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ABSTRACT  

 

Binary Offset Carrier (BOC) modulated signals are 

currently being used in the Galileo E1 signal and will be 

used in the future GPS L1C signal. BOC modulation 

allows for improved multipath performance by narrowing 

the correlation peak when compared to the BPSK 

modulation used in the current GPS L1 C/A signal. 

Multipath effects can be further reduced through the use 

of composite BOC (CBOC) and time-multiplexed BOC 

(TMBOC) modulation.  

 

This paper presents a methodology and results from 

collecting and assessing CBOC, BOC(1,1), and Binary 

Phase Shift Keying (BPSK) multipath performance using 

a software-defined receiver and a commercial antenna. In 

contrast to previous work, which focuses primarily on 

simulated multipath envelopes or tracking algorithms for 

CBOC/BOC, the methodology in this paper is used to 

assess and compare multipath performance using 

collected field measurements. It compares the 

pseudorange precision of CBOC, BOC(1,1),  and BPSK 

in various scenarios chosen for their expected multipath 

characteristics. 

 

The data collection hardware was mobilized to allow the 

research team to gather data outside of the lab; in 

scenarios which more closely mimic the real-world 

conditions experienced by ground based GNSS users. In 

total, five scenarios were tested including: 1) open-sky 

(reference), 2) rooftop, 3) courtyard, 4) urban canyon, and 

5) under foliage.  

 

INTRODUCTION 

 

Multipath is a substantial component in the error budget 

of current GPS receiver systems. As shown in Figure 01, 

errors in today’s single frequency are dominated by 

ionospheric effects. However, tomorrow’s multi-

frequency systems will see multipath as the dominant 

error source, as shown in Figure 02 [01].  

 

 

 



 
Figure 01: Ionospheric delay as the primary error 

source in single frequency receivers 

 

 
Figure 02: Multipath as the primary error source in 

dual frequency receivers 

 

Signal design is one means of mitigating multipath. A 

wider band signal results in narrower correlation peaks 

resulting in lower multipath susceptibility. Binary Offset 

Carrier (BOC) modulated signals by design have 

narrower correlation peaks. The steeper slope of the 

correlation peak yields improved signal tracking 

performance. BOC modulated signals are currently being 

used in the Galileo In-Orbit Validation (IOV) satellites 

and will be used in the future GPS III constellation. 

 

Signal tracking performance can be further improved 

through the use of Multiplexed BOC (MBOC) spreading 

modulation. Composite BOC (CBOC) uses a weighted 

sum of BOC(1,1) and BOC(6,1) to form a composite 

signal. This is the approach used by the Galileo system. In 

contrast, GPS III will use Time-Multiplexed BOC 

(TMBOC) which combines BOC(6,1) and BOC(1,1) in 

the time dimension [02]. The higher frequency segment of 

either MBOC modulation technique creates a portion of 

the signal with even steeper correlation peaks. 

 

Figure 03 [02] shows the multipath error envelope as a 

function of multipath delay for binary phase shift keying 

(BPSK), BOC(1,1), and TMBOC. The envelope for 

CBOC is similar to TMBOC as shown in the figure. It can 

be observed that BOC(1,1) provides an advantage to 

BPSK for delays greater than approximately 450 

nanosecond (ns) and CBOC/TMBOC provides an 

advantage for delays greater than 75ns. 

 

The signals compared in our study were CBOC(6,1,1/11) 

(hereto referred to simply as CBOC), BOC(1,1) (hereto 

referred to simply as BOC), and BPSK(1) (hereto referred 

to simply as BPSK). TMBOC was not evaluated due to 

the lack of actual signals being transmitted from satellites 

currently in orbit.  

 
Figure 03: Multipath error envelope comparison as a 

function of multipath delay 

 

Though much previous work has been accomplished 

detailing the theoretical or simulated performance benefits 

of BOC, CBOC, and/or TMBOC, there is a lack of results 

coming from actual field measurements. To contribute to 

this gap, the authors devised a series of experiments 

which used pseudorange precision as a way of measuring 

multipath in various geometries and scenarios (described 

in a later section).  

 

MULTIPATH CALCULATION METHODOLOGY 

 

Multipath affects the signal to varying degrees based on 

receiver bandwidth and how far the correlators are spaced. 

Greater multipath errors are seen on the wider correlator 

spacings [03].  

 

A COTS USRP receiver was specially configured to 

provide 5 tracking loops per channel.  For each channel, 

each tracking loop is set at a different correlator spacing 

(0.1, 0.2, 0.3, 0.4, 0.5 chips), and provides a different 

pseudorange [04], as described in equations 01-05. 

 

Equations for pseudoranges [5]: 

1.0,1.0,1.0 ][   MPTIttcr s

u 
 

(01) 

2.0,2.0,2.0 ][   MPTIttcr s

u 
 

(02) 

3.0,3.0,3.0 ][   MPTIttcr s

u 
 

(03) 

4.0,4.0,4.0 ][   MPTIttcr s

u 
 

(04) 

5.0,5.0,5.0 ][   MPTIttcr s

u 
 

(05) 

 

Where  

ρ: Pseudorange 

r: True range 

c: Speed of light 

δtu: User clock bias in seconds 

δt
s
: Satellite clock bias in seconds 

Iρ: Ionospheric error in pseudorange domain, in 

meters 



Tρ: Tropospheric error in pseudorange domain, in 

meters 

ερ: Receiver thermal noise error in pseudorange 

domain, in meters. Although different for the 

different tracking loops, the errors are small and 

dominated by multipath. 

MPρ,0.1: Multipath error pseudorange domain in meters; 

(tracking loop of 0.1  chip correlator spacing)  

MPρ,0.2: Multipath error pseudorange domain in meters; 

(tracking loop of 0.2  chip correlator spacing)  

MPρ,0.3: Multipath error pseudorange domain in meters; 

(tracking loop of 0.3  chip correlator spacing)  

MPρ,0.4: Multipath error pseudorange domain in meters; 

(tracking loop of 0.4  chip correlator spacing)  

MPρ,0.5: Multipath error pseudorange domain in meters; 

(tracking loop of 0.5  chip correlator spacing)  

 

For the same channel, the true range and troposphere and 

ionosphere errors in the pseudorange equations are 

common-mode for the tracking loops of different 

correlator spacings. The receiver clock bias is also 

common mode due to the use of a common clock. Thus, 

performing single-differences between the pseudoranges 

leaves the multipath and receiver noise errors and 

removes all other common mode errors. For the test 

environments of interest, multipath errors are generally 

much larger than receiver noise especially after 

smoothing. The other correlator-spacing dependent error, 

nominal signal deformation, is also dominated by 

multipath for these test cases. Thus the single-differenced 

pseudoranges show the magnitude of the multipath effects. 

 

In order to measure the multipath-induced errors and 

compare the results from CBOC, BOC, and BPSK, the 

receiver hardware and software was mobilized and 

brought to several locations on campus (described in a 

later section). At each location, data was gathered for 

approximately 10 minutes (limited by data storage space).  

 

For the experiments described in this paper, the 

pseudorange from the narrowest correlator spacing of 0.1 

chips (set by receiver limitations) was used as the 

reference as it had the lowest noise.  All single-

differenced pseudoranges were obtained by differencing 

the pseudoranges from wider correlator spacings with this 

reference. This allowed us to obtain the single-differenced 

pseudoranges which can be used to quantify the 

magnitude of multipath effects. 

 

IMPORTANCE OF CORRELATOR SPACING 

 

The placement of correlators along the correlation 

function is critically important to the signal tracking 

performance. Because tracking sensitivity is a function of 

the local slope at the particular correlator spacing chosen, 

it is important to place correlators at points where the 

slope is steepest. Figure 04 shows the correlation peak 

comparison between BPSK, BOC(1,1), CBOC, and 

TMBOC [06]. It is clear that at all points, BOC, CBOC, 

and TMBOC are steeper than BPSK. However, the 

comparison between BOC and CBOC/TMBOC is not as 

clear-cut.  

 

 
 

Figure 04: Comparison of correlation peaks of BPSK, 

BOC(1,1), CBOC, and TMBOC 

 

Figure 05 shows a zoomed in view of Figure 04 at three 

example correlation spacings. At a correlator spacing of 

0.1 chips (correlators at +/- 0.05 chips), both CBOC and 

TMBOC correlation function slopes are steeper than the 

BOC slope. However, at a correlator spacing of 0.5 chips 

(a natural choice to most), the slope for both CBOC and 

TMBOC is in fact shallower than BOC. Placing 

CBOC/TMBOC correlators here would yield worse signal 

tracking performance compared to BOC. For this paper, 

the narrowest correlator achievable by receiver limitations 

(0.1 chips) was used as a reference. The wide correlator 

was placed at 0.4 chips in order to take advantage of the 

steeper local slope of the CBOC correlation function. 

 

 
Figure 05: Comparison of the correlation peak local 

slopes of BOC(1,1), CBOC, and TMBOC 

 

HARDWARE/SOFTWARE RECEIVER 

DESCRIPTION 

 

The data collection and analysis system used a survey 

grade antenna and an in-house, multiple channel software 

receiver, which enabled the research team to collect data 

from both types of satellites (Galileo IOV and GPS) using 

the same hardware at the same time. The software 

receiver was also developed to provide simultaneous 

ranging outputs at several correlator spacings. Multipath 

effects are time-varying in nature; in addition non-



constant hardware biases may be present. Using 

simultaneous measurements protected us from both these 

additional sources of measurement noise. 

 

 

Description of Signal Collection Hardware and 

Experimental Setup 

 

The hardware used to collect the antenna array datasets is 

depicted in Figure 06. The hardware contained two 

Trimble Zephyr antennas, two USRP2 software radio 

systems and one host computer. The signal received from 

the antenna passed to a USRP2 board equipped with a 

DBSRX2 programmable mixing and down-conversion 

daughterboard. The individual USRP2 boards were 

synchronized to a common frequency by a 10 MHz 

external common clock generator and triggered by a 

common Pulse per Second (PPS) signal. The USRP2s 

were controlled by a host computer running the Ubuntu 

distribution of Linux. The open-source GNU Radio 

software-defined radio block was used to configure the 

USRP2 and collect the dataset. All USRP2s were 

configured to collect signals at L1 (1575 MHz). 

 

The signals were converted to near zero Intermediate 

Frequency (IF) and digitized to 14-bit complex outputs (I 

& Q). Its sampling rate was set as 20 MHz and the host 

computer used two solid state drives for storing the data 

set. As recording the high bandwidth signal requires a 

high data stream rate of (80 MB/sec/antenna), fast solid 

state drives were used for this study 

Host 
Computer

Ubuntu Linux

PPS
Signal

External 
Clock

USRP2
Motherboard

DBSRX2
Daughterboard 

USRP2
Motherboard

DBSRX2
Daughterboard 

Figure 06: Block diagram of the signal collection 

hardware 

 

Description of Software Receiver 

 
The software was developed using the Eclipse software 

development environment under the 64-bit version of 

Ubuntu shown in Figure 07; most source codes were 

programmed using C++. The functionalities with high 

computational complexity, such as correlation operation, 

were programmed by assembly. The IF data were read 

from the disk and amplified by automatic gain control to 

equalize the noise power. Then, it was processed in 

parallel through several software receiver channels using 

software correlators with different correlator spacings and 

signal-processing/acquisition-to-tracking engines.  The 

software correlator adopts Single Instruction, Multiple 

Data (SIMD) instruction [07]. The software correlator 

was controlled by a signal-processing function for setting 

PRN, code phase, and Doppler frequency. The signal-

processing used the correlator outputs to decide the 

channel state from acquisition to tracking [08]. Finally, 

the pseudoranges were measured and written to a log file.  
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Figure 07: Block diagram of software receiver 

 

EXPERIMENT SETUP/MULTIPATH SCENARIOS 

 

Experiments were set up in order to collect data at a time 

when a pair of satellites (Galileo IOV and GPS) was at 

similar azimuth and elevation in order to minimize the 

errors induced by the ionosphere and troposphere. 

Common error sources such as clock and hardware biases 

were also eliminated by the use of the same receiver 

hardware collecting data for all satellites simultaneously. 

This setup also allowed for data collection from multiple 

pairs of satellites during the same experiment period. 

 

Five scenarios were chosen for their varying multipath 

characteristics. All locations are on the campus of 

Stanford University, Stanford, CA.  

 

1) Open-Sky (reference): Data collected in the middle of 

Lake Lagunita, a dry-lake bed, provided a clean 

reference signal. 

2) Rooftop: Data collected on the roof of the Durand 

Building provided a scenario where there was one 

primary direction of multipath.  

3) Courtyard: Data collected on the rooftop courtyard of 

the Durand Building provided a scenario mimicking a 

pedestrian, walking environment.  

4) Urban Canyon: Data collected between buildings in 

the Engineering Quad provided a scenario mimicking 

an urban, driving environment.  

5) Under Foliage: Data collected in the New Guinea 

Sculpture Garden provided a scenario mimicking 

environments under a canopy of foliage. 

 

Pictures from each of the scenarios are shown in Figure 

08. 

 



 

 
Figure 08: Scenarios chosen based on expected 

multipath performance 
 

In addition, data were collected from three different 

satellite pairs, each consisting of one Galileo IOV satellite 

and one GPS satellite. 

 

1) Galileo PFM & GPS PRN 25 

2) Galileo FM2 & GPS PRN 2 

3) Galileo FM2 & GPS PRN 26 

 

Skyplots showing the satellite geometries during the data 

collection time windows is shown in Figure 09. 

 

 

 
Figure 09: Data are collected from satellite pairs based 

on similar geometry 
 

 

RESULTS AND DISCUSSION 

 

As shown in Figures 10, in a clear sky environment, there 

is little to no advantage gained by CBOC or BOC 

modulation over BPSK. However, in more challenging 

multipath environments, CBOC and BOC modulation 

provides a measureable performance gain over BPSK. 

Figure 11 shows the pseudorange precision errors in a 

simple multipath environment on the rooftop courtyard of 

the Durand Building. The multipath measured from the 

CBOC/BOC signals were approximately half that of the 

BPSK signal.  

 

 
Figure 10: Multipath error comparison between 

CBOC, BOC, and BPSK under open skies 
 

 
Figure 11: Multipath error comparison between 

CBOC, BOC, and BPSK from the rooftop courtyard 
 

Since it is impossible to attain a perfect geometry match 

between the GPS and Galileo satellites, it is more 

meaningful to compare the multipath measured from the 

CBOC and BOC signals. Those results come from the 

same signal with the only difference being the higher 

frequency portion of the replica contained in the CBOC 

receiver channel. Similar to Figure 11 in the rooftop 

courtyard, the results from Figure 12 showed that 



multipath errors in the CBOC signal are always less than 

the multipath errors in the BOC signal.  

 

 
Figure 12: Multipath error comparison between 

CBOC, BOC, and BPSK in an urban environment 
 

The location under tree foliage presented an extremely 

difficult scenario to the receiver. Due to the greatly 

reduced Carrier-to-Noise Ratio (C/No) (approximately 5-

15dB), the receiver was often unable to maintain track for 

several minutes at a time. However, in the data sets taken 

in the foliage scenario (one shown in Figure 13), the 

CBOC signal always acquired faster and tracked longer 

when compared to BOC.  

 

 
Figure 13: Multipath error comparison between 

CBOC, BOC, and BPSK while under foliage 
 

As previously mentioned, a 5-15dB drop in C/No was 

observed when receiving signals under a foliage canopy. 

Similarly, but to a lesser degree, a 2-8dB drop in C/No 

was observed when receiving signals in the rooftop 

courtyard and in the urban environment. At the reference 

location under open sky conditions, the C/No received 

from the Galileo and GPS satellites was approximately 

48dB and 50dB respectively. This can be seen in Figure 

14. In contrast, Figure 15 shows a comparison of received 

C/No between the Galileo and GPS satellites under 

foliage and Figure 16 shows the same comparison in the 

urban environment. It is interesting to note the sinusoidal 

nature in the C/No plots which suggests the existence of 

constructive and destructive interference from a multipath 

signal. 

 

 
Figure 14: C/No comparison between CBOC, BOC, 

and BPSK under open skies 

 

 
Figure 15: C/No comparison between CBOC, BOC, 

and BPSK while under foliage 

 



 
Figure 16: C/No comparison between CBOC, BOC, 

and BPSK in an urban environment 

 

All eight experiment results show that there is a definitive 

advantage in the use of CBOC as compared to BOC. 

However, the comparison between CBOC/BOC and 

BPSK is less definitive due to the mismatch of satellite 

geometries. (A few degrees difference in azimuth or 

elevation makes the difference between catching a tree 

branch or not). In some experiments, the multipath errors 

in CBOC/BOC were less than BPSK but about half the 

time, errors in BPSK were less than CBOC/BOC. 

 

**The figures and discussion in this section are only a 

small subset of the entire dataset resulting from the 

experiments. The complete series of experiment data is 

contained in the Appendix** 

 

CONCLUSIONS 

 

The experiments described in this paper have shown that 

the comparison between CBOC/BOC and BPSK was not 

definitive. Due to the mismatch in satellite geometry, 

there is no error-free method to compare the multipath 

geometry seen at the receiver antenna. However, the 

comparison between CBOC and BOC was definitive. In 

all scenarios, the CBOC errors were always fully bounded 

by the BOC errors. In addition, the CBOC tracking loop 

was consistently able to track quicker and longer in 

difficult multipath environments (i.e. under tree foliage). 

Due to the similarities between TMBOC and CBOC 

(especially when discussing multipath mitigation), it is 

likely that these results can be extended to a comparison 

between TMBOC and BOC. 

 

FUTURE WORK 

 

At the time this research was conducted, only two Galileo 

IOV satellites were in orbit. Since that time, the Galileo 

program has launched an additional two IOV satellites, 

making it possible to obtain a position fix during select 

time windows. Future work would focus on comparing 

multipath performance in the same or similar scenarios 

measuring the position error from all satellites rather than 

the pseudorange error from single satellites.  

 

The proposed methodology would be to calculate the 

dilution of precision (DOP) of the Galileo constellation at 

the time of experiment. DOP’s for various subsets of 

visible GPS satellites, each consisting of four satellites, 

would be calculated in order to best match the current 

Galileo DOP. The position error, both 2-D and 3-D, 

would be compared between the Galileo constellation and 

the best matched GPS constellation subset. 
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APPENDIX: COMPLETE DATA SETS 

 

In total eight data sets were taken at five different 

locations from three satellite pairs. The data sets are 

described in Table 01. 

 

 Location Satellite Pair 

1 Lake Lagunita Galileo PFM & GPS PRN 25 

2 Lake Lagunita Galileo FM2 & GPS PRN 2 

3 Engineering Quad Galileo PFM & GPS PRN 25 

4 Engineering Quad Galileo FM2 & GPS PRN 2 

5 Sculpture Garden Galileo PFM & GPS PRN 25 

6 Sculpture Garden Galileo FM2 & GPS PRN 2 

7 Durand Rooftop Galileo FM2 & GPS PRN 26 
8 Durand Courtyard Galileo FM2 & GPS PRN 26 

Table 01: Dataset Location and Satellite Pairs 

 

 

For each data set, a pseudorange precision and C/N0 

comparison plot was generated.  

 

 
Figure 17: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #1) 

 

 

 
Figure 18: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #1) 
 

 

 

 
Figure 19: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #2) 

 

 
Figure 20: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #2) 



 
Figure 21: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #3) 

 

 
Figure 22: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #3) 
 

 
Figure 23: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #4) 

 

 
Figure 24: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #4) 
 

 
Figure 25: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #5) 

 

 
Figure 26: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #5) 
 



 
Figure 27: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #6) 

 

 
Figure 28: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #6) 

 

 
Figure 29: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #7) 

 

 

 

 
Figure 30: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #7) 

 

 
Figure 31: Multipath error comparison between 

CBOC, BOC, and BPSK (Dataset #8) 

 

 
Figure 32: C/N0 comparison between CBOC, BOC, 

and BPSK (Dataset #8) 

 

 

 


