropospheric delay adds up about 2.5 m to 25 m to range measurements [7].  

2.6.5  MULTIPATH ERRORS 

    In many practical scenarios the signal could get to the receiver’s antenna via more than 

one path as a result of signal reflections on some surrounding structures or the ground. 

Normally, one of the received signals would be the direct line-of-sight signal and one or 

more of its reflections which is delayed version of the original signal; thus, the original 

signal is distorted through interference with the reflected signals.  Multipath affects both 

the carrier-phase and pseudorange measurements but with considerably different 

magnitudes. One solution to avoid this error source is to locate the receiver antenna in a 

reflection-free location which is not always practical [4].       

2.6.6 RECEIVER CLOCK ERROR 

GPS receivers are equipped with inexpensive crystal clocks, which have low accuracy 

compared to satellite clocks [10]. As a result, the receiver clock error is much larger 

than that of the GPS satellite clock. There are two approaches to fix this issue. One way 

is to use external precise, usually cesium or rubidium, clocks which have superior 

performance but the problem is that they are very expensive as they cost between a few 

thousand dollars to about $20,000 [7]. The other solution is to remove this error 

through differencing between satellites or by estimating the error as an additional 

unknown parameter in the position estimation process. This latter solution is meant to 

make receiver prices affordable [6].   
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2.6.7 RECEIVER NOISE ERROR 

Receiver noise is a complex error generated at the receiver’s side while measuring satellite 

signals. It covers a wide spectrum of noise types including but not limited to microwave 

radiations sensed by the antenna in the band of interest unrelated to the signal; noise 

introduced by system components such as the antenna, cables, and amplifiers; and signal 

quantization noise [6] [10]. Receiver noise is considered a white noise; therefore, it cannot 

be totally avoided. However, with modern receiver technology, this term is lessened to 

about .1%-1% of a cycle in the carrier phase and tens of centimetres in pseudoranges 

measurements. The contradiction here is that receiver noise increases by √  with single-

difference corrections and double differencing have a noise amplification of two [16]. 

2.7 INERTIAL NAVIGATION SYSTEMS 

        An INS is a self-contained navigation system [5] in which measurements provided by 

accelerometers and gyroscopes are used to track the position and orientation of a moving 

platform relative to a known starting position, velocity, and orientation. Likewise, INS 

mechanization is the process through which the navigation states (i.e. position, velocity, and 

attitude) of a moving body are calculated using acceleration and rotation rate 

measurements provided by an IMU knowing the initial navigation state [3]. Inertial 

navigation consists of two major steps: alignment and navigation. During the alignment 

stage, the initial orientation of the body frame with respect to the navigation frame is 

estimated-that is the roll, pitch and yaw of the system. This is done by measuring the gravity 

and earth’s rotation while the IMU is stationary. Once the initial status is estimated, a 

navigation process can be started. In this stage, in a process known as Dead Reckoning (DR), 

the recursive determination of the current vehicle position and attitude information is 

conducted based on the previous values and the measurement of the direction of motion 
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and distance travelled [6]. Eventually, the position, velocity, and attitude information are 

obtained continuously. Nevertheless, practically this is not the case. In fact, sensor 

inaccuracies such as gyro drifts and accelerometer biases cause a rapid degradation in the 

quality of the mechanization process and in turn in the obtained results [17].  

2.7.1 IMU IMPLEMENTATIONS 

INSs are implemented in two approaches; a stable platform (also known as gimballed) 

system and a strapdown system [18]. In the stable platform, the inertial sensors are 

mounted on a set of gimbals such that the platform always remains aligned with the 

navigation frame. Advances in electronics led the way to the implementation of strapdown 

inertial systems. In strapdown systems, inertial sensors are rigidly mounted onto the body 

of the moving platform and gimbals are replaced by a processor which simulates the 

rotation of the platform by software frame transformation [3]. Then, the transformation 

between the body and navigation frames is continuously changed by the rotation rates 

obtained by the gyroscopes. This transformation is then applied to the accelerometer 

measurements to obtain the accelerations into the navigation frame [19]. 

2.8 INERTIAL SENSORS 

        The basic unit in an INS is the IMU. An IMU typically consists of three mutually 

orthogonal gyroscopes and three mutually orthogonal accelerometers. “Usually, it‘s the type 

of inertial sensors that dictate the cost of an IMU” [3]. A brief description of gyroscopes and 

accelerometers is given in the two following sections. 

2.8.1 GYROSCOPES 

         A gyroscope is a device uses angular momentum to sense angular motion of its case 

with respect to inertial space about one or two axes orthogonal to the spin axis [20]. There 
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are many types of gyroscopes currently in use including ring laser gyroscopes (RLG), 

dynamically tuned gyroscopes (DTG), hemispherical resonant gyroscopes (HRG), and 

interferometric fiber-optic gyroscopes (IFOG), to name a few. It is important here to 

mention that different types of gyroscopes are of different grades with respect to their 

performance and cost. For example, Spinning mass and ring laser gyroscopes offer high 

performance at high cost and therefore they are used in strategic/tactical and submarine 

navigation systems. DTG offers medium level performance; therefore, sharing some 

applications with RLG. On the other hand, IFOG and Coriolis-based gyroscopes are low 

performance and low cost instruments hence they are typically employed in torpedoes, 

tactical missile midcourse guidance, flight control and smart ammunition guidance and 

robotics [19]. Recent trend is towards Micro Electro Mechanical Systems (MEMS) 

gyroscopes which are being used for many low cost navigation applications.  

2.8.2 ACCELEROMETERS 

An accelerometer is a device that senses the inertial reaction of a proof mass for the 

purpose of measuring acceleration [20]. What is specific with this acceleration is that it does 

not include the gravity component. The output of an accelerometer is called the specific 

force which is given by: 

                                                                              2-13 

Where: f is the specific force, a is acceleration of the body, and g is the gravity. More details 

about this will be given in the mechanization section.  

            Many types of accelerometers are available in the market. The best accelerometer 

performance is achieved by mechanical floated instruments which are used in strategic 

missiles [19]. Mechanical pendulous rebalance accelerometers are used in submarine 



27 
 

navigation, aircraft navigation and space applications. Similarly to the case of gyroscopes, 

MEMS-based accelerometers are used for low cost navigation applications. 

2.9 INERTIAL SENSOR ERRORS 

               Inertial sensor errors are classified into two main categories, systematic and 

stochastic errors. The former can be compensated for through laboratory calibration. 

Conversely, the latter cannot be compensated for through laboratory calibration; therefore, 

they are usually modeled stochastically to lessen their effect [19]. Systematic errors are 

described in the following section.   

2.9.1 SYSTEMATIC ERRORS 

1. Bias, which is simply any nonzero sensor output when the input is zero [6]. Bias 

error is a property of both accelerometers and gyros; however, it is independent of 

the effect of specific force and angular rate.  

2. Scale factor error, often resulting from aging or manufacturing tolerance [18].  It is 

the scale of the drift in the output from the current applied input.  

3. Nonlinearity: represents the nonlinearity in the input-output relationship.  

4. Dead zone, usually due to mechanical stiction or lock-in [18].  It is the range where 

there is no output in spite of the presence of an input.  

5. Quantization, inherent in all digitized systems because of analogue to discrete 

conversion process.  

6. Cross coupling Error, this error is due to the manufacturing limitations in 

misalignment of the sensitive axes of the inertial sensors with respect to the 

orthogonal axes of the body frame. 
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2.9.2 STOCHASTIC ERRORS 

In this section, some of the more common types of stochastic errors are described, which 

are discussed in [18] .  

1. Bias drift: The bias error could change with time which is known as bias drift. This is 

a nondeterministic error although the bias itself is deterministic. 

2. Scale factor instability: Random changes in the scale factor.  

3. White sensor noise: Also known as electronic noise [3] which is evenly distributed 

in all frequencies. Main sources for this kind of noise are power supplies, intrinsic 

noise of semiconductor devices or the quantization errors in digitization [19].   

2.10 INERTIAL SENSORS CALIBRATION 

As mentioned earlier, the deterministic sensor errors can be removed by an in lab 

calibration process. The bias and scale factor errors are the two major sources of errors that 

are normally eliminated through calibration. The standard calibration procedures for 

accelerometers and gyroscopes are clearly presented in [3] [5].  

2.10.1 ACCELEROMETER CALIBRATION 

Accelerometers are calibrated by sensing gravity while fixed on a special calibrated rate 

table. For the three accelerometers, the triad is placed on the table with one of the 

accelerometer sensitive axis once facing up and once facing down. Meanwhile, the data is 

collected (the gravity is sensed) for about 10-15 minutes for each of the six positions. Thus, 

for each accelerometer the mean can be obtained according to equations 2-14 and 2-15 for 

up and down directions. 

gsbf aaup )1(                                                                 2-14 

gsbf aadown )1(                                                                 2-15 
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Where: ab  is the accelerometer bias as  is the scale factor, and g is the gravity. 

The bias is calculated by averaging the means of the two readings, 

   
downup ff 

 
                                                                       2-16 

Whereas the scale factor is obtained by subtracting the two equations: 

   
            

  
                                                                     2-17 

2.10.2 GYROSCOPE CALIBRATION 

A similar procedure is taken with gyroscopes; however, in this case the earth rotation rate 

is sensed [19]. For the three gyroscopes, the triad is placed on the table with one of the 

gyroscope sensitive axis once facing up and once facing down. Measurements are taken for 

about 10-15 minutes for each of the six different positions. Once more, the readings 

according to equations 2-18 and 2-19 are averaged to obtain the bias of the gyroscopes.  

          ( geros1 )                                                          2-18 

            ( geros1 )                                                       2-19 

      
         

 
                                                                     2-20 

Where  

gyrob
 is the bias of the gyroscope,  

geros
is the scale factor,  
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and e  is the earth rotation rate.  

The scale factor is obtained by subtracting the two equations,  

      
                  

       
                                                                   2-21 

Practically, this procedure is applied for Tactical Grade gyroscopes. For the MEMS 

gyroscopes, as they cannot sense the earth’s rotation rate, a deferent procedure is applied. 

The special calibrated rate table is rotated at a constant higher rotation rate (e.g. 55deg/s) 

and then this accurate rate replaces the earth rotation rate in the calibration equations [3].   

2.11 PRINCIPLE OF INERTIAL NAVIGATION 

The basic idea of a pure INS is to integrate acceleration (detected by accelerometer) to 

obtain velocity then integrate twice to obtain position in desired coordinate system. The 

accelerometer readings are in the accelerometer frame (platform frame) therefore, they 

must be transformed to the desired navigation frame. Furthermore, since there is possibility 

of angular motion of the platform with respect to the navigation frame, gyroscopes are 

required. Gyroscopes provide information on where the accelerometers are directed, and 

therefore distance as well heading can be obtained [6]. Mathematically, if the acceleration of 

a moving platform in direction x is known, then the velocity can be obtained knowing the 

initial velocity: 

   ∫                                                                      2-22 

Also, integrating velocity yields the traveled distance knowing the initial position: 

   ∬      
 

 
   

                                                         2-23 
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But this is still in an inertial frame of reference based on Newton’s law of inertia which 

states that there is a frame fixed in the “fixed stars”, the inertia frame and it is independent 

of the motion of the vehicle. Therefore, first, the gravity component is excluded from 

accelerometers readings to obtain the absolute platform acceleration. Secondly, these 

readings are transformed into the desired navigation frame, typically the Local Level Frame 

(LLF), based on the gyroscopes readings.  

2.12 INS MECHANIZATION 

          The INS Mechanization is the procedure of calculating of the navigation parameters 

from the IMU readings. It is a recursive process gets the readings of IMU unit along with 

initial values and ends with producing current navigation state of the moving platform.  As 

mentioned above, a frame of reference is needed for the mechanization process to be 

completed. Main reference frames used in this work are discussed below. Figure 2.6  depicts 

the main concept of the mechanization process. Details of INS mechanization mathematics 

will be given in later sections.  

 

 

Figure 2.6 INS mechanization process.  Courtesy of Noureldin et al. [6]. 
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2.13 REFERENCE FRAMES 

The target of navigation science and techniques is to perfectly describe the states of the 

moving vehicle. To do so, some coordinate frames are required to demonstrate the position 

of the point of interest with respect to some reference.  In this thesis, three main frames of 

reference are involved: the body frame, the LLF, and the Earth-centred Earth-fixed (ECEF) 

frame. This comes as a requirement for the application. Axes of the accelerometers and the 

gyroscopes are coincident with the axes of the moving body; consequently, the 

measurements are obtained in the body frame. Then, the navigation information is 

transformed to the LLF because it is the most applicable coordinates form needed by a 

navigating user. ECEF is required to express the position of the satellites.  

2.13.1 BODY FRAME  

        The body frame is defined as:  

a. The origin usually coincides with the center of gravity of the vehicle (this simplifies 

derivation of kinematic equations).  

b. The y-axis points towards the forward direction.   

c. The x-axis points towards the transverse direction.  

d. The z-axis points towards the vertical direction completing a right-handed coordinate 

system.   

The body reference frame is shown in Figure 2.7.   
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Figure 2.7 Body reference frame 

 

2.13.2 LOCAL LEVEL FRAME  

        A local level frame serves to represent vehicle attitude and velocity for operation on or 

near the surface of the earth. It is also called the navigation frame or tangent plane. In [21], 

for vehicles navigating primarily in the horizontal directions, near the Earth's surface (land 

vehicles, ships, aircraft), the most prevalent stabilization is that which keeps the platform 

tangent to the local horizon. The LLF frame is shown in Figure 2.8. It is defined as the 

following:  

a. The origin of the frame coincides with the center of gravity of the moving platform.  

b. The y-axis points to true north.  

c. The x-axis points to east.  

d. The z-axis completes the right-handed coordinate systems pointing up, 

perpendicular to reference ellipsoid.  
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2.13.3 ECEF FRAME 

This frame is cantered at the origin of the earth but its axes are rotating with the earth.  As 

shown in Figure 2.8, this frame is defined as:  

a. the origin at the center of mass of the earth.  

b. The z-axis is along the axis of earth rotation through the Conventional Terrestrial 

Pole (CTP).  

c. The x-axis is crossing through the intersection of CTP‘s equatorial plane and 

Greenwich Meridian.  

d. The y-axis completes the right hand coordinate system in the equatorial plane.  

 

 

Figure 2.8 LLF, ECEF, and inertial frame. Courtesy of Noureldin et al.  [6].   

 

2.14 REDUCED INERTIAL SENSOR SYSTEMS 

It was mentioned earlier that recent research has been directed towards the use of MEMS 

grade inertial sensors for low cost navigation applications. However, these inexpensive 
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sensors have complex error characteristics; therefore, latest research is conducted to utilize 

less number of inertial sensors inside the IMU to obtain the navigation solution [1]. 

Advantage of this trend is twofold. The first is to avoid the effect of the inertial sensor 

errors. The second is to reduce the cost of the IMU in general [2]. One such approach known 

as RISS (Reduced Inertial Sensor System) was discussed in [1] [2] [6] [22].  

2.14.1 RISS OVERVIEW 
This RISS configuration uses one gyroscope, two accelerometers, and odometer readings. 

The gyroscope, which is mounted with its axis along the vertical direction of the vehicle, is 

used to observe the change in vehicle’s orientation in the horizontal plane. The two 

accelerometers, which are aligned with forward and transversal axis of the vehicle, are used 

to obtain the pitch and roll angles. The vehicle odometer readings, which are read through 

on-board diagnostics version II interface, are providing the vehicle speed in the forward 

direction.  

2.14.2 RISS MECHANIZATION 
In this section we will show the derivations of the main navigational parameters required 

for RISS mechanization process. Here it is assumed that local level frame is used with East, 

North, and Up (ENU) directions. For the body frame, the coordinates (x,y,z) are in the 

transversal, forward, and up directions respectively.    and    for the forward and 

transversal accelerometers measurements respectively.   

For the azimuth angle, the process starts with initial GPS-based calculated azimuth followed 

by integrating the gyroscope measurements    . The measurements of the gyroscope 

contains the Earth’s rotation rate and the effect of the change of orientation of the LLF with 

respect to the Earth. These components have to be removed from the measured values 

before applying it to the navigation solution. Thus the rate of change in azimuth angle is 

expressed as: 
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Where 

   is the Earth’s rotation rate 

  is the latitude 

   is the East velocity of the vehicle  

  is the altitude 

   is the normal radius of the Earth’s ellipsoid 

Pitch and roll angles are derived from the accelerometers readings. The forward 

accelerometer measures the acceleration of the vehicle along the forward direction as well 

as the gravity component in case the vehicle is tilted. The forward acceleration can also be 

obtained from the odometer measurements (   ). Thus, pitch angle can be calculated as: 

       (
      

 
)                                                                      2-25 

The transversal accelerometer will measure one more component which is the angular 

acceleration of the vehicle when changing orientation while the vehicle is rolled. Thus, the 

roll angle is calculated as: 

        (
        

     
)                                                                  2-26 

Where     is the vehicle speed provided by the odometer. 

Knowing azimuth and pitch angles, vehicle forward speed can be projected into East, North, 

and Up velocities as the following: 
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Transformations of East and North velocities into geodetic coordinates yields rate of change 

in vehicle’s latitude and longitude respectively. Up velocity component directly represents 

rate of change in the vehicle’s altitude. 
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Where    is the meridian radius of the Earth. 

Integrating equation 2-28 over the sampling interval we obtain position in latitude  , 

longitude λ, and altitude  .   
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Chapter 3 GPS/INS INTEGRARTION AND KALMAN FILTER 

 

GPS system provides time-independent measurements and has an extremely accurate time 

standard, but GPS is sensitive to Radio Frequency (RF) interference and suffer from signal 

blockage. INS systems on the other hand, can provide a continuous solution at a high data 

rate since it is immune to jamming, but its errors are time dependent; also, it has no 

absolute time standard as a reference.  Therefore, both systems provide complementary 

characteristics to one another, and hence, their integration provides a more accurate and 

robust navigation solution than a stand-alone GPS or INS system [5] [6]. 

To minimize inertial error accumulation with time, GPS measurements can be incorporated. 

A filtering technique is required to optimally combine the two different measurements. The 

Kalman filter is an optimal estimator which minimizes mean squared error and is unbiased 

when used to combining sets of measurements. Combined with its real-time recursion 

ability the filter has been the method of choice of most GPS/INS applications [3]. 

To make the sequence clear to the reader, we start first with an extended introduction 

about Kalman filter in the next section. Then we show the most common GPS/INS 

integration approaches.    

3.1 THE KALMAN FILTER 

The Kalman filter was introduced by R. Kalman in 1960. It is a recursive algorithm which 

makes optimal use of noisy data on a linear system with Gaussian errors to continuously 

update the best estimate of the system’s current state [23]. The filter consists of two major 

steps: Prediction and Correction (or update). In the first step, the state is predicted with a 

dynamic model. In the second step it is corrected with an observation model; therefore, that 
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the error covariance of the estimator is minimized. In this sense it is an optimal estimator 

[24]. Kalman filter has been applied to a wide area of applications such as aerospace, 

marine navigation, weather science, and manufacturing, to name few. The filter has been the 

backbone of the most successful GPS/INS integration applications [25]. 

3.1.1 WHAT IS REQUIRED FOR KALMAN FILTER 

The Kalman filter is an estimator; however, this does not mean that it estimates the next 

value of the variable (representing a change in a system) but, it does this based on some 

prior available knowledge about the system. Following is what is typically needed to apply 

the Kalman filter algorithm to a system [26]. 

a. Knowledge of the system and measurement device dynamics  

b. Statistical description of the systems noises, measurement errors, and uncertainty 

in the dynamics model  

c. Any available information about the initial conditions of the variables of interest.  

3.1.2 KALMAN FILTER ASSUMPTIONS 

         The Kalman filter addresses the general problem of trying to estimate the state of a 

discrete-time controlled process that is governed by a linear stochastic difference equation 

[27]. The Kalman filter assumes the following for the system to be applied to [26]. 

a. The process to be estimated is described by a linear system. 

b. The process and measurement noise are uncorrelated, zero mean, and white 

Gaussian random processes with known auto covariance functions. 

c. The initial system state is a Gaussian random vector, uncorrelated to the process 

and measurement noise. 
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3.1.3 MAIN COMPONENTS OF KALMAN FILTER  

          The basic components of Kalman filter are the state vector, the dynamic model and the 

observation model [28].  

3.1.3.1 The state vector 

        The state vector represents the variables of the system of interest. In general it 

describes the state of the dynamic system. The variables in the state vector cannot be 

measured directly but can be inferred from values that are measurable. This vector is 

related with the system as the following: 

                                                                            3-1 

where:   is the state vector,   is the state transition matrix, G is the noise coupling matrix, 

and      W is the system noise. 

3.1.3.2 The observation model 

           The observation (measurement) model represents the relationship between the state 

and the measurements. The measurements are described by a system of linear equations, 

which depend on the state variables. The observations are made at discrete time steps. The 

discrete measurement model can be written as follows: 

                                                                            3-2 

Where 

 Z is the measurement 

H is measurement sensitivity matrix 

k is measurement noise 
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3.1.4 THE RECURSIVE ALGORITHM MECHANISM  

           As mentioned above, The Kalman filter has two stages: Prediction and Update. The 

predicted state estimate is also known as the a priori state estimate or time update because, 

although it is an estimate of the state at the current time step, it does not include 

observation information from the current time step. In the update phase (or measurement 

update), the current a priori prediction is combined with current observation information 

to refine the state estimate. This improved estimate is named the a posteriori state estimate. 

Usually, the update phase follows the prediction phase after including the observation at 

each step. This observation value helps in providing an updated state of the system which is 

nearer to the true value. However, in some situations like absence of an observation value, 

the update phase may change: the update step is either skipped with multiple values of 

prediction or the observation values are user defined in order to provide a guide point to 

the predictions [28]. Similarly, multiple update values are evaluated depending on the 

available number of observations. Predict and update steps are mathematically summarized 

in Table 3-1. Some variables in Table 3-1 have not been introduced yet; therefore, here is a 

list with these variables:  

P is the covariance matrix of the state. 

Q is the spectral density matrix that defines the noise of the dynamic model. 

K is the Kalman gain matrix that weights the predictions with the measurement noise. 

R is a matrix that defines the noise of the measurements, and 

H is a matrix that defines the noiseless connection between the measurement and state 

vector.  

          The matrix K in equation 3-7 is chosen to be the gain that minimizes the a posteriori 

error covariance equation 3-8. This minimization can be accomplished by first taking the 
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derivative of equation 3-8 with respect to K, setting the result equal to zero, and then 

solving for K [27]. One form of the resulting K is given by equation 3-6 which can be 

rewritten as: 

   
       

 

         
    

                                                                   3-3 

From equation 3-3 we can see that as the measurement error covariance R approaches zero, 

the gain K weights the residual more heavily imposing more weight to the measurements. 

On the other hand, as the a priori estimate error covariance       approaches zero, the gain 

K weights the residual less heavily emphasising more confidence in the estimation. 

 

Table 3-1 Kalman filter Predict and update steps [29] 

time update steps 

step Equation 

System dynamic model                                                               

Independence assumption           (    
 )      for all k and j           

 
Predicted state vector                    ̂                                                               3-4                       

 

Predicted covariance matrix                            
              

     3-5         
 

measurement update steps 

step Equation 

Measurement model                                  

Kalman gain matrix                                   
           

     
                       3-6       

Corrected state estimate                 ̂      ̂              ̂                         3-7           
 

Corrected covariance matrix                                                                  3-8        
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3.2 GPS/INS INTEGRATION APPROACHES 

 GPS/INS integration has been implemented in different ways primarily based on 

compromising between simplicity and robustness of the required system [3]. Major 

approaches of integration are loosely coupled GPS/INS integration and tightly coupled 

GPS/INS integration3. Each of the two approaches has its advantages and disadvantages. 

These details are discussed in the next section.   

3.2.1 LOOSELY COUPLED GPS/INS INTEGRATION  

The loosely coupled strategy is easier to implement since the inertial and GPS navigation 

solutions are generated independently before being weighted together in a separate Kalman 

filter. The advantages of this coupling strategy are that the INS errors are bounded by the 

GPS updates, the INS can be used to bridge GPS updates, and the GPS can be used to help 

calibrate the deterministic parts of the inertial errors instantly. Another advantage is that 

the loosely coupled mode can be used to integrate existing GPS with available inertial 

systems as it does not require access to the raw GPS data. The first drawback of loosely 

coupled integration strategy is that it requires at least four satellites in view which cannot 

be always guaranteed because of signal blockages such as trees or tall buildings. Secondly, 

contrary to the assumptions of Kalman, the outputs of the GPS Kalman filter are time 

correlated which has a negative impact on system performance [5]. 

3.2.2 TIGHTLY COUPLED GPS/INS INTEGRATION 

        The tightly coupled integration mode combines the integration into a single Kalman 

filter. Any number of GPS satellites can be used as measurements to limit the inertial errors 

from drifting. The comparison of parameters in the filter is different from the loosely 

                                                             
3 The terms centralized and decentralized have also been used to refer to tight and loose 
coupling respectively. 
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coupled architecture. The tightly coupled architecture eliminates the problem of correlated 

measurements which arises due to cascaded Kalman filtering in the loosely coupled 

approach. Also, the major limitation of visibility of at least four satellites is removed as this 

integration can provide a GPS update even if fewer than four satellites are visible [26].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

Chapter 4 CYCLE SLIP DETECTION AND CORRECTION 

Carrier phase measurements are much more precise than pseudorange measurements but 

they are ambiguous. Thus, ambiguities have to be rsolved to achieve precise positioning.  

What makes this ambiguity resolvable is that the integer number of cycles remains constant 

as long as the receiver maintains lock to the satellite signal. Currently, there have been 

various techniques to resolve for integer ambiguities with different computational 

efficiency and performance. Typically, it takes few minutes to resolve for integer 

ambiguities [30]. Once ambiguities are resolved, a centimetre-level positioning and 

navigation can be obtained.  However, in real environments, the GPS signal could be 

interrupted momentary by some disturbing factors leading to a discontinuity of an integer 

number of cycles in the measured carrier phase as a result of a temporary loss-of-lock in the 

phase tracking loop [7] [31]. This discontinuity in the integer number of cycles is known as 

a cycle slip. When a cycle slip happens, the Doppler counter would restart causing a jump in 

the instantaneous accumulated phase by an integer number of cycles. Thus, the integer 

counter is reinitialized meaning that ambiguities are unknown again producing a sudden 

change in the carrier phase observations.  

Figure 4.1 shows a graphical representation of cycle slips. In this event, ambiguities need to 

be resolved again to resume the precise positioning/navigation process. However, as just 

mentioned, it takes a comparably long time to resolve for the ambiguities particularly in the 

case of real time navigation applications. Therefore, it would save effort and time if we 

could instead detect and estimate the size of this slip and correct our measurements for it.   

4.1 DEALING WITH CYCLE SLIPS 

Once cycle slips detected, there are two ways to handle them. One way is to repair the slips 

while the other is to reinitialize the ambiguity unknown parameter in phase measurements.  
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Figure 4.1 Cycle slips: a cycle slip is affecting phase measurements but not the 

pseudoranges. 

 

The former technique requires exact estimation of the size of the slip but could be done 

instantaneously. The latter solution is more secure [8] but time- and computation-intensive 

task [32]. In this work we follow the first approach providing a real time cycle slip detection 

and correction algorithm based on one GPS/INS integration scheme.     

4.2 SOURCES OF CYCLE SLIPS 

Sources of cycle slips are generally of three types [8], [33]. The first type is due to signal 

obstruction by surrounding obstacles such as trees, buildings, bridges, etc. This is the most 

common type and this is why we see more slips in kinematic environment data than static 

one. Secondly, slips resulting from the low signal-to-noise ratio of the measured signal 

which is usually because of multipath, low satellite elevation, or bad atmosphere conditions. 

The third source of cycle slips, which is less common, is incorrect processing of the signal 

because of failure in the receiver software.  

Time 

.Phase     . Code 

A cycle slip 



47 
 

4.3 BASIC CYCLE SLIP DETECTION AND CORRECTION TECHNIQUES 

Cycle slip detection and correction usually happens in two steps, detection and fixing [8] 

[32] .In the first step, using some testing quantity, the location (time) of the slip is found. 

During the second step, the size of the slip is determined which is needed along with its 

location to fix the cycle slip. For GPS only systems, various measurement/measurement-

combinations are used in the literature to detect cycle slips and calculate their size [8] [11]. 

Mostly used are phase-code (L1 or L2), phase-phase (Dual frequency L1 and L2), Doppler 

(L1 or L2), and time-differential phases (L1 or L2). In GPS/INS integration systems, INS is 

used to predict the required variable to complete the test which is usually the true receiver-

to-satellite range in DD mode [30] [34]. Herein, we will go through those main categories 

one by one; each time we show chronologically the related work to the corresponding 

category which is usually involving some modifications.  

4.3.1 PHASE-CODE COMPARISON 

Starting from equations 2-6 and 2-10 and with involving the time, we can write: 

                        
                    

                        4-1 

                        
                       

                   4-2 

Taking difference between the two equations we get: 

                                                                     4-3 

The ionospheric delay could be either modeled or neglected as the change in ionospheric 

delay between adjacent epochs would be very small. Also, the time difference between 

ambiguities is zero in case of no cycle slip; thus, the left side code-phase combination of 

equation 4-3 could be used as a testing quantity to detect cycle slips. However, the 

drawback of this simple quantity is that the noise level of the code measurements is much 
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higher than that of phase measurements. Hence, this method can be used to detect only big 

cycle slips [8] [11]. 

 In [35], the author introduced some modifications to this technique. The test quaintly to 

check for cycle slips is calculated twice, once based on code-phase measurements and 

second with estimations for code and phase values. Then a comparison is made between the 

two obtained quantities to decide if there is or there is no cycle slip. Results showed cycle 

slips of one cycle were detected and fixed in some scenarios. However, the introduced 

approach was applied only for static (stationary) data sets not for kinematic ones where 

cycle slips are more frequent and significant [30]. Moreover, tests were done in post-

processing mode whereas cycle slip detection and correction is more needed in real-time 

navigation. Furthermore, some work is needed to select optimal polynomial order to best fit 

the data sets for the required variable estimation.  

A code-phase combination based algorithm which uses a wavelets technique combined with 

Lipchitz Exponents is introduced in [36]. Wavelets Transform is used here based on the fact 

that it is excellent in finding and detecting singularities in data because of its capability of 

decomposing a signal into fundamental base functions that can be correctly localized in 

both time and frequency domains. This is because the propagation of noise is different from 

the propagation of singularities between the wavelets levels of decomposition, representing 

discontinuities in the case of a cycle slip. Results showed a recovery success rate of 83% of 

the cycle slips. Authors recommend more investigation for the performance of the proposed 

technique over low cost receivers. 

4.3.2 PHASE-PHASE OR IONOSHPERIC RESIDUALS 

Another way of writing equation 4-2 is to express the ionospheric term explicitly; then, for 

both L1 and L2 we get:  
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Note that the tropospheric term is frequency independent therefore we left it intact. By 

forming the difference between the two equations we obtain: 
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This form is known as ionospheric residual. All the right hand terms are time independent 

except of the ionospheric term which is scaled by a factor(  
   
 

   
 ). Accordingly, substituting 

with the right values for              one can find that the ionospheric influence is reduced 

by 65% [8]. If there is no cycle slip, the computed value of this difference (the ionospheric 

residual) is very small between two adjacent epochs. A sudden jump in successive computed 

values may indicate cycle slip(s) in one or both phases. Thus, the ionospheric residual can 

be used as a testing quantity for detecting cycle slips; however, there are some related 

shortcomings to this approach. First, this residual itself does not provide any information 

about in which phase the cycle slip happened. More research is required to explore this 

challenge [11]. Secondly, in some cases, special simultaneous cycle slips on     and     can 

result in a very small change in                  which could lead to missing the 

detection of the cycle slip. Examples of such combinations are given in [8]. In addition, a 

dual frequency receiver is required to implement this technique; which is the present state 

–of-the-art for cycle slip detection using GPS only data [34]. 
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In [37], two dual-frequency combinations were chosen. The so called geometry-free 

combination and Widelane phase minus Narrowlane pseudorange. The former does not 

contain any component of pseudoranges to minimise measurement noise whereas the latter 

is meant to cancel the ionospheric term. Time series of the two combinations are then 

integrated in a Chebyshev polynomial, least-squares fitting scheme. Research showed good 

analysis for the selected approach but did not show reflective results. For instance, results 

of cycle slip detection process were shown in units of used test quantity (mm/s) rather than 

real units which are cycles. In addition, more processing is needed through the used filter in 

form of combining the forward and backward runs of the filter to optimally smooth the time 

series of chosen combinations.  

 Authors of [38] introduce a test quantity for dual frequency double-differenced data by 

observing the change of the innovation process in extended Kalman filtering instead of the 

usual way of directly observing carrier phase data. They showed that: if a cycle slip occurs, 

then the mean and covariance of the standard innovation process changes. The algorithm 

was tested with real receiver data but cycle slips were artificially simulated. Results show 

efficient detection of cycle slips on only one scenario. Furthermore, one major limitation of 

this method is the baseline length (about 200-300 m) which does not simulate real-life 

trajectories. 

Geometry-free combination, introduced above, along with the so called Melbourne-

Wübbena combination is used in [39]. The latter is alike the Widelane combination. Using 

the first combination, phase measurements are compared to predicted phase values based 

on low degree polynomial fitting. If the difference is larger than some threshold, there will 

be cycle slips in the current epoch. For the second combination, the running mean of some 

testing quantity is investigated. Measured data points are compared with a threshold to the 

filtered mean. If the threshold is exceeded, there is a cycle slip. Ionospheric term in used 
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combinations is not minimized enough which affects the detection capacity. Results show 

correct detection of the simulated cycle slips in real kinematic data but no accuracy limit 

was given. Authors also mentioned that more testing was required in order to further 

validate the performance of the approach in relation to the levels of ionospheric delay, 

multipath and noise.  

Another cycle slip detection and repair algorithm uses dual-frequency data is introduced in 

[40]. The algorithm jointly uses the ionospheric total electron contents rate (TECR) and 

Melbourne–Wübbena wide lane (MWWL) linear combination to determine cycle slips on 

both L1 and L2 independently. The idea beyond this technique is that when there are cycle 

slips, the MWWL ambiguity will change and the ionospheric TECR will be extensively 

amplified. The TECR is calculated based on the phase measurements and compared to a 

prediction estimated based on previous epochs’ data (30 epochs). If a threshold is exceeded 

there is a cycle slip. The rational of this algorithm comes from the fact that during a short 

period of time (i.e. 1 s), the TECR will not exceed the predefined threshold4. The strength of 

this algorithm is coming from combining the MWWL ambiguity and TECR information. 

Results showed that the algorithm detected and correctly repaired almost any cycle slips 

except of a few detected but incorrectly repaired cycle slips under very active ionospheric 

conditions. Limitations include the need for many data epochs for the TECR term estimation 

in addition to the error associated with this estimation process. Besides, the author 

reported that it would be difficult to detect small cycle slips for dual-frequency GPS data 

with low data rate.  

4.3.3 DOPPLER INTEGRATION 

Doppler is the instantaneous shift in the measured frequency that makes it a robust 

measurement suitable as an alternative to detect and correct for cycle-slips [14] [15] [34]. 

                                                             
4 The threshold is set up to 0.15 TECU/s in the corresponding study. 
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Equation 2-11 relates the observed Doppler    to the rate of change in range  ̇. It can be re-

written in the form of phase change as: 

   
 ̇

 
    ̇=     

Integrating the instantaneous Doppler yields the phase: 

 ̂     ∫     
 

  
                                                                    4-6 

Where  ̂    is the estimated phase at time t. 

The discrete form is given in [15] as: 

 ̂       
 ̇     ̇ 

 
                                                            4-7 

Where  ̂    is the estimated phase at     , 

   is the measured phase at   , 

 ̇    is the measured Doppler at      , 

 ̇  is the measured Doppler at    , 

   is the signal sampling time. 

Now we compare the current measured phase with the estimated one as follows: 

       ̂                                                                  4-8 

If the difference     exceeds a threshold, there is a cycle slip of size   . Otherwise, the 

current data epoch is free of cycle slips. This technique takes the advantage of the fact that 

Doppler measurements are immune to cycle slips. However, in reality, the deviation in the 

receiver’s oscillator clock may result in Doppler measurement error [14]. Also, Doppler 

measurements are highly affected by high receiver dynamics [16] [32] [34].  
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In [15], two different algorithms were used to detect cycle slips. One is based on the 

Doppler phase estimation. They showed very close efficient results for both algorithms but 

based on the argument that cycle slips are usually larger than 10 cycles. Another claim in 

the research is that faulty measurements have only local effects on kinematic results but not 

critical for the overall accuracy and the reason for that needs further investigation. 

Doppler based algorithm is also implemented in [41]. The proposed method used rates of 

carrier-phase measurements and estimated Doppler measurements. Numerical backward 

difference approximation was used to calculate the rate. Cycle slips were detected by 

monitoring if there was a sudden increase in the estimated value or not. Results show a 

good rate of slips detection, simulation data sets are used, though. The algorithm uses 

backward differentiation using 3 samples to estimate the rate of carrier-phase which was a 

twofold problem. First, more than current epoch data was needed. Second, if cycle slip 

occurs, it will be reflected in three consecutive results because of involving affected epoch 

three times in the calculations. Thus, two epochs reset time was required for each satellite 

after cycle slip detection. 

 In [14] the research takes a different approach. Depending on the fact that the receiver’s 

clock oscillator is a non-ideal clock source and plays a part in the Doppler measurement 

error; the paper introduced a simplified oscillator model and then based on the oscillator 

model, a modified method was proposed, which avoided the influence of the local oscillator 

bias. The running mean of a Doppler based test quantity was checked against some 

predefined threshold. If the threshold was exceeded, there would be a cycle clip. Some 

shortcomings exist in this method. First, the research ignores variation of atmospheric 

delay, satellite orbit bias, multipath, and receiver system noise assuming the use of high 

frequency receiver which is not always available commercially. Secondly, there was no 
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demonstration of comparative analysis to reflect the effect of Doppler measurements bias 

resulting from the receiver’s clock inaccuracy.    

4.3.4 TIME-DIFFERENCING PHASES 

High order time differencing is another approach of cycle slip detection and correction. The 

rationale of this method can be seen from an example given in [8]. Assume that we have a 

signal represented by a time series                 which has a jump of   at time    as in 

Table 4-1. In this table,             represent the first-order, second-order, third-order, 

and fourth-order differences, respectively whereas c denotes a constant. From Table 4-1, we 

can see the amplification of a jump in higher order differences; for instance, a jump of  

  at    is amplified by 3 at fourth-order differencing,   . This improves the chance of 

detecting the jump [8], [33]. 

To take advantage of this idea in phase measurements, we recall equation 4-2 with 

dropping the superscript m for the satellite number like: 

                                                                    4-9 

Time differencing between two adjacent epochs can be expressed as: 

                                                                   4-10 

All the terms on the right hand side have low variation except of the ambiguity term; thus, 

any cycle slip will cause a jump in the time difference of the measured phase [11]. Replacing 

  in the previous example with cycle slip in the phase measurements, the method of high 

order time differencing becomes evident [8]. Practically, the algorithm is implemented by 

fitting the differencing data with polynomials. The polynomials are then used for 

interpolating the data around the checking epoch. The size of cycle slip, if there is any, is the 

difference between the computed and differenced data curves [8], [11]. An Obvious 
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limitation of this method is the requirement of many data epochs which makes it applicable 

only in post-processing applications.         

Table 4-1 The Principle of High Order Time Differencing (Modified from [8]) 

                    

   c     

  0    

   c  0   

  0     

   c         

          

               

  0     

        0     

  0  0  

        0   

  0    

           

 

Research in [33] adopts the time differencing approach. The paper introduces a 

combinational algorithm based on the high order time difference to detect and correct cycle 

slip of size more than two cycle and then uses the Lagrange interpolation to correct the 

small cycle slips. In short, the algorithm computes the 3-time differences on phase data to 

amplify cycle slips then fits the differenced data with 6-order Lagrange interpolation. 

Authors claim that the combinational algorithm could correct small cycle slip within the 

error of one cycle slip.  

In [42], research is based on the assumption that most error sources are strongly correlated 

over a short period of time; therefore, their effects are greatly reduced when forming time-
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difference operation on the data. On the other hand, it takes into account the variation in 

satellite clock errors and tropospheric delay. With this in mind, the authors affirmed that 

cycle slips preserved their integer nature and ambiguity resolution techniques could be 

applied to estimate the size of the detected slips. Thus, the algorithm could be simplified in 

two steps. First, the widelane (WL) ambiguities are fixed with the help of the Least-squares 

Ambiguity Decorrelation Adjustment (LAMBDA) method. Then, the size of the cycle slips on 

L1 is determined using the time-differenced geometry-free (GF) ambiguities with the 

previously fixed widelane ambiguities. Results showed a cycle slips correction rate of 

approximately 99% at a sampling interval of one second. However, it also indicated that the 

method was particularly sensitive to unmodeled changes in ionospheric delay variations 

and quick variations of the multipath characteristics.  

In [43], the research used time-differenced carrier phase measurements of a standalone 

receiver where the integer ambiguities canceled, atmospheric and other temporally 

correlated errors were reduced, but any cycle slips would remain. Receiver Autonomous 

Integrity Monitoring (RAIM) methodology was then used to process the differenced data. 

RAIM, which poses a requirement of an over-determined system of equations, originates 

from civil aviation where measurement errors are rare but large which differs from the 

situation of cycle slips where errors are more frequent but small. However, RAIM is used in 

the mentioned research based on the assumption that a biased observation in the 

measurement set should not fit well in the others. The results showed that the method was 

able to detect and identify single cycle slips but failed in the case of multiple slips scenario. 

One advantage is no reference receiver is needed; however, there still exist a major 

shortcoming that uncorrelated errors are amplified by √  . 
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4.3.5  COMBINED SOLUTIONS  

In [31], researchers merged more than one method to build up a strong cycle slip detection 

and correction algorithm. Using dual-frequency measurements, ranges were estimated first 

based on Doppler measurements; then, phase-code measurements along with range 

estimations were Time-differenced. Research showed a good derivation of a test quantity. 

The two frequencies were treated individually in the beginning to detect cycle slips then 

combined in a form of geometry-free phase to reduce the number of obtained cycle-slip 

candidates. One limitation is that Time-differenced pseudoranges are suggested to be used 

instead of Doppler for receivers which do not provide Doppler measurements. Also, 

ionospheric delay, tropospheric delay, multipath error, and receiver noise are assumed to 

be small. Moreover, researchers mentioned that the introduced algorithm could inherit the 

same common limitations of least-squares estimation as it was built-in in the algorithm at 

some stage to estimate the quasi-random errors.  

In [44], authors introduce an artificial intelligence based technique that uses Bayesian 

Networks (BN) as a classifier. The research chooses BN for being powerful, yet relatively 

simple compared to other mathematical models, modeling approach. Besides, the solution 

combines the first, the second, the third backward differences of the carrier phase 

measurements along with the difference between the Doppler value and the first difference 

as inputs. The classifier was implemented in such a way that did not need heavy 

computations and utilized fewer observations; therefore, it could be applied in either real 

time or post-processing mode. Results indicated that the algorithm was efficient in 

detecting and identifying the size of cycle slips but all used data was collected in static 

mode. Other drawbacks that should be mentioned here (related to Neural Networks in 

general) are, the training time required for the Neural Network and the possibility of over-

training the network.   
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4.4 CYCLE SLIP DETECTION AND CORRECTION WITH INS AIDING  

It was mentioned earlier that GPS and INS systems provide complementary characteristics 

to one another, and hence, they are usually integrated to provide a better navigation 

solution than a stand-alone GPS or INS. In the case of a cycle slip specifically, as the phase 

measurements need to be examined before being used, INS would be useful in detecting and 

correcting the slip by providing accurate estimations to be compared with the measured 

ones. There has been some research in this regard involving INS in some different 

integration schemes mentioned earlier.  

In [32], a two-step algorithm was introduced. The first step was to detect cycle slips using 

Doppler measurements and Doppler estimations from phase measurements. The rule of the 

integrated INS system comes in the second step where it provides an estimation of the 

receiver-satellite geometric range to calculate the size of the cycle slip, in case there is any. 

Authors explained that the algorithm was not applicable as the velocity vector of the 

receiver and hence its Doppler component is not sufficiently accurate.    

The principle of the algorithm introduced in [34] is to compare dual-frequency DD phase 

measurements with estimated ones derived from the output of an INS system. The research 

analyzes in detail the detection criterion and the determination of the cycle slip size on the 

DD measurements; however, the mechanism of determination of the resultant slips on each 

individual frequency (L1 and L2) was not shown, although claimed. The research suggested 

continuous adjustment of the thresholds to make the algorithm works more properly. The 

results showed a perfect performance but with simulated cycle slip introduced into ideal-

scenario. For instance, the test site was selected to provide good satellite visibility and no 

signal blocking. Also, reference-rover base line was less than 700 m for driving trials.    
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In [45], the algorithm used information provided by the INS, and applies a statistical 

technique known as the cumulative-sum (CUSUM) to detect and determine the size of cycle 

slips.  CUSUM is sensitive to small changes in the mean and/or standard deviation of 

measurements. Using this technique, the algorithm tracked the mean of the difference 

between the DD carrier phase measurements and the DD geometric ranges estimated by an 

INS system. Authors assumed that main error source was multipath and could be modelled 

or mitigated by some methods. Results showed a very good performance of the algorithm. 

However, cycle slips were introduced in a clean data set. Also, tactical-trade C-MIGITS INS 

(5 deg/h, 500μg) was used with reference-rover baseline of the order of only 50 metres. 

GPS/MEMS-INS integration through Extended Kalman filter was implemented in [30]. 

Carrier phase measurements were checked out for cycle slips by tracking changes in the 

filter’s innovation vector against a threshold. One drawback is determining the size of slips, 

when there are some, based on phase-code measurements. The results showed moderate 

fixation rate ranging from 93.0% in case of few cycle slips to 48.4% in case of extreme cycle 

slips. The research suggested a direct integration of the RTK-GPS filter to IMU 

measurements. 

In [46], a cycle slip detection and correction for Precise Point Positioning PPP-GPS/MEMS-

INS integration was implemented. The introduced algorithm used the WL and Extra WL 

(EWL), as much longer wavelengths than L1 and L2, to improve the efficiency of the cycle 

slip detection and identification process. The proposed algorithm eliminates the need of a 

reference receiver; however, still involves satellite single differencing. Also, it requires a 

dual frequency receiver. Another barrier is the real-time availability of PPP information 

updates.     
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Chapter 5 PROPOSED CYCLE SLIP DETECTION AND 

CORRECTION TECHNIQUE 

 
It was shown in some research including [16] [32] [30] [47] that estimated phase can be 

used to detect and correct cycle slips in the measured phase. Also, it is reported in many 

sources that Doppler based estimated phase is prone to several error sources and strongly 

affected by receiver dynamics [30] [34]. Therefore, research has been directed towards 

using INS aiding for this purpose. This work further investigates the idea by using a 

different GPS/INS configuration. RISS-based GPS/INS integration is applied in this thesis for 

cycle slip detection and correction in kinematic land vehicle relative-positioning 

environment.  

5.1 METHODOLOGY 

The approach adopted in this thesis is to compare the DD GPS phase measurements with 

the estimated DD derived from the output of the integrated system. A test quantity is 

checked as follows: 

                ̂                                                                  5-1 

Where 

       is the number of slipped cycles 

       is DD phase measurements 

   ̂    is DD estimated phase 

      is compared to a threshold  . If the threshold is exceeded, there is a cycle slip in the 

DD phase measurements. Theoretically,       would be an integer but because of the errors 
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in the measured phase as well as errors in the estimations coming from the INS system 

      will most likely be a float number.  

The estimated phase term is obtained as follows: 

   ̂    
 

 
([ ̂ 

       
    ]  [ ̂ 

 
      

 
   ])                                              5-2 

Where 

  is the wavelength of the carrier signal 

 ̂ 
  and  ̂ 

 
  are estimated ranges from rover to satellites i and j respectively, (meters) 

  
  and   

 
 are known ranges from base to i and j satellites respectively, (meters) 

What we need to get from the integrated GPS/RISS system is estimated ranges vector from 

receiver to each available satellite ( ̂ 
 ,  ̂ 

 , ... ,  ̂ 
  . In the following section we give details of 

adopted GPS/RISS-INS algorithm for this purpose.  

5.2 DYNAMIC SYSTEM MODEL  

A tightly-coupled GPS/RISS is used in this work. As a three-dimension (3D) version of RISS 

is implemented, the system has a total of eleven states; nine states from RISS side and two 

more states are added from the GPS side. Error states in the RISS system are latitude, 

longitude and altitude errors           , the East, North and Up velocity errors 

              , the azimuth error     , the error associated with odometer-driven 

acceleration       , and the gyroscope error      . The two states added from the GPS side 

are the bias of the GPS receiver clock     and its drift    . GPS/RISS equations and 

derivations in the following sections are taken and combined from [1] [2] [6]. 
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5.2.1 RISS ERROR MODEL 
Kalman filter requires the linearization of the error state model around the nominal 

trajectory; therefore, equation 2-24 and equation 2-28 in the RISS introduction section need 

to be linearized before incorporating them into the system model.  

The error state system model for RISS Kalman filter in the discrete form can be written as: 

                                                                                    5-3 

Where 

      is a unit variance white Gaussian noise 

    is the nine-state error vector at time    

                                                    
                                         5-4 

        is 9×9 dynamic coefficient matrix relating            which can be written using 1st 

order Taylor series approximation as: 

                                                                                           5-5  

Where   is a unity matrix and   is written as:         

  

[
 
 
 
 
 
 
 
 
 
                                             

 

    
                                                                 

              
 

          
                                                                                    

                                                                                                                      
                                                                                                  
                                                                                              
                                                                                                                   
                                                                                                                      
                                                                                                               
                                                                                                                ]

 
 
 
 
 
 
 
 
 
 

                   5-6 

     is 9×1 noise coupling vector which can be written as: 

                                                                                        5-7 
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Where   is expressed as: 

  (                          √       
   √     

  )

 

                                                  5-8 

Stochastic errors associated with gyroscope and acceleration driven from the odometer are 

modeled by Gauss-Markov model where     is the inverse of correlation time of random 

process associated with the odometer driven acceleration,    
  is the variance of this 

random process;    is the inverse of the correlation time for gyroscope error, and is   
  the 

variance of gyroscope error.    

5.2.2 GPS ERROR MODEL 

As mentioned above, two error states are to the system from the GPS side which are the bias 

of the GPS receiver clock     and its drift    . The model for these two states is given as: 

[
   
   

]
 

 [
    
    

] [
   
   

]
   

[
  
  
]
   

                                                             5-9 

Where 

   is the standard deviation of white noise for clock bias, 

    is the standard deviation of white noise for clock drift  

5.2.3 COMPLETE SYSTEM MODEL  

Denoting       and       as the dynamic coefficient matrix and the noise coupling matrix, 

respectively for the RISS system and      and      as the dynamic coefficient matrix and 

the noise coupling matrix, respectively for the GPS system, the discrete form of the complete 

system model can be expressed as: 

[
      
     

]
 

 [       [
        
       

]   ] [
      
     

]
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]
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Where   is a unity matrix and    is sampling time. 

5.3 MEASUREMENT MODEL 

The predicted error state is updated whenever GPS measurements are available. The 

linearized measurement model for the Tightly-coupled GPS/RISS integration is given by: 

                                                                               5-11 

Where 

      s the measurement vector 

  is the measurement design matrix 

   is the 11×1 error state vector 

  is a vector of Zero-mean measurement random noise with covariance matrix R.  

The used measurements are pseudoranges   and pseudorange rates  ̇. However, for the 

filter input, measurements are in the form of differences between GPS measured 

pseudoranges and pseudorange rates and estimates of pseudoranges and pseudorange 

rates from the RISS system. Therefore, the measurement vector for the filter is given as: 

    [
   
   ̇

]  [
          
 ̇      ̇   

]                                                                5-12 

Where 

      and  ̇     are estimated pseudoranges and pseudorange rates using RISS 

     and  ̇    are measured pseudoranges and pseudorange rates 

The pseudorange for the mth  satellite is modeled as: 

    
  ‖    ‖        

                                                             5-13 
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Where 

  is the receiver position in ECEF coordinates 

   is the position of the mth satellite in ECEF coordinates  

    is the receiver clock bias 

  
  is the effect of residual errors of all error sources except of receiver clock bias   

On the other hand, the estimated pseudorange from the RISS system can be defined as: 

     
  ‖        ‖                                                                      5-14 

Where 

      is the receiver position estimation provided by the RISS  

It is clear that the GPS measurements are not linearly related to the receiver’s position; 

however, by applying Taylor series around the latest provided state, the difference between 

the RISS-estimations and the actual GPS measurements can be modeled linearly related to 

the error as follows: 

   
  {‖        ‖}  {‖    ‖        

 }                      

      
                   

                                                                 5-15 

Where 

     
  is the line of sight unit vector between mth satellite and the receiver’s estimated 

position and expressed as: 

     
  

       
 

‖       
 ‖

                                                                            5-16 

Equation 5-15 can be re-written in component form as: 

   
  [       

           
           

 ] [
  
  
  
]        

                                     5-17 
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where           ,           , and            

Applying this for M available satellites we get: 

            [
  
  
  
]      [

  
 

 
  
 
]                                                                5-18 

where      
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                                                               5-19 

Position provided by RISS is in geodetic coordinates; hence, we need first to convert them 

into rectangular ECEF coordinates to combine them in our solution with GPS based position. 

Rectangular ECEF and geodetic ECEF coordinates are related through: 

[
 
 
 
]  [

              
              

{          }    

]                                                              5-20 

Where e is the earth’s eccentricity= 0.08181919  

From last equation, we can get the linearized position error form in matrix notation as: 

[
  
  
  
]  [

                                            

                                                 

{          }                                                       

] [
  
  
  

]      [
  
  
  

]     5-21 

 

Substituting this into equation 5-18 we obtain: 

                [
  
  
  

]                                                           5-22  



67 
 

Correcting the RISS estimated position with this obtained error we get the best 

measurement-updated position estimation.  

            ̇                                                                    5-23 

where 

    is the receiver position obtained from GPS/RISS Kalman filter solution  

  ̇ is the position error obtained from GPS/RISS Kalman filter solution 

Our goal from performing these RISS derivations was to show how we can obtain the 

position components we need to calculate receiver-satellite ranges which are needed for 

detecting cycle slips in the phase measurements. Therefore, we will stop this discussion of 

RISS derivations at this point. Interested readers can see [1] [2] [6] for full details of 

GPS/RISS integration derivations including the use of pseudorange rates to estimate 

receiver’s velocity components. 

At this point, knowing our best position estimation, we can calculate ranges from the 

receiver to all available satellites through: 

 ̂ 
  ‖      ‖                                                                5-24 

Where 

 ̂ 
  is the calculated range from receiver to mth satellite 

    is the receiver position obtained from GPS/RISS Kalman filter solution  

   is the position of mth satellite 

M is the number of available satellites  

Then, estimated DD phase term in equation 5-2 can be calculated: 
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   ̂    
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    ]  [ ̂ 

 
      

 
   ])                                    5-25 

Finally, our main test quantity in equation 5-1 is performed. The DD phase measurements 

are checked against the estimated ones:  

                  ̂                                                     5-26 

If cycle slip occurred in the ith DD phase-set, the corresponding set is instantly corrected for 

that slip by: 

                                                                                    5-27 

Where s is the DD phase-set number in which the cycle slip has occurred. 

To put altogether the above mentioned steps, the overall system flow diagram of the 

proposed algorithm is given in Figure 5.1.  

 

 

 Figure 5.1 The general flow diagram of the proposed algorithm 
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5.4 THE THRESHOLD ISSUE 

Difference between phase measurements and estimations is checked against a threshold. 

Practically, selection of a threshold is a challenging task because of the errors in the phase 

estimations process. Therefore, there is always possibility of false detection or mis-

detection of cycle slips. The former is the case where the test results show a cycle slip when 

in fact there is not one. The latter is when there is a cycle slip in the measured quantity but 

the results show the reverse. In this work we introduce new criterion where the satellite 

elevation is incorporated in the process. As we know that higher elevation satellites provide 

less noisy and more multipath-free measurements; therefore, there will be less chance of 

having sudden changes in the measurements. Here, for a higher satellite we put a smaller 

threshold. On the other hand for lower satellites, the measurements are noisier and 

multipath effect is bigger; thus, detectible changes to some extent could be possible even in 

the case of cycle slip free measurements. In this case, more flexibility is needed requiring 

bigger threshold. The test threshold is usually chosen depending on averaging real 

detection error levels in post processing mode. Satellite elevation can be included to 

enhance the quality of the selected threshold. The following formula is suggested in this 

study for this purpose. 

   
 

                
                                                                  5-28 

Where  

   is the detection threshold for the ith satellite 

           is the ith satellite elevation 
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Chapter 6 EXPERIMENTAL WORK AND RESULTS  

This chapter demonstrates the results obtained from applying the proposed algorithm to 

real trajectory data in kinematic relative positioning environment. Data and equipment 

used in this research is collected and owned by the Navigation and Instrumentation 

(NavINST) Research Group at Queens’ University/Royal Military College of Canada.      

6.1 EQUIPMENT SETUP  

The performance of the proposed algorithm was examined on real land vehicle data 

collections from several trajectories. The Honeywell HG1700 AG11 high end tactical grade 

IMU was integrated with a NovAtel OEM4 GPS receiver to provide the reference solution. 

The HG1700 AG11 IMU unit uses three ring-laser gyroscopes and three accelerometers 

mounted orthogonally to measure angular rate and linear acceleration. The Novatel OEM4 

GPS receiver and the Honeywell HG1700 AG11 systems were integrated through a G2 Pro-

Pack SPAN unit developed by Novatel Inc, too. For the RISS solution, a NovAtel OEM4 GPS 

receiver and a Crossbow IMU300CC MEMS grade IMU were used. The IMU300CC IMU is a 

six degree of freedom inertial system but only data from vertical gyroscope, forward 

accelerometer, and transversal accelerometer was used. Table 6-1 gives the main 

characteristics of both units. For some practical issues, the antenna was located on the roof 

of the vehicle which causes a misalignment between the antenna center and the center of 

the IMU unit. However, this issue was taking into consideration in the developed algorithm.  

The odometer data was collected using a CarChip data logger through on-board diagnostics 

version II interface. Another NovAtel OEM4 GPS receiver was used for the base station 

measurements. Data rate of all used GPS receivers was 1Hz. The base receiver was set up at 

a well surveyed point which is too close to the main road; therefore, a lever arm of length of 
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2.4 m was used to raise the antenna to avoid signal interruption by crossing trucks. Figure 

6.1 and Figure 6.2 show some data collection equipment setup during road test trajectories.    

 

 

Figure 6.1 Data collection equipment mounted inside the road test vehicle  

 

 

Figure 6.2 Base receiver setup at well surveyed point  
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Table 6-1: Characteristics of Crossbow and Honeywell IMUs  

 Crossbow IMU300CC HG1700 

Size 7.62 x 9.53 x 3.2 (cm) 15 x 15 x 10 (cm) 

Weight 0.59 kg 0.725 kg 

Max Data Rate 200 Hz 100 Hz 

Gyroscope   

Range ± 100 deg/s ± 1000 deg/s 

Bias < ± 2.0 deg/sec 1 deg/hr 

Scale Factor < 1 % 150 ppm 

Random Walk < 2.25 deg/hr1/2 0.125 deg/hr1/2 

Accelerometer   

Range ± 2 g ± 50 g 

Bias ± 30 mg 1.0 mg 

Scale Factor < 1 % 300 ppm 

Random Walk < 0.15 m/s/hr1/2 0.0198 m/s/hr1/2 

 

6.2 ROAD TEST TRAJECTORIES 

A few road trajectories were conducted using the above described configuration. One of the 

trajectories, which covers several real life scenarios encountered in a typical road journey is 

selected to show the performance of the proposed algorithm. The trajectory was carried out 

in the city of Kingston, ON, Canada. Figure 6.3 depicts a general view of the trajectory 

produced through GPS Visualizer.  
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Trajectory start and end points

 

Figure 6.3: Trajectory map  

 

The Starting point was near the well surveyed point at Fort Henry National Historic Site 

where the base station receiver was located. The car was driven Northern-East crossing 

through Pitts Ferry then North to highway 401 via Howe Island Ferry Rd. then back through 

highway 401 and highway 15 to the same starting point where the trajectory ended. 

Starting and end times in GPS time were 491109 and 492869 respectively, which is 

equivalent to about 30 minutes. Total distance traveled is about 33 Km and maximum base 

line length was about 15 Km. The trajectory incorporated a portion of highway 401 with a 

maximum speed limit of 100km/h and suburban areas with max speed limit of 80km/h. It 

also contained different scenarios including sharp turns, high speeds and slopes.  
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Figure 6.4: Satellite Availability at base and rover receivers. 

 

6.3 TRAJECTORY DESCRIPTION IN MEASUREMENT DOMAIN 

To describe the trajectory better we would first show some figures in the measurement 

domain. For simplicity, epoch number (stating first data epoch as epoch number one) is 

used instead of GPS time. In Figure 6.4 we can see that nine satellites are guaranteed at the 

base for all of the trajectory time. For the rover on the other hand, the number is fluctuating 

between six and nine most of the trajectory time, descending down to five at some point and 

up to ten at another. It is to be mentioned that sustained number of satellites for a period of 

time (e.g. six) does not mean that all same satellites are present for that period. It can 

happen that one satellite becomes available whereas another one is blocked at that same 

time.  
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Figure 6.5 Measured phase at the rover 

 

 

Figure 6.6 Satellites elevations 
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Table 6-2 satellite availability at the rover with their elevations throughout the trajectory 

Satellite 
number 

Availability (Epochs) Satellite elevation 
(Degrees) 

PRN 9 1-1760 56-46 

PRN 12 690-1180 12-21 

PRN 14 1-1760 with some slips 42-53 

PRN 15 50-570 & 580-1180 22-12 

PRN 18 1-1760 80-67 

PRN 19 rare 7-5 

PRN 21 1-1760 with many slips 25-12 

PRN 22 1-1760 63-77 

PRN 25 rare 5-10 

PRN 27 1-1760 with some slips 40-30 

 

Figure 6.5 shows measured phase at the rover for the different satellites. Some satellites 

show very poor presence whereas few others are consistently available. Satellites 

elevations can be seen in Figure 6.6. Table 6-2 summarizes approximate availability of each 

satellite and their elevations throughout the trajectory. 

6.4 AMBIGUITY RESOLUTION 

It is beyond the topic of this research to discuss ambiguities in enough depth but as a 

prerequisite to use phase measurements and to detect and correct for cycle slips, 

ambiguities were resolved. For single phase measurements, ambiguities were resolved 

using the general averaging approach reported in chapter 2. A hundred epochs were used 

for the float ambiguities. The integer ones were obtained by rounding off the float values. 

For the DD phase measurements, ambiguities were resolved using least-squares method for 

float ambiguities then Integer ambiguities are obtained via LAMBDA method.  This was 

done in this work as a necessary step for the cycle slip detection and correction process to 

be implemented. Therefore, adequate solutions were implemented in this part.   
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6.5 RESULTS  

We start with showing some results of phase estimation error in non-differenced phase 

measurements. The goal is to emphasis the difficulty of accurately providing estimations for 

single phase measurements as they are prone to many error sources. Measurements are 

processed intact for ionospheric and tropospheric errors for both non-differenced and DD 

phases to compare results. Processing is done on what is considered to be a cycle-slip-free 

portion of the data set for some persistent satellites (Usually with moderate to higher 

elevations). Then we show, in similar way, results for phase estimation error in DD phases. 

After that, we show results for the cycle slip detection process by introducing cycle slips in 

different scenarios.  We end with showing obtained position results by applying the 

algorithm for the whole trajectory.   

6.5.1 NON-DIFFERENCED PHASE ESTIMATION ERRORS RESULTS 

Corresponding plots for error in non-differenced phase estimations can be seen in Figure 

6.7 to Figure 6.11. Error is simply calculated as the difference between measured phases 

(after adding the ambiguity term) and estimated phases. Table 6-3 shows the average RMS 

error in the estimations for non-differenced phases among the chosen portion. Error 

standard deviation is also shown. As per Table 6-3 the root mean square (RMS) error in 

cycle slip detection for individual satellites measurements varies from 4.49 to 27.28 cycles. 

This is equivalent to 0.86 to 5.23 meters; quite big numbers but expected for such noisy 

measurements. Average of this error is usually selected as a threshold that would be 13.34 

cycles. This means any cycle slips smaller than this would not be detected. Standard 

deviation of the error is also given in Table 6-3 to show the variation. Our observation from 

various scenarios was that higher satellites often have bigger error detection margins. We 

relate this to the error in the altitude component as it further affects ranges to satellites at 

zenith.    
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Figure 6.7 Phase estimation error for PRN 9 

 

 

Figure 6.8 Phase estimation error for PRN 14 
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Figure 6.9 Phase estimation error for PRN 18 

 

 

Figure 6.10 Phase estimation error for PRN 22 
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Figure 6.11 Phase estimation error for PRN 27 

 

Table 6-3: Phase estimation error for non-differenced phases. 

Satellite 
number 

RMS (cycles) std (cycles) 

PRN 9 10.54 7.28 

PRN 14 4.49 4.48 

PRN 18 27.28 5.50 

PRN 22 15.74 5.23 

PRN 27 8.65 4.39 
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500 epochs. Figure 6.12 to Figure 6.16 show DD-Phase estimation error for some satellites 

whereas Figure 6.17 to Figure 6.21 show DD measured phases versus DD estimated phases. 

Error is to a large extent less than the non-differenced phase case. As it can be seen in Table 

6-4 RMS error varies from 0.93 to 3.58 cycles with standard deviation from 0.85 to 2.47 

cycles. Estimated phases are approximately identical to the measured ones. Nevertheless, 

most of the DD phase estimations have bias and general drift trends which we attribute to 

some reasons.  In fact, the bias error can be a result of more than one cause. First, the low 

cost inertial sensors always have bias in their characteristics which play a direct role. 

Secondly, as mentioned earlier, the integer ambiguities could include an error of more than 

one cycle in kinematic navigation. The drift is further affecting relatively lower elevation 

satellites and can too be related to more than one reason. Indeed, one reason of choosing 

this specific trajectory which was conducted in 2011 was to test the algorithm with severe 

ionospheric conditions as the year 2011 was a solar maximum5. Moreover, trajectory time 

was in the afternoon which has the maximum ionospheric effects during the day. Thus, most 

part of the drift trend must be coming from ionospheric effects as the rover is moving away 

from the base receiver during this portion of the trajectory. Besides, satellites geometry 

could contribute to this error component. Most of the sudden jumps and big concavities are 

coinciding with or following sharp vehicle turns and rapid tilts. Table 6-4 shows the 

averaged RMS DD phase estimation error for the sample satellite-pairs. The average error is 

usually taken as a threshold. Herein, the averaged RMS error for all the satellite-pairs is 

1.9267 cycles. We started with this as a threshold and then modified it someway to enhance 

the detection/misdetection process as we will see in the following sections. We introduced 

cycle slips in different intensities and sizes to simulate real life scenarios. Fortunately, cycle 

slips are usually big as mentioned in chapter five and from our observations from real 

                                                             
5 Solar maximum is a period of peak solar activity in the 11 year solar cycle of the Sun. 

http://en.wikipedia.org/wiki/Solar_cycle
http://en.wikipedia.org/wiki/Sun
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trajectory data. Therefore, it is more important to detect and correct for bigger slips in 

general.  

 

Figure 6.12 DD-Phase estimation error Ref Sat with PRN 9 

 

 

Figure 6.13 DD-Phase estimation error Ref Sat with PRN 14 
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Figure 6.14 DD-Phase estimation error Ref Sat with PRN 15 

 

 

 

Figure 6.15 DD-Phase estimation error Ref Sat with PRN 22 
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Figure 6.16 DD-Phase estimation error Ref Sat with PRN 27 

 

 

 

Figure 6.17 Measured versus estimated DD-Phase Ref Sat with PRN 9 
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Figure 6.18 Measured versus estimated DD-Phase Ref Sat with PRN 14 

 

 

 

Figure 6.19 Measured versus estimated DD-Phase Ref Sat with PRN 15 
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Figure 6.20 Measured versus estimated DD-Phase Ref Sat with PRN 22 

 

 

 

Figure 6.21 Measured versus estimated DD-Phase Ref Sat with PRN 27 
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Table 6-4 Phase estimation error for DD phases 

Satellite pair RMS (cycles) std (cycles) 

Ref-PRN 9 1.15 0.85 

Ref-PRN 14 1.45 1.38 

Ref-PRN 18 3.58 2.47 

Ref-PRN 22 0.93 0.87 

Ref-PRN 27 2.49 1.86 

 

6.6 INTRODUCING AND DETECTING CYCLE SLIPS 

We started with an adequate cycle slip size for the test purpose.  Cycle slips of size 10-

1000 cycles were introduced with different intensities. Few (1 slip/100 Epochs), 

moderate (10 slip/100 Epochs) and intensive (100 slip/100 Epochs) were selected. 

This was applied for all DD phases sets simultaneously. Threshold was set to 1.9267 

cycles. Mean square error (MSE) was not very descriptive; therefore, we used as an 

alternative the term accuracy, the detected cycle slip size with respect to the introduced 

size. MSE is still shown as we need it later to show improvement resulting from 

modifying the threshold. True detection (TD) ratio and Misdetection (MD) ratio are also 

given. For limited space and similarity between results for different satellites, we show 

in figures results for reference satellite with only PRN 15 and PRN 22. Figure 6.22 to 

Figure 6.27 show introduced versus calculated cycle slips along with the corresponding 

detection error for sample satellites in the different scenarios. Table 6-5 to Table 6-7 

summarize these results.   
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Figure 6.22 Few cycle slips Ref Sat with PRN 15 

 

 

 

Figure 6.23 Few cycle slips Ref Sat with PRN 22 
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Figure 6.24 Moderate cycle slips Ref Sat with PRN 15 

 

 

 

Figure 6.25 Moderate cycle slips Ref Sat with PRN 22 
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Figure 6.26 Intensive cycle slips Ref Sat with PRN 15 

 

 

 

Figure 6.27 Intensive cycle slips Ref Sat with PRN 22 
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Table 6-5 Few slips (1 slip/100 Epochs) 

Satellite pair Accuracy % TD % MD % MSE 

Ref-PRN 9 99.72 100 93.75 .014 

Ref-PRN 14 99.85 100 96.03 .008 

Ref-PRN 15 99.14 100 98.61 .156 

Ref-PRN 22 99.90 100 91.07 .002 

Ref-PRN 27 99.40 100 98.16 .066 

Average 99.60 100 95.50 .049 

 

Table 6-6 Moderate slips (10 slip/100 Epochs) 

Satellite pair Accuracy % TD % MD % MSE 

Ref-PRN 9 99.83 100 58.33 0.127 

Ref-PRN 14 99.89 100 68.55 0.194 

Ref-PRN 15 99.51 100 86.59 1.237 

Ref-PRN 22 99.92 100 48.45 0.082 

Ref-PRN 27 99.65 100 82.87 0.600 

Average 99.76 100 68.59 0.448 

 

All introduced cycle slips were successfully detected in all few, moderate, and 

intensive cases with very high accuracy. Slight change in the accuracy (increasing 

with higher intensity) among the different scenarios showing that detection 

accuracy is not affected by cycle slips intensity. Higher misdetection ratio for less 

cycle slips intensity is coming from bigger error margins than the threshold for 

several satellite-pairs. However, this is not affecting the overall accuracy strongly as 
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all mis-detected slips are of comparably very smaller sizes. MD ratio is zero in the 

intensive cycle slip case as all epochs contain slips is an indicator of performance 

compromise with slips intensity.      

 

Table 6-7 Intensive slips (100 slip/100 Epochs) 

Satellite pair Accuracy % TD % MD % MSE 

Ref-PRN 9 99.84 100 0 1.335 

Ref-PRN 14 99.90 100 0 2.122 

Ref-PRN 15 99.52 100 0.199 12.816 

Ref-PRN 22 99.93 100 0 0.880 

Ref-PRN 27 99.65 100 0 6.242 

Average 99.76 100 0.039 4.679 

 

6.6.1 THE CASE OF TINY CYCLE SLIPS 
It is less likely to have very small cycle slips (e.g. 1 to 2 cycles) in the data and 

usually it will be hidden with the higher noise levels in kinematic navigation with 

low cost equipment. However, we wanted to show the accuracy of detection in this 

case. We chose the moderate cycle slip intensity for this test. Samples of results for 

introduced versus calculated cycle slips are shown in Figure 6.28 and Figure 6.29. 

Table 6-8 summarizes results for all satellites.  
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Figure 6.28 Small cycle slips Ref sat with PRN 15 

 

 

 

Figure 6.29 Small cycle slips Ref sat with PRN 22 
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        Table 6-8   Small slips 1-2 cycles moderate intensity (10 slip/100 Epochs) 

Satellite pair Accuracy % TD % MD % MSE 

Ref-PRN 9 26.75 22 86.41 0.268 

Ref-PRN 14 63.04 50 81.34 0.222 

Ref-PRN 15 31.46 48 90.08 1.202 

Ref-PRN 22 56.65 46 67.14 0.190 

Ref-PRN 27 6.44  34 93.43 0.562 

Average 36.86  40 83.68 0.488 

 

We get a moderate detection ratio and modest accuracy as the slips are of sizes close to the 

threshold. MSE is not far away from the case of big cycle slips but with higher misdetection 

ratio.      

6.6.2 THE MODIFIED THRESHOLD 

We noticed that there is a proportional relationship between error detection level and 

the inverse of satellite elevation angle for the individual satellites. This can be seen in 

Table 6-9. Consequently, we involved this fact in the threshold selection criteria instead 

of using a universal averaged threshold. We set up a different threshold for each 

satellite calculated from inverse of sin of satellite elevation as indicated in Table 6-9.  

We run the same scenario again with the new selected thresholds. Results comparison 

can be seen in Table 6-10 . We got 3% improvement in the average accuracy, 5% 

improvement in TD ratio, and 8% improvement in MSE. On the other hand, MD ratio 

was 12 % worse.  
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              Table 6-9 The Modified Threshold 

Satellite number elevation Error std 1/sin(elevation(PRN)) 

PRN 15 17 3.582 3.420 

PRN 27 35 2.499 1.743 

PRN 14 47 1.456 1.367 

PRN 9 51 1.156 1.286 

PRN 22 70 0.938 1.064 

 

Table 6-10 Regular threshold versus modified threshold results 

 Regular threshold Modified Threshold 

Satellite pair 
Accuracy 

% 

TD 

% 

MD 

 % 
MSE 

Accuracy 

% 

TD  

% 

MD 

 % 
MSE 

Ref-PRN 9 26.75 22 86.41 0.268 38.81 42 83.20 
0.213 

Ref-PRN 14 63.04 50 81.34 0.222 66.41 58 81.04 
0.215 

Ref-PRN 15 31.46 48 90.08 1.202 13.02 24 92.68 
0.939 

Ref-PRN 22 56.65 46 67.14 0.190 74.18 72 72.93 
0.106 

Ref-PRN 27 6.44  34 93.43 0.562 6.47 30 93.56 0.550 

Average 36.86  40 83.68 0.488 39.77 45.20 95.77 0.404 
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6.7 POSITION CALCULATIONS 

We calculated the position components for each of the above different scenarios for the 

same portion of the trajectory. Results are shown in Figure 6.30 to Figure 6.32.  We included 

our Kalman filter integrated solution to show how much improvement we get. Figures do 

not show results clearly because of scaling issues, especially for Latitude and Longitude as 

they are in degrees. Therefore, we conclude results in Table 6-11; also, we zoomed out the 

altitude component in Figure 6.33 to show that the carrier phase solution is most of the 

time closer to the reference. The large errors are mainly because of multipath as this 

portion of the trajectory is near the lake in the very beginning and surrounded by trees in 

most of the part. Results are better for the whole trajectory as depicted in following figures.      

 

 

Figure 6.30 Latitude and latitude error (moderate cycle slips) 
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Figure 6.31 Longitude and Longitude error (moderate cycle slips) 

 

 

Figure 6.32 Altitude and Altitude error (moderate cycle slips) 
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Table 6-11 Position Calculations   

 Few slips Moderate slips Intensive slips 

 MSE % RMS (m) MSE RMS (m) MSE % RMS (m) 

Lat 7.32*10-04 2.9164 7.29*10-04 2.9095 6.86*10-04 2.8232 

Long 4.43*10-05 1.6238 4.43*10-05 1.6239 4.46*10-05 1.6292 

Alt 2.1304 1.5276 2.1305 1.5276 2.1305 1.5276 

 

 

 

Figure 6.33 A magnified part of Figure 6.32 to show altitude trend 
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away from the lake and lately into the highway. Reasonable errors are still there again 

because also the base receiver was affected by the same multipath error coming from the 

lake side. Results can be reviewed in Figure 6.34 to Figure 6.36 and summarized in Table 

6-12.  RMS errors of 1.41 m in latitude, 1.20 m in longitude, and 1.26 m in altitude are 

acceptable in kinematic navigation.  

               Table 6-12 Average position error for the whole trajectory  

 DD Phase Solution  Kalman Solution 

 MSE % RMS (m) MSE % RMS (m) 

Lat 2.96e-05 1.4104 3.52e-05 1.8514 

Long 1.21e-05 1.2064 1.31e-05 1.3289 

Alt 1.9520 1.2679 3.1622 1.8514 

 

 

Figure 6.34 Latitude and latitude error (the whole trajectory) 
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Figure 6.35 Longitude and Longitude error (the whole trajectory) 

 

 

Figure 6.36  Altitude and Altitude error (the whole trajectory) 
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Chapter 7 CONCLUSIONS AND FUTURE WORK 

 

7.1 RESEARCH SUMMARY 

This thesis research aimed at investigating the use of GPS/INS integration for the cycle 

slips detection and correction in real time land vehicle navigation using low cost MEMS-

based inertial aiding. GPS/RISS integrated system was adopted in this research to limit 

the number of inertial sensors used, thus further reducing the cost of the system and 

avoiding the complex errors associated with MEMS inertial sensors (especially 

gyroscopes). For land vehicle navigation, integrated GPS/RISS provides reliable 

positioning even in challenging GPS environments. The Kalman filter was chosen as the 

integration tool to minimize the inherited errors incorporating the gyroscope and the 

odometer errors as states in the filter state vector. The implementation was done in the 

form of a tightly coupled GPS/RISS integration to eliminate the problem of correlated 

measurements, which arises due to cascaded Kalman filtering in the loosely coupled 

approach. As a prerequisite, integer ambiguities were first resolved using a least 

squares technique for float ambiguities and the LAMBDA method for the integer 

ambiguities to correct the measured phase. Consequently, the output from the 

integrated system was passed to the detection and correction algorithm to help in 

detecting and correcting for cycle slips in the measured phase. A carrier phase based 

solution used these corrected phase measurements to ultimately get the positioning 

solution. Several professional Matlab modules were developed and connected to 

complete the desired implementation. 

 



102 
 

7.2 CONCLUSIONS 

The performance of the proposed algorithm was examined on several real-life land vehicle 

trajectories which included various driving scenarios including high and slow speeds, 

sudden accelerations, sharp turns and steep slopes. The road test was designed to 

demonstrate the effectiveness of the proposed algorithm in different scenarios such as 

intensive and variable-sized cycle slips. In addition, the detection threshold was thoroughly 

investigated and an adaptive approach was introduced for the threshold selection criterion.  

It was determined that higher elevation satellites often have bigger error detection margins. 

We relate this to the error in the altitude component as it further affects ranges to satellites 

near the zenith. This was in the case of non-differenced phases. For DD phase, error is to a 

large extent less than the non-differenced phase case. Nevertheless, most of the DD phase 

estimations have bias and general drift trends. The bias component is mainly because of the 

inherited low cost inertial sensors bias. Another reason for this error is that the integer 

ambiguities could include an error of more than one cycle in kinematic mode of navigation. 

The drift is further affecting relatively lower elevation satellite-pairs. The severe 

ionospheric conditions involved in the trajectory and satellites geometry could contribute 

to this error component. Most of the sudden jumps and big concavities in error curves are 

coinciding with or following sharp vehicle turns and rapid tilts.  

The performance of the proposed method was examined against different scenarios with 

different-intensity and variable-sized cycle slips. Results showed that the algorithm worked 

well even in the case of intensive cycle slips. In fact, the intensity of cycle slips did not affect 

the performance of the method. However, accuracy was slip-size dependent. We tried 

different slip sizes; the method showed a very high detection ratio with higher accuracy in 

the case of large cycle slips achieving 100% detection ration and accuracy of 99.76%. 

However, the accuracy was less in the case of small cycle slips with a higher mis-detection 
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ratio. We obtained a moderate detection ratio (40%) and modest accuracy (36.86) when the 

slips are of sizes close to the threshold. What makes this problem less significant is that 

small cycle slips are less frequent than bigger ones. Also, we applied the adaptive threshold 

selection criterion, proposed in this thesis, and this improved the performance in this case. 

Manipulating the threshold provided 5% improvement in true detection ratio, 3% 

improvement in the average accuracy, and 8% improvement in MSE but mis-detection ratio 

was 12 % worse.  

To sum up, results of testing the proposed method showed competitive detection rates and 

accuracies comparable to existent algorithms that use full MEMS IMUs. Thus with a lower 

cost, based on GPS/RISS integrated system, we were able to obtain a reliable phase 

measurement-based navigation solution with an RMS of 2.24 m in position for the whole 

trajectory. This research has a direct influence on navigation in real time applications where 

frequent cycle slips occur and resolving integer ambiguities is not affordable because of 

time and computational reasons. An additional consequence of this research is significant 

reduction in the cost of an integrated system due to the use of fewer MEMS sensors. 

7.3 FUTURE WORK 

The proposed method in this thesis was successfully implemented. However, there is 

further work that can be undertaken in the future to further improve the performance. As a 

continuation of this research, the following research points can be further explored:-  

 The use of faster and more efficient algorithms to resolve ambiguities. The method 

in this research used only raw measurements, whereas RISS estimated ranges could 

be used to make the process faster and more accurate.   

 The corrected measured phase could be fused as a feed back into the Kalman filter 

solution to improve the overall performance of the system. Whenever enough phase 



104 
 

measurements are available with resolved ambiguities and corrected for cycle slips 

if any, they might be able to be incorporated into the error mitigation process 

through the Kalman filter.   

 A GPS only carrier phase solution was implemented in this work. Kalman filter has 

the capability of providing smoother and lead to a better overall performance. 

Therefore, we recommend the use of Kalman filtering for the carrier phase GPS-only 

solution to improve the performance.   

 Carrier phase measurements could be corrected for ionospheric and tropospheric 

errors even with a crude models or receiver provided estimations. This approach 

can further improve the performance. 
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