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Abstract 
One of the more recent applications for the Global Navigation Satellite System (GNSS) is the use of 

reflected signals for oceanic remote sensing purposes. So far it mainly extends to the use of Global 

Positioning System (GPS) signals combined with airborne receivers to form a type of bistatic radar. 

The idea is to capture both the GPS signals coming directly from the transmitting satellites and the 

ones that have been reflected off the ocean surface. The delay between them can be used to determine 

aircraft altitude and by analyzing the ocean scattered signal information about wind speed can be 

extracted.  

At the National Oceanic and Atmospheric Administration (NOAA) there is an ongoing research 

project to verify and improve this technique for monitoring of ocean winds and surface heights. The 

intention is to use it in safety and warning systems as well as for environmental purposes. A number of 

experiments have been performed during the last decade to investigate the possibilities with GPS 

bistatic radar. This thesis was part of a recent experiment were a high altitude G-IV aircraft was used 

to investigate the feasibility of this technique for high altitude platforms. It discusses the theory and 

processing procedure for altimetry determination and wind speed measurements, as well as 

improvements of the software used to do this. It also includes an attempt to utilize Galileo In Orbit 

Validation Element (GIOVE) signals in addition to GPS signals. 

Over 26 hours of bistatic data was collected during four flights over the Northern Pacific Ocean and 

Bering Sea in January 2010. An initial analysis of the data was made and shorter segments were 

selected for further processing, which includes altimetry calculations and generation of correlation 

waveforms needed for wind speed retrieval. Modifications were made to the software used to find and 

track the reflected signal in order to speed up the processing and a new version of the software that 

could be used to process GIOVE signals was developed.  

The results regarding the altimetry and the correlation waveforms were questionable and further 

research is required before any conclusions can be made. The GIOVE result looks promising but 

requires some adjustments and improvements as well.  
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1 Introduction 

The Global Navigation Satellite System (GNSS) is under constant development and as a result the 

field of applications is growing. One of the more recent applications is the use of GNSS reflections for 

altimetry and remote sensing purposes. So far it mainly extends to the use of Global Positioning 

System (GPS) signals combined with space- or airborne receivers to form a type of bistatic radar. The 

basic idea is to capture both the GPS signals coming directly from the transmitting satellites as well as 

the signals that have been reflected off the Earth’s surface. The delay between them can be used to 

determine the aircraft altitude and by analyzing the reflected signal information about the surface 

roughness and the ground terrain can be extracted. In the special case of reflections from the ocean 

surface the roughness can be used to determine characteristics like wave heights and wind speeds. 

1.1 Background 

There is an ongoing research project between the National Oceanic and Atmospheric Administration 

(NOAA) and the University of Colorado to verify and improve the GPS bistatic radar technique for 

remote sensing applications. The purpose with this new implementation is to complement existing 

instruments to monitor ocean winds and surface heights, for use in safety and warning systems as well 

as for environmental purposes. The alternative instrumentation available for this is radars [1] and GPS 

dropsondes [2]. 

During the last decade, a number of experiments have been performed to investigate the possibilities 

with GPS bistatic radar. The earlier experiments were performed using a small P-3 jet aircraft [3] and 

with encouraging results [4]. In the most recent experiments a high altitude G-IV aircraft [5] have 

been used to investigate the feasibility of this technique for high altitude platforms. 

1.2 Objective 

In this thesis the GPS bistatic radar concept will be explained further together with the oceanic remote 

sensing application for altimetry measurements and determination of wind speeds. The procedure 

when processing bistatic data will be illustrated by implementing it on data collected by a G-IV 

aircraft flying over the North Pacific Ocean in January 2010. During this flight dropsondes were 

released from the aircraft and the data collected by these will provide reference information 

concerning the wind speed, but the actual wind determination will be excluded.  

The thesis will also include improvements of the existing processing tools as well as an attempt to 

utilize signals from the European Galileo In Orbit Validation Elements GIOVE-A and GIOVE-B [6] 

in addition to GPS signals.  
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2 GNSS Overview 

The satellite navigation system consists of a constellation of orbiting satellites transmitting timing and 

ranging signals to ground based or airborne users. The signals contain information about the satellites 

position and give an estimate of the propagation time and consequently the range to each satellite. By 

receiving and decoding signals from four or more satellites simultaneously it is possible for the user to 

solve for its own position and time.  

GNSS is the common term used for the contributors to the navigation system. At this time it includes 

GPS, GLONASS, Compass and Galileo. GPS was developed by the United States, GLONASS is a 

Russian system, Compass is Chinese and Galileo is European. So far GPS is the only system that is 

fully functional. It was originally intended for military positioning but later became open for civilians 

as well.  The GPS constellation was nominally designed to consist of 24 satellites with at least four of 

them visible from any location on the Earth at all times, in order to provide worldwide positioning 

solutions.  

2.1  GPS Signals 

All GPS satellites transmit their signals by right hand circularly polarized (RHCP) antennas. They 

broadcasts signals in the L-band, which reaches from 1 GHz to 2 GHz and is a part of the ultra-high 

frequency (UHF) band.  The signal commonly used for bistatic GPS is L1 and it is made up by a 

carrier, ranging code and navigation data. The carrier is a sinusoidal signal with frequency 

fL1=1575.42MHz. The ranging codes transmitted on L1 are a coarse/acquisition (C/A) code for civil 

use and a precision (P(Y)) code for military use. The codes are unique for each satellite and consist of 

mathematically generated sequences with zeroes and ones, so called pseudo-random noise (PRN) 

codes. These codes are constructed to allow all satellites to transmit at the same frequency without 

interfering with each other. The C/A code is 1023 bits or “chips” long and has a period of one 

millisecond, thus resulting in a chipping rate of 1.023 Mchips/sec. The P(Y)-code is 10
14

 chips long 

with a chipping rate of 10.23 Mchips/sec and it repeats after one week. The navigation data consists of 

a binary-coded message with vital information about the satellite such as health status, clock bias 

parameters, position and velocity. The message is transmitted at 50 Bits/sec and is repeated every 20 

milliseconds. 

The final signal is generated by mixing the data and the ranging code using exclusive-OR operation 

i.e. replacing the data bit and the code chip with a 1 if they are equal and with a -1 if they are not, and 

then combining the resulting binary code with the carrier using binary phase shift keying (BPSK) 

modulation. In the BPSK modulation process, a 1 bit from the binary code will leave the carrier 

unchanged and a -1 bit will multiply the carrier by -1, resulting in a 180 degree phase shift of the 

signal. To be able to transmit both the C/A code and the P(Y) code on L1 at the same time it has two 

carrier components that are in phase quadrature with each other. The first one is generated directly 

using the clock (in-phase component) and then modulated by the P(Y) code. The second one is phase 

shifted by 90 degrees (quadrature component) and modulated by the C/A code. This method of 

modulation spreads the signal energy over a wider frequency band compared to the initial one, and is 

referred to as a spread spectrum technique. The only way to access the signal is by knowing the 

spreading code and then perform a de-spreading procedure. The different components of the signal 

and its final structure are illustrated in Figure 2.1. For further information about GPS signals see [7] 

and [8].   
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Figure 2.1: Diagram of how GPS signals are generated 

2.2 GPS Receivers 

The GPS signals are gathered and decoded by a receiver generally consisting of an antenna, a front-

end and a computer/controlling device. The antenna is normally low-gain hemispherical RHCP to 

cover largest possible area and thereby capture signals from as many satellites as possible. The front-

end is an analog to digital (A/D) converter that down-converts the received radio frequency (RF) 

signals to an intermediate frequency (IF) and then samples them. 

The receiver can be either a software receiver or a hardware receiver with the difference that the 

software receiver saves the sampled raw data to a storage device and then processes it later on, while 

the hardware receiver does the processing and tracking in real time. Figure 2.2 shows a block diagram 

of a software receiver. 

 

Figure 2.2: Block diagram of a software receiver 

2.3 Acquisition and Tracking 

After collecting the transmitted signal it has to be processed before any information can be retrieved. 

The first step of this processing is a search procedure called acquisition. The purpose with the 

acquisition is to find out which satellite the signal comes from, namely which PRN code to use, and 

then get rough estimates of the code phase and the carrier frequency. The PRN number and the code 

phase are found by cross correlating the signal with local replicas of the PRN codes.  As mentioned 

before the PRN codes are unique for each satellite and their orthogonality assures that the result when 

correlating them with anything except a replica of themselves will be almost zero. Correlating two 

identical aligned PRN codes yields a sharp peak at zero shift, which is illustrated in Figure 2.3 below. 

The side lobes are characteristic for each PRN code.   
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Figure 2.3: Autocorrelation function for GPS PRN 1 

According to this, cross correlation between a signal and a code will only yield a peak if the signal 

comes from the satellite with matching PRN code and if the code is offset by the correct number of 

chips, i.e. has the right code phase. The carrier frequency of the signal, and its Doppler shift, is found 

similarly by matching the frequency of the received signal to one generated by the receiver. When the 

PRN number, code phase and carrier frequency have been identified the acquisition is complete.  

The next step of the processing is to track the signal. This is done using two feedback control loops, 

one that tracks the code phase and another one that tracks the carrier signal. The code tracking loop is 

a delay lock loop that correlates the signal with prompt, early and late replicas of the PRN code. The 

early and late codes have been slightly offset on purpose so that they sample the correlation peak at the 

rising and falling edge. The difference between these sampled values, the discriminator, can then be 

used in the control loop to continuously update the code phase. The loop aims to minimize the 

discriminator and thus make sure the replica code and the received code are aligned. The reason for 

using the discriminator, instead of the prompt peak value as in the acquisition procedure, is because 

the discriminator is less sensitive to disturbances that may affect the absolute correlator values but are 

insignificant for the code phase determination.  

The carrier tracking loop is a phase lock loop or a frequency lock loop that compares the received 

carrier signal with a locally generated signal. Unlike the delay lock loop, this loop uses prompt 

correlator values for the measurements. It determines if there is a difference between the frequencies 

of the two signals and then tries to adjust for it by updating the frequency of the signal generated by 

the receiver. This way it keeps track of the carrier frequency and the Doppler shift, which is the 

deviation from the original carrier frequency, caused by the satellite and the receiver motions. An 

illustration of the tracking loops and their main components is shown in the diagram in Figure 2.4 

below.  

 

Figure 2.4: Signal tracking using a code tracking loop and a carrier tracking loop 
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The navigation message is extracted in the tracking loops as well and after these steps the initial 

processing of the GPS signal is complete. The acquisition and tracking procedures are described in 

detail in [7].  

2.4 Galileo 

As a counterpart and complement to GPS and other navigation systems Europe introduced Galileo, for 

civil and commercial use. The Galileo system is still under development but the fully deployed system 

will comprise 30 satellites to provide global coverage, including areas at higher latitudes which are 

poorly covered by the other systems. Two test satellites have been launched so far, GIOVE-A and 

GIOVE-B, to verify the operation of the final satellites. A brief introduction to the GIOVE signals is 

given below, for a more detailed description see [9].  

2.4.1 GIOVE Signals 

Like GPS, the GIOVE satellites transmit signals in the L-band using RHCP antennas. One of the 

signals is E1 which corresponds to GPS L1. It has a similar signal structure with a carrier, ranging 

code and navigation data but with an additional subcarrier and some differences regarding the 

modulation method and the code structure. The carrier frequency for E1 is 1575.42 MHz like GPS L1. 

The ranging codes are E1A, E1B and E1C, each of them consisting of a primary spreading code and a 

secondary code. The secondary code is used for pilot signals to compensate for the lack of data. The 

total code is generated by modulating the secondary code onto the primary. GIOVE-B E1A primary 

code is a memory code, similar to those that will be used for the future Galileo satellites. The rest of 

the primary spreading codes are generated using linear feedback register (LFSR) techniques. The 

secondary codes are pseudo random sequences implemented as memory codes. This thesis will be 

restricted to E1B (for GIOVE-A and B) and E1C (for GIOVE-B).  

The primary spreading code of the E1B signal component is 4092 chips long and the secondary is 1 

chip long, with a total code period of 4 milliseconds. E1B also carries data that has a frequency of 250 

Bits/sec. The E1C signal component’s primary code is 8184 chips while the secondary code is 25 

chips long. The primary code has a period of 8 ms but the total code period for the combined primary 

and secondary codes is 200 milliseconds.  The chipping rate is 1.023 Mchips/sec for both the E1B and 

E1C primary code. The correlation properties for the GIOVE ranging codes are similar to GPS PRN 

codes, but they yield a slightly narrower peak with distinctive side lobes when cross correlated with an 

aligned replica. The autocorrelation function for GIOVE-B E1B is shown in Figure 2.5. 

 

Figure 2.5: Autocorrelation function for GIOVE-B E1B code 
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The signal components also contain a subcarrier with frequency 1.023 MHz. The final signal is 

generated by mixing the ranging codes with the navigation data and the subcarrier and then 

modulating everything onto the carrier using binary offset carrier (BOC) modulation.  

The acquisition and tracking procedures are the same for GIOVE as for GPS except differences 

regarding the ranging codes and the additional subcarrier that must be taken into account.  
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3 GPS Bistatic Radar  

The principle behind radar systems is to transmit a signal and then observe the signal after it has been 

reflected off an object or surface. In ordinary monostatic radars the transmitter and the receiver are 

placed at the same location, they often even use the same antenna, and the backscattered signal is 

measured. The idea with bistatic radar is to have the transmitter and the receiver placed at different 

locations and then measure both the direct signal and the signal that has been forward scattered 

towards the receiver. The delay between the direct and the reflected signal depends on the receiver’s 

altitude and the elevation of the transmitting satellite and can thus be used for aircraft altimetry. The 

shape of the scattered signal can be analyzed and compared to theoretical models in order to yield 

information about the surface properties. 

The advantage when using GPS as bistatic radar is that the satellites are already broadcasting the 

signal so all that is needed is the receiver. Additionally the GPS signal structure provides good enough 

resolution for remote sensing purposes without the need for dedicated antennas. This reduces the size 

and weight of the radar system as well as the cost and power consumption. Figure 3.1 shows the basic 

configuration for GPS bistatic radar with an airborne receiver and several signals transmitted from 

satellites. A more detailed description of how the bistatic measurements are done and how the results 

are processed follows below.  

 

Figure 3.1: Overview of the GPS bistatic radar concept [10] 

3.1 Receiver Configuration 

The GPS bistatic radar system uses two antennas to collect data. One antenna is directed upwards to 

capture the direct signals from the satellites and the other one is directed downwards to capture the 

reflected signals. The upward looking antenna is RHCP like the GPS signals in order to optimize the 

received power, and the downward looking antenna is left hand circularly polarized (LHCP) due to the 

change in polarization of the signal after it bounces of the Earth’s surface. Each antenna is connected 

to a L1 front-end which down-converts and samples the received signal. To ensure that the sampling is 

synchronized the two front-ends share a common clock. Either software receivers or hardware 

receivers can be used. For the software receiver implementation the sampled data is transferred to a 

computer and a disk for storage where it later can be retrieved for processing. A basic illustration of 

the system set up can be seen in Figure 3.2. The particular system used to gather the data for this thesis 

is described in [11].  
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Figure 3.2: GPS bistatic radar system configuration 

3.2 Signal Detection and Tracking 

The procedure for the post-processing of bistatic GPS data is to acquire the direct signal to find out its 

Doppler shift and code phase and then track it using ordinary tracking procedures. The reflected signal 

is assumed to have similar Doppler frequency as the direct one, since they are positioned relatively 

close and moving at the same speed.  The code phase on the other hand will have an offset depending 

on the receiver’s height above ground and the elevation of the transmitting satellite, which varies as 

the aircraft moves. Knowing this, the reflected signal can be tracked using a tracking loop slaved to 

the direct tracking parameters but with a code offset with respect to the direct signal’s code phase. By 

using a wide range of code offsets it is ensured that the reflected signal is captured. Correlators are 

generated for each code offset and averaging these over a period of time yields so called waveforms 

which shows the shape and magnitude of the reflected signal peak. This extended tracking procedure 

is illustrated in Figure 3.3. 

 

Figure 3.3: Basic procedure for the signal detection and tracking in GPS bistatic radar 
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4 Remote Sensing Applications 

When a GPS signal is reflected against a surface it scatters in different directions and only a part of the 

signal will reach the receiver. The spreading of the signal increases with surface roughness and thus 

for rougher surfaces the signal components reaching the receiver might come from several different 

reflection points, which might be an issue for remote sensing applications. Generally, sea surfaces are 

not that rough and water has good reflecting properties so the signals reflecting of ocean surfaces are 

still fairly assembled. 

4.1 Reflection Geometry  

Due to geometry and optical laws, a majority of the GPS signals that reflects off a surface towards the 

receiver will reflect off an area referred to as the glistening zone. This area is centered around the 

specular point, which is defined as the point on the surface for which the angle of incidence of the 

signal is equal to the angle of reflection. Figure 4.1 gives an overview of the reflection geometry. 

Signals reflected at the specular point will have the highest reflected power and it decreases linearly 

the further away the reflection occurs. The size of the glistening zone depends on several factors;  the 

surface roughness which in this case is related to the wind speed, the incidence angle of the signal 

which is determined by the satellite’s elevation angle, and on the height of the receiver. The rougher 

the surface, the lower the elevation angle and the higher positioned receiver the bigger the glistening 

zone becomes. The elevation angle is defined as the angle between the horizontal plane in which the 

receiver lies and the line of sight to the satellite. 

 

Figure 4.1: GPS bistatic radar reflection geometry 

4.1.1 Altimetry 

Because of the extra distance that the reflected signal has to travel compared to the direct signal it will 

reach the receiver with a certain delay. The delay depends on how long the additional distance is, 

which in turn depends on the altitude of the receiver and the elevation angle of the satellite. Hence the 

delay can be used for altimetry measurements. The geometry for this is illustrated in Figure 4.2 below.  
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Figure 4.2: Relationship between receiver position, satellite elevation angle and location of specular 

reflection point 

Trigonometry yields the following expression for the delay 

 θhδ sin2 ⋅≈   

Where δ represents the path delay, h is the aircraft altitude and θ is the elevation angle of the satellite 

transmitting the signal. This expression is derived in [12].  

4.1.2 Specular Reflection Points 

From Figure 4.2 the horizontal distance, d, to the specular reflection point from a point on the surface 

directly beneath the aircraft can be derived as well. The expression for this distance becomes 

θ

h
d

tan
=  

In Figure 4.3 the receiver, the specular reflection point and the satellite is seen from above. In this 

simplified scenario the reflection point is located on a line going from the receiver to the satellite, in 

the direction given by the satellite’s azimuth angle, α. This knowledge can be implemented to find an 

approximate position of the specular reflection point. 

 

Figure 4.3: Location of specular reflection point relative to receiver and satellite seen from above 
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In reality the reflection might come from other directions and locations as well. If for example the 

aircraft flies over an object like a boat or an island or if the flight track passes close to the shore, the 

reflection geometry gets more complicated.  

4.1.3 Truth Reference 

To validate the altitude found using bistatic measurements it is desirable to have some kind of truth 

reference to compare it with and for this it is possible to use the altitude measured directly by the GPS 

receiver, which is given as part of its position solution. This altitude is referenced to an ellipsoid 

model of the Earth according to the reference coordinate system WGS84 [13] which was developed as 

a means of connecting available data of the Earth’s surface level and gravitational field at different 

locations to one global reference system. As a consequence, the modeled surface level might not 

always agree perfectly with the actual surface level. This could be an issue when comparing it to the 

altitude calculated using bistatic measurements since the computed altitude will be referenced to the 

specular reflection point which lies on the actual surface of the Earth. This is demonstrated in Figure 

4.4. Furthermore, when it concerns the ocean level changes may appear over shorter time periods, 

which might add an additional error when trying to determine altitude.  

 

Figure 4.4: Illustration of how the surface level of the Earth differs from the WGS84 ellipsoid model and 

how it might result in a bias between the bistatic altitude and the receiver altitude 

4.2 Wind Measurements  

When the GPS signal is reflected of a surface the scattering that occurs will affect the form of its 

correlation function as well. As illustrated earlier the ideal autocorrelation function yields a uniform 

peak centered at zero, reaching between -1 to +1 chip. The shape of the reflected signal after 

correlating it, i.e. the reflected waveform, will have a leading edge similar to the direct signal but an 

extended trailing edge that is slowly decreasing. The leading edge becomes more and more stretched 

as well as the wind speed increases, which results in a slight shift of the peak. This is illustrated in 

Figure 4.5. 
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Figure 4.5: How surface roughness affects the correlation function  

Information about wind speed can be extracted by analyzing the reflected waveform and comparing it 

to a theoretical model of how the scattered signal should look like. The model has been derived based 

on the GPS signal structure and with respect to different receiver altitudes, wind speeds and satellite 

elevation angles. Figure 4.6 illustrates how the shapes of the modeled waveforms vary depending on 

elevation angle and wind speed for a certain receiver altitude. It can be seen that higher elevation angle 

and lower wind speeds yield sharper reflection peaks, while for lower elevation angles the trailing 

edge will be considerably stretched even for lower wind speeds. 

More details concerning the wind retrieval and the modeled waveforms can be found in [14] and [15]. 

 

Figure 4.6: Modeled waveforms for different satellite elevation angles and wind speeds 
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5 January 2010 Flight Experiment 

5.1 Data Collection 

In January 2010 the NOAA G-IV aircraft was flown over the Northern Pacific Ocean and Bering Sea 

with a GPS bistatic radar system onboard. The system recorded both direct and reflected GPS signals 

from all visible satellites. All in all over 26 hours of bistatic data was collected under uniform wind 

conditions during four different flights. The aircraft flew at an altitude of 12-13 km and the flight 

tracks reached from Alaska down to Japan and across the sea to Hawaii. In addition to the bistatic 

radar equipment the aircraft also carried GPS dropsondes that were released regularly from the aircraft 

throughout the flights. The dropsondes take continuous measurements of the atmosphere on its way 

down and transmits the information back to the aircraft. Among other things it computes local wind 

speed and wind direction which can be used for reference. 

5.2 Processing Procedure 

5.2.1 Initial Processing 

Due to the extensive amount of data that was collected during the January 2010 flight campaign only 

parts of it was selected for processing. As a first step in the selection the data gathered with the direct 

antenna from all flights was processed with a software receiver [16] in order to find out details 

regarding when and where it was collected. The segments chosen for further processing were desired 

to contain data collected without interruptions from a constant high altitude, when flying over the sea 

and at times when dropsonde data was available for reference. Most of the data fulfilled these criteria 

but only a couple of short segments from one of the flights were chosen.  

The next step of the processing concerned identification of visible satellites and the location of the 

specular reflection points for them, during the specific segments. To do this a Software Defined Radio 

(SDR) code based on [17] was implemented. It acquires and tracks available satellites and then 

provides sky plots and position solutions, among other things. The location of the specular reflection 

points could be calculated using this information in combination with previous stated theory.  

5.2.2 Bistatic Tracking  

The bistatic tracking procedure is by far the most time consuming part of the data processing. The 

software used for this is based on the principle mentioned earlier, where the results from acquiring and 

tracking the direct signal are leveraged to track the reflected signal from one satellite at a time.  

To begin with the software finds the frequency and code offset of the direct signal. After that it tracks 

the direct signal using ordinary tracking procedures, while the reflected signal is tracked using code 

offsets ranging from the direct offset up to a suitable number depending on the flight altitude and the 

expected delay. Because the PRN code is transmitted at 1.023 Mchips/s and the signal moves at the 

speed of light, i.e. 299792458 m/s, each code chip corresponds to approximately 293.05 meters delay. 

In order to get higher accuracy for the delay, the code offsets were made in increments of 0.05 chips. 

This means that for each code chip there are 20 points for which correlation results were evaluated and 

hence it increased the accuracy to about 14.6525 meters. 

The correlation results from the bistatic tracking were integrated to yield correlation peaks for the 

direct and the reflected signal. The position of the reflected peak gave a measure of the path delay. The 

longer integration time the higher correlation peak, but a too long integration time might result in 
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smearing of the peak which would affect the determination of its maximum position and hence the 

path delay measurements. 

5.2.3 Altitude Calculations 

In order to determine the receiver altitude the path delay of the reflected signal and the elevation angle 

of the satellite was required. The path delay could be found by implementing the bistatic tracking 

codes mentioned above and the elevation angle was given in the SDR code’s navigation solution. The 

aircraft altitude could then be calculated using the expression given earlier for how the path delay, the 

satellite elevation angle and the height of the receiver is connected. 

The position solution given by the SDR code also includes a measure of the receiver altitude which 

was used in comparison to the calculated bistatic altitude. As mentioned earlier this altitude is 

referenced to the WGS84 ellipsoid so a bias between them might exist. 

5.2.4 GIOVE Acquisition and Tracking 

Since there are only two GIOVE satellites in orbit their visibility from Earth is very limited. In order 

to find out if they might have been visible to the aircraft during the flight a software [18] that keeps 

track of all satellites was used to predict their orbits. This could then be compared to the flight track.  

Modified versions of the SDR code and the code for bistatic tracking were implemented to acquire and 

track the GIOVE satellites. The modifications mainly concerned changing the ranging codes and 

adapting their length and chip rate.  

Since the GIOVE signals consist of several components the satellites can be acquired and tracked 

using either of the corresponding ranging codes. The altered version of the software acquires GIOVE-

A using the E1B ranging code while GIOVE-B can be acquired using either E1B or E1C. 

5.2.5 Generation of Correlation Waveforms 

To be able to connect reflected correlation waveforms to surface roughness and wind speed a more 

refined process was required than the integration of correlators which is done in the bistatic processing 

procedure. As a first step the correlators were integrated over a limited time of 200 ms, to prevent the 

waveforms from getting too smudged if the peak was shifted. By finding the position of the peak and 

fitting it to a polynomial some of the noise was reduced and the waveforms were then aligned to give a 

single peak position. The level of the noise floor was determined and removed before the waveforms 

were averaged and then normalized with respect to their peak value. The final waveforms were a result 

of averaging over 20 s. 

Modeling of waveforms was not a part of this thesis so the generated waveforms were only used in 

comparison to the wind speed measured by the dropsondes. 

5.3 Improving Software Tools 

The most time consuming part of the post processing procedure for bistatic data is the generation of 

extra correlators, which is essential to find and track the reflected signal peak. The original software 

generates correlators for all different code phase offsets in a predefined search space for every 

millisecond of data. The search space extends from the direct peak out to the given number of offset 

chips in increments of desired size. In order to decrease the amount of time required to process bistatic 

data it was desirable to reduce the number of correlators that have to be generated. Since only the 

correlators where the reflected peak is located are of interest, this could be done by locating where the 
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reflection occurs, i.e. at what code phase offset, and then adjust the interval for which correlators are 

generated accordingly. This means that only correlators for a small area around the reflected peak will 

be generated, instead of for the whole search space of code offsets. 
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6 Results 

6.1 Flight Details 

The data that was considered most suitable to work with and chosen for further processing was from a 

flight on January 24th. The aircraft started at 08:09:28.48 UTC from Tokyo, Japan, and it recorded 

bistatic data for about 6 hours and 17 minutes while it flew towards Hawaii, USA. The flight track is 

shown in Figure 6.1.  

 

Figure 6.1: Flight track for the flight experiment on January 24th 

The first data segment was recorded while the aircraft was still on the ground but after takeoff the 

aircraft kept a constant high altitude, which is illustrated in Figure 6.2.  

 

Figure 6.2: Change in aircraft altitude during the flight 

The first dropsonde was released at 9:38 UTC and the last one at around 14:34 UTC with 20 minutes 

intervals between them. According to their measurements the wind speed was fairly uniform 

throughout the flight, as anticipated. Since data was collected continuously without any interruptions 

and neither wind speed nor altitude measurements showed any oddities from 9:38 UTC and forward, 

two segments after that time was selected for further processing. The first segment started at 10:00:00 
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UTC and the second segment started at 12:30:00 UTC and they both lasted for 100 s. Figure 6.3 shows 

sky plots taken at the start of each segment.  

 

Figure 6.3: Sky plots showing visible satellites at 10:00:00 UTC (left) and at 12:30:00 UTC (right) 

The satellites chosen to work with were PRN 9, PRN 15 and PRN 27 for both segments, due to their 

relatively high elevation angles. Figure 6.4 shows where the segments occur along the flight track and 

where the specular reflection points for the satellites of interest were located at those times. According 

to this it appears that all reflections occur on the sea surface and not over land. 

 

Figure 6.4: Specular reflection points at 10:00:00 UTC (left) and at 12:30:00 UTC (right) for PRN 9, PRN 

15 and PRN 27 respectively 

6.2 Code Modifications 

The improvements made on the code that tracks the reflected signal resulted in a slight change of its 

structure. Since the idea with the modification was to reduce the number of correlators generated by 

finding the reflected signal peak and then focus on its maximum value, the code had to be divided into 

several steps. Initially it has to follow the procedure of the original code in order to find out where the 

maximum of the reflected peak is located. So correlators still have to be generated for the whole 

search space every millisecond at first, but only for a long enough time and part of the data required to 

integrate and find a distinctive maximum. Generally one second of data should be enough and 

therefore it is set as the default time before the integration is done. However, this can be changed in 

the initial settings of the code as well as how high above the noise floor the peak value is required to 
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be in order to be defined as a max. If no maximum point is found after this time the initial procedure 

will repeat until it is.  

When the maximum point has been located the next stage is entered, which is the part where the 

correlator space is reduced to only include a specific number of correlators before and after the peak. 

The rest of the correlator space is still written out, but only filled with zeros, in order to allow for 

continuous integration and adjustment of the maximum position. If for some reason the maximum 

point is lost, which could happen if the aircraft makes a sharp turn for example, focus will be kept on 

the previous maximum position for a certain amount of time and if it is still lost the initial process will 

start over.  

These modifications also called for some adjustments in the function that integrates and plots the 

correlators since only a small fraction of the correlator space will contain any information. This was 

corrected for by focusing the plot on the area around the correlation peak.  

When testing and comparing the modified tracking code to the original one the results showed that the 

original code takes approximately three times longer to run. However, the runtime for the modified 

code is dependent on the strength of the reflected signal, since if there is no visible maximum point the 

processing will be identical for both codes. And in addition, the initial step of the processing will be 

the same so the longer data segment to process the greater advantage the modified code will have. 

6.3 Path Delays and Altitude 

Figure 6.5 shows the code offset for the reflected signal with respect to the direct signal for PRN 9, 

PRN 15 and PRN 27 at 10:00:00 UTC after averaging correlators over 1 s for the 100 s long data 

segment. The peak to the right at zero delay comes from a small part of the direct signal that leaks 

through to the down looking antenna. 

 

 

Figure 6.5: Path delay at 10:00:00 UTC for PRN 9, PRN 15 and PRN 27 after averaging for 1 s 
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Figure 6.6 shows how the path delay changes over time for PRN 9, PRN 15 and PRN 27 respectively. 

For these plots the correlators were averaged over 200 ms, during the 100 s long data segment. The 

colored lines show the variation of the actual values of the path delays, which seem to fluctuate quite a 

lot, while the black lines show filtered values.  

 

Figure 6.6: Change in path delay over a 100 s interval starting at 10:00:00 UTC for PRN 9, PRN 15 and 

PRN 27 after averaging for 200 ms 

Figure 6.7 shows the results from an altitude computation made using path delays found after 

integrating correlators over 1 s. The plot shows the calculated bistatic altitude for PRN 9, PRN 15 and 

PRN 27 together with the reference altitude given by the software receiver. It appears to be an offset 

bias between the bistatic altitudes and the receiver reference altitude. The plot in Figure 6.8 shows the 

deviation from the receiver altitude, which is used as truth reference, for PRN 9, PRN 15, PRN 27 

respectively. It can be seen that the deviation for the bistatic altitudes vary quite a lot. Considering the 

fluctuation of the path delay this result was expected. The standard deviation for each satellite was 

24.60 m for PRN 9, 23.61 m for PRN 15 and 30.79 m for PRN 27 while the standard deviation for the 

receiver was 5.74 m. Although the accuracy of the path delay is only 14.6525 meters these deviations 

were higher than expected. 
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Figure 6.7: Comparison between altitude measured by the receiver and altitude derived from bistatic 

measurements  

 

Figure 6.8: Deviation of bistatic altitude measurements from the truth reference 

Since all the bistatic data was collected over the ocean surface there should not be any significant 

difference between individual satellite measurements and therefore an average bistatic altitude was 

calculated as well as the corresponding deviation from the truth reference. The resulting plots are 

shown in Figure 6.9 and Figure 6.10. 

 

Figure 6.9: Comparison between the averaged bistatic altitude and the receiver truth reference  
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Figure 6.10: Average bistatic altitude deviation from truth reference 

After averaging the bistatic altitude the standard deviation was reduced to 17.1546 m. 

6.4 GIOVE  

Only GIOVE-B was visible during this particular flight and only for a short period of time, starting at 

9:00:00 UTC. Since at least four satellites are required to get a position solution and the satellite 

elevation angle, no altimetry calculations were made. In addition the signal was relatively weak, but it 

was still possible to track both the direct and the reflected signal, which can be seen in Figure 6.11. 

The result when acquiring and tracking the signal using E1B looks slightly different regarding the 

noise level compared to when using E1C, but they both gave the same code offset for the delay.   

The distinctive shape and side lobes of the GIOVE-B correlation function is noticeable for the direct 

signal and it is one possible explanation to why the reflected peak is so wide. 

 

Figure 6.11: Path delay for GIOVE-B acquired using the E1B code (top) and the E1C code (bottom) 



27 

 

6.5 Waveforms and Wind speed 

Figure 6.12 shows waveforms for the 100 s long segment starting at 10:00:00 UTC and Figure 6.13 

shows waveforms for the segment starting at 12:30:00 UTC. According to previous stated theory the 

calmer sea and the higher elevation angle the sharper the peak should be. Figure 6.14 shows dropsonde 

measurements of the wind speed. Due to the high altitude of the aircraft it takes approximately 20 

minutes for each dropsonde to reach sea level where the interesting measurements are taken and by 

that time the aircraft will be about 600 kilometers away, assuming it moves at about 900 km/h. This 

means that the wind speed measurements provided by the bistatic radar will be from a different area of 

the surface compared to the dropsonde measurements so unfortunately these are not that accurate to 

use as reference for the wind speed. 

 

 
Figure 6.12: Waveforms for PRN 9, PRN 15 and PRN 27 starting at 10:00:00 UTC 

By analyzing the shape of the waveforms it can be seen that not all of them agree with the theory when 

it comes to the elevation angle. The waveforms for PRN 9 and PRN 15 from 10:00:00 UTC have 

almost identical trailing edges, while their elevation angles differ. The waveform for PRN 27 on the 

other hand shows a sharper peak in the beginning of the trailing edge but then it is distorted. 
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Figure 6.13: Waveforms for PRN 9, PRN 15 and PRN 27 starting at 12:30:00 UTC 

The waveforms from 12:30:00 UTC seem to indicate that the wind speed at the specular reflection 

point for PRN 27 was higher than at the other reflection points. In theory this could be true since it is 

possible for them to be located far away from each other, but in this case the reflection points for PRN 

9 and PRN 27 are supposed to be located very close to each other. 
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Figure 6.14: Wind speed measurements from four different dropsondes at different times 

The wind speed plots show wind speed measurements from four different dropsondes. Only 

measurements from when they had reached lower altitudes and were approaching the ocean surface 

are shown.  
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7 Discussion and Future Work 

The results presented in this thesis are inconclusive and further research is necessary before any 

conclusions can be made.  

One probable reason for the waveforms deviation from theory is the high speed of the aircraft. Earlier 

it has been acceptable to assume that the reflected signal and the direct signal will have similar 

Doppler frequencies but if the aircraft moves at higher speed the effect of this should be more 

noticeable and it might be necessary to consider it in the processing. So a first step to improve the 

results could be to adjust the bistatic tracking code so that it considers a different Doppler offset for 

the reflected signal instead of using the Doppler frequency associated with the direct signal. 

Additionally, the high speed caused the dropsondes to be useless references regarding the wind speed, 

so alternative references should be considered.  

The results from the altitude measurements were not as good as expected either, which could be 

explained by the high altitude of the aircraft or the issue when choosing what to use as reference. The 

high altitude of the receiver means it can cover larger areas, which is advantageous for surveillance 

purposes but it also means the glistening zone gets larger and thereby the area from which reflections 

occur. As a result the reflected peak gets wider which might affect the path delay and thus the altitude 

calculations. Since each code chip corresponds to almost 300 m, even though they are divided into 

smaller increments a small shift in the peak might give a significant error. The problem when deciding 

what to use for truth reference for the altitude is the definition of what truth is. In this thesis GPS 

measurements based on a model of the Earth’s surface are used in comparison to measurements 

referenced directly to the actual surface of the Earth so a difference between them could be an 

indication that another reference should be used. And since there appear to be some kind of bias 

between the altitude measured by the receiver and the bistatic altitudes this seems reasonable.  In 

addition to this bias the measurements are very unstable and deviate as much as 100 m from the mean 

altitude at some points for PRN 27. This could also be an effect caused by the high altitude and thus 

larger reflection area, since it means a wider range of scattered signals will reach the receiver. Earlier 

experiments concerning the use of GPS bistatic radar for altimetry purposes have suggested the error 

would be less than 10 m [19].                                                                                                                                                                                                                                   

For GIOVE-B the bistatic tracking results look promising with respect to the wind speed and 

waveforms. Although the visibility during this particular experiment was limited and the signal 

strength was low it definitely could provide a complement to GPS bistatic radar, particularly if there 

was a method to find out elevation angles for the altimetry calculation. 

In addition to complementary tests to verify the feasibility of the GPS bistatic radar technique for high 

altitude platforms, additional improvements could involve utilization of the modernized GPS signals 

L2C and L5. The L2C signal is a new civil implementation of L2, which was intended for military use, 

but since it requires new hardware to be installed on the GPS satellites it is only transmitted by 8 

newly launched satellites. The L5 signal is a new signal currently transmitted by 2 satellites. These 

new signals have been improved compared to the L1 signal when it comes to transmitted power, 

ranging codes, bandwidth and error correction among other things, and thus might contribute to the 

development of GPS bistatic radar. L5 signals would be especially suitable to use for remote sensing 

purposes due to its longer ranging code and higher code rate, which means it would give more 

accurate results and higher resolution. 
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Another necessary aspect for the future evolvement of the bistatic radar would be to make the 

processing tools more efficient. Even though some improvements have been made in this thesis it is 

desirable to further reduce the processing time and minimize the required computational power and 

space in order to be able to process larger amounts of data from additional satellites.  
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