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Abstract—New Global Navigation Satellite System (GNSS)
satellites will bring common, interoperable GNSS signals on L1.
These new signals, L1C Global Positioning System (GPS)/Quasi-
Zenith Satellite System (QZSS) L1C and Galileo E1 Open Service
(OS), promise performance improvements in many areas. One
key area is that these signals, which use binary offset carrier
(BOC) and multiplexed BOC (MBOC), will provide better
multipath performance over the binary phase shift keyed (BPSK)
GPS L1 C/A. This paper evaluates the benefit of difference using
on-air measurements of these signals. The evaluation will utilize
signals from to-be operational Galileo and QZSS satellites. The
assessment conducts BPSK and BOC processing using signals
from the same satellite to eliminate the effects of geometry.
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. INTRODUCTION

Currently most consumer Global Navigation Satellite
System (GNSS) receiver use only Global Positioning System
(GPS) L1 coarse acquisition (C/A) to support a myriad of
location based applications. In the future, Binary Offset Carrier
(BOC) modulated signals promise to allow receivers to access
multiple satellite navigation systems including Galileo (E1
Open Service (0S)), GPS (L1C), and Quasi-Zenith Satellite
System (QZSS) (L1C) using on a common, interoperable
channel. In addition to interoperability, a key benefit of
BOC(1,1) over the current GPS Binary Phase Shifted Keyed
(BPSK) L1 C/A signal is that the BOC modulated signal allows
for improved multipath performance by narrowing the
autocorrelation function. Multipath effects can be further
reduced through the use of composite BOC (CBOC) or time-
multiplexed BOC (TMBOC) modulation used by Galileo and
GPS, respectively.

While the multipath and other benefits of the BOC over the
BPSK used in L1 C/A has been theoretically assessed, few on-
air, operational assessments have been published. The ideal
way to make a direct comparison of multipath performance is
to use BOC and BPSK signals emanating from the same
satellite. Using the same satellite rather than two close by
satellites is key to an accurate comparison as multipath is
sensitive to even the slightest differences in geometry. The
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research in this paper develops methods to make direct
comparison of the multipath performance of L1 C/A and BOC
from Galileo and the Japanese Quasi-Zenith Satellite System
(QZSS).

The paper provides several direct comparisons of common
BOC based signals vs L1 C/A BPSK performance using on-air,
operational signals. Range and position domain evaluation are
presented. Measurements made in multipath environments
highlight the potential benefits of the BOC and composite BOC
signals. The paper is organized as follows. Section Il presents
background on the BOC vs. BPSK multipath performance and
previous research using on-air signals. It discusses the
advantages and disadvantages of using Galileo and QZSS for
direct comparison of BOC versus L1 C/A BPSK performance
using on-air signals. Section Il examines the analysis and
results with QZSS. Section IV examines the analysis and
results with Galileo. It shows both range and position domain
evaluation of operational Galileo BOC E1 OS compared to
BPSK performance in multipath environments.

Il.  BACKGROUND

A. BOC and BPSK

A Binary Offset Carrier signal modulates an additional
square wave onto a BPSK signal. Whereas BPSK(m) uses
BPSK with a m*1.023 MegaHertz (MHz) chipping rate, a
BOC(n,m) signal takes an underlying BPSK(m) and further
modulates it with a rectangular square wave subcarrier with a
frequency of n*1.023 MHz. The result is that BOC modulation
spreads the main lobe of signal n*1.023 MHz away from the
nominal BPSK carrier. A consequence of the spreading is that
the signal has a null at the BPSK carrier and hence it does not
greatly affect the existing BPSK(1).

The spread bandwidth of BOC(1,1) also results in improved
multipath performance over BPSK(1). Further multipath
mitigation has been introduced with the multiplexing of a
BOC(1,1) signal with a BOC(6,1) signal. This multiplexed
BOC (MBOC) signal is implemented via time multiplexing



(TMBOC) in L1C or through a composite BOC (CBOC) in E1
OS [1].

B. Prior & Current Work

Significant analysis and design went into creation of the
common BOC(1,1) based transmissions. BOC(1,1) was shown
to theoretically provide improved multipath performance over
L1 C/A[2][3][4][5]. Analysis of the MBOC signals indicated
further improvement [2][3]. Figure 1 shows the autocorrelation
function for BOC(1,1), BPSK(1) and MBOC signals. Also
shown is BOC processed CBOC signal, labeled CBOC-BOC,
and Mock BPSK, which is the BOC signal processed as BPSK.
CBOC-BOC essentially follows the BOC autocorrelation
function. Mock BPSK, which is discussed later, has an
autocorrelation function similar to but not the same as BPSK.
The MBOC autocorrelation functions have steeper slopes than
the BPSK(1) autocorrelation function resulting in improved
multipath performance. However, as noted in our previous
effort [6] and seen the figure, care must be taken in choosing
the correlator spacing when employing MBOC processing as
their autocorrelation functions do not have constant slope.
Some choices, as will be seen later, result in worse multipath
rejection than BPSK.
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Figure 1. Normalized Correlation Function for MBOC signals on Common L1

Our previous effort assessed the multipath benefits by
comparing signals from GPS (BPSK) and Galileo (BOC,
CBOC) with similar geometry. Pseudorange estimate is
derived from early minus late correlators. Figure 2 captures
this idea with example early late correlators equidistant from
the center of the correlation function. The figure shows the
correlator spacings used in this paper. As the code tracking
output (essentially pseudo range) is ambiguous, a differential
range assessment was performed using an ultra-narrow
correlator spacing using a technique developed in [9]. The
reference spacing used was 0.01 chips between the early and
late correlator. The Galileo CBOC signals, whether processed
as BOC or CBOC, seem to have lower errors, the results are
inconclusive as multipath sensitive to geometry and even small
differences could have a significant difference. The
experiments did reveal the importance of correlator spacing
and, as well be illustrated later, using MBOC with a poorly

chosen correlator spacing (for early minus late) can result in
worse multipath performance. The result is seen in the
correlation in Figure 2 where one can imagine correlator
spacing (e.g., 0.25 chip spacing) where the autocorrelation
function has a slope that is smaller than that with BPSK. This
would imply worse multipath performance.
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Figure 2. Autocorrelation Function Using Data from Galileo PFM OS signal

In this effort, the effect of geometry is eliminated by using
signals from the satellite for the assessment. The direct
comparison of the BOC and BPSK extends the previously
developed assessment technique to also examine position
domain effects. Two satellite constellations currently transmit
a BOC(1,1) signal: Galileo and QZSS. The QZSS L1C signal
is should be similar to the L1C that will first appear on GPS
Block 111 satellites. Both systems are used for the assessment.

In this effort, the previously developed processing is used
to analyze multipath performance. The correlator spacings
shown in as well as the ultra-narrow 0.01 chip correlator
spacing is processed by the Stanford GNSS Software Defined
Radio (SDR). We then examine differences in the code
tracking or pseudo range outputs for the more conventional,
correlator spacings relative to the reference, ultra-narrow
correlator output. Furthermore, the multipath rich locations
from the previous effort are also used for this assessment.
These sites are shown later in Figure 11 and Figure 13.

C. BOC/BPSK with QZSS

QZSS provides the most direct means of doing an on-air
comparison of the performance of L1 C/A and L1C BOC(1,1)
as it currently transmits both L1 signals. It transmits a signal
that should be very similar to GPS L1C" with the exception that
QZSS has L1Cy4 (L1C data) and L1C, (L1C pilot) in quadrature
[8] instead of interplexed. On QZSS, L1Cy is in phase with L1
C/A and while the signals are generated off the same oscillator,
the modulation for L1C and L1 C/A is separate.

1 GPS L1C signal has defined to be TMBOC with 25% power
on data (L1Cq) and 75% on the pilot channel (L1C,) in the
same phase [8].



There is only one Quazi-Zenith Satellite (QZS), QZS-1,
operational which makes it suitable for range domain
evaluation of the future L1C. It uses BOC(1,1), instead of
MBOC, for L1C[8]. Position domain benefits can also be
made with the use of range measurements from other
constellations. As QZSS is only visible briefly and at low
elevation angles from Stanford, California (CA), we gathered
measurements from Tainan, Taiwan to supplement the analysis.

D. BOC/BPSK with Galileo

There are currently four Galileo satellites in orbit with all
four satellites visible simultaneously at different times and
locations around the world. As a result, the Galileo system
provides the opportunity to evaluate multipath benefits in the
position domain when using only BOC(1,1) based signals. Of
course, range domain analysis can also be conducted.

The comparison is more difficult as Galileo does not
transmit an L1 C/A signal. However, the BOC(1,1) can be
processed in a BPSK(1) manner. The result of the processing,
as discussed later, does not exactly replicate L1 C/A but the
multipath performance is similar for short delays.

E. Stanford Software Receiver & Analysis

The Stanford GNSS SDR provides real-time GNSS
processing capabilities [10]. It can support several signals
about L1 including BeiDou (B1l), Galileo (E1), WAAS, and
GPS L1 C/A and L1C as well as GPS/WAAS L5 [11][12]. It
has also been modified to support precise signal measurements
through the use of ultra-narrow correlator spacing [9]. In the
previous work [6], the SDR was modified to process both L1C
TMBOC and Galileo E1 OS CBOC. The code replicas are
designed with multiple bits accounting for CBOC modulation.

The SDR can simultaneous track a given satellite signal at
five multiple correlator spacings in real time. Each correlator
spacing is tracked individually and outputs separated range
measurement. For the range domain analysis, the baseline 0.01
correlator chip spacing is tracked and used as reference. The
difference in range between the tracking output and this
baseline is used to assess the multipath error. The SDR outputs
code phase or pseudorange at a 10 Hertz (Hz) rate. The
pseudorange for positioning can be chosen from one of five
correlation spacings. An extra time state is added into
positioning calculation when adding one more GNSS
constellation.

For this evaluation, the data is collected using a Universal
Software Receiver Peripheral (USRP). The typical USRP data
set is collected at 20 Megasamples per second (Msps) with 14
bits 1/Q samples. The high sampling rate is needed to support
the ultra-narrow correlators. Generally, the SDR processes the
data at full bandwidth without filtering. While the BPSK
processed Galileo data (“mock BPSK?”) is not filtered, spectral
energy from the two main BOC lobes are combined to maintain
the same amount of energy in the BPSK processed signal as in
the BOC.

I1l.  QUAZI-ZENITH SATELLITE SYSTEM (QZSS)

A. QZSS Visibility

QZSS is ideal for a direct range domain comparison of
BOC with BPSK as it currently transmits both L1 C/A and L1C
signals. QZS-1 L1C signals, data and pilot, are in phase
quadrature and are solely BOC(1,1) rather than MBOC. QZSS
satellites have elliptical geosynchronous orbit which allows
them to spend a significant portion of their orbital period
visible to East Asia. While that makes their use difficult in
North America, they provide ever present high elevation GNSS
signals for places such as China, Korea, Taiwan or Japan.
Figure 3 shows the sky plot for a user in Tainan, Taiwan of the
QZSS orbit over its 24 hour period. At Tainan, the satellite is
always visible and always significantly above 10 degree
elevation. In fact, most of the dwell time is at high elevation at
greater than 45 degrees (~ 15 hours) whereas at Stanford, CA,
the satellite gets barely above 5 degrees and is visible for about
one hour per day. Due to the low elevation, the multipath rich
environments used in [6] would result in signal blockage. Data
was collected from National Cheng Kung University (NCKU)
in Tainan for the evaluation.

Tainan, Taiwan

Figure 3. Sky plot of QZS-1 from NCKU, Tainan, Taiwan

B. Data Collection

Two locations at the electrical engineering (EE) building at
NCKU were used for the data collection. The first location is
the roof top of the building located on the thirteenth floor. The
site serves as a low multipath location and provides reference
results. The second location is on an 8" floor balcony. The
balcony located about 20 meters away from another tall
building (Chi Mei Building). The proximity and height of the
building relative to the data collection location should result in
multipath, even from the high elevation QZSS satellite. These
locations are shown in Figure 4. A sky plot of the satellites
visible in the data collection is shown in Figure 5. As seen in
the sky plot, QZSS (PRN 193), is at high elevation and its
direct signal should be visible at the balcony location. For the
balcony location, it is anticipated that multipath signals are
receivable with the one-reflection multipath delay being 40



meters or less given the proximity of the adjacent building as
the presumed multipath source.

13" floor Roof

Buildings ~
20 m apart

Figure 5. Sky plot of satellites in view during QZSS Data Collection (PRN
number shown)

C. Processing

Signal data was collected and later post-processed using the
Stanford SDR. The anticipated multipath performance of the
SDR is shown in Figure 6 which shows simulated results code
tracking (range) error from multipath for the L1 C/A BPSK(1)
signal. The multipath signal strength is attenuated by 3 decibel
(dB) from the direct signal. Figure 7 shows the results for
BOC(1,1) at different correlator spacings.

With the collected data, a 0.8m (2.7 ns) bias between the
BOC and BPSK results was found. The cause of the bias is
unknown and could be due to misaligned in the Stanford SDR
code replica table or bias from the signal generation on the
satellite.
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Figure 6. Code Tracking Error Envelope as function of Multipath Delay for
BPSK(1) at different correlator spacings (3 dB multipath, 20 MHz Bandwidth)
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Figure 7. Code Tracking Error Envelope as function of Multipath Delay for
BOC(1,1) at different correlator spacings (3 dB multipath, 20 MHz
Bandwidth)

D. Results

Figure 8 shows the range differences (from 0.01 chip
correlator spacing) of the QZS-1 L1 C/A (BPSK) and L1C
(processed as BOC) for the roof top measurements for several
correlator spacings. The analysis uses a 200 pseudo range
sample (20 second at 10 Hz) running average. The range
difference for BOC and BPSK are very similar, especially for
the same correlator spacing. The range differences do not vary
significantly for different correlator spacings which suggest a
low multipath environment. The difference in range difference
increases with increasing correlator spacing.
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Figure 8. Range differences from reference 0.01 chip spacing for QZS-1 from
NCKU EE rooftop

Figure 9 shows the range difference from QZS-1 for the
balcony measurements. There are some significant differences
for different correlator spacing which suggests the presence of
multipath. For the most part, the BOC and BPSK results are
very similar given the same correlator spacing. For larger
range differences, which imply greater multipath effect, the
results differ more. The BOC range differences are always
smaller than that seen with BPSK with the same correlator
spacing. The improvement with BOC is most clearly seen
around 400 seconds.
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Figure 9. Range differences from reference 0.01 chip spacing for QZS-1 from
NCKU EE 8" floor balcony

Position is calculated using either the QZSS L1 C/A BPSK
or L1C BOC signal along with GPS pseudorange
measurements. The result for the EE balcony location when
processed with a correlator spacing of 0.15 chips is shown in
Figure 10. The position errors are large as many of signals
received in the balcony location should experience multipath.
The differences between BOC and BPSK are muted as most
satellite measurements are the same. But there is a noticeable
difference, especially around 400-500 seconds. As a result of

the 0.8 m bias, the difference between BOC and BPSK position
error is non-zero even at times when Figure 9 indicates the
range differences are zero.
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Position Error(m)
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Figure 10. Position Error from QZSS & GPS (EE Balcony, 0.15 chip
correlator spacing)

IV. GALILEO

A. Galileo Visibility

The Galileo system currently has four In-Orbit Validation
(I0V) satellites operating. While these satellites are in test
mode, they are planned to be part of the operational system.
The orbital placement of these satellites allows all four
satellites to be simultaneously visible on occasion. At
Stanford, all four satellites are simultaneously visible roughly
every two to three days.

B. Data Collection

Data collection was made at two different field sites - an
enclosed rooftop courtyard and light urban canyon as shown in
Figure 11 and Figure 13. The previous described processing is
used to assess and compare multipath performance for these
collected field measurements to compare environmental effects
on the BOC versus BPSK performance.

The courtyard is located on the roof (fourth floor) of the
Durand building. The sight lines available at the Durand
building roof courtyard should result in good visibility to most
satellites. Because the location is enclosed and contains four
tall ventilation towers, there are several surfaces that can
generate multipath. The multipath should have a short delay
(less than 20 m) relative to the direct signal. Figure 12 shows
the sky plot for the data collection in the courtyard. The
outline provides a rough approximation of the orientation of the
courtyard roof. The roof results in blockage of signals from
low elevation satellite. The locations of satellites whose
signals were not received are indicated with “Xx”.
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Figure 12. Sky plot of satellites in view during Durand Roof Courtyard Data
Collection (PRN number shown)
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Figure 13. Light Urban Canyon (between Huang and Yang-Yamazaki
Engineering Buildings)

The light urban canyon scenario is located on the walkway
between two four-story buildings separated by about 20 m.

The buildings obstruct more GNSS signals and should yield
multipath with longer delays than in the Durand courtyard.
However, given the spacing between buildings, the maximum
one-reflection multipath delay should be limited to about 40 m.

C. Processing

The BOC/BPSK multipath comparison using Galileo
required developing software processing techniques to use the
Galileo CBOC as BPSK signal in a manner that retains the
same signal and noise power. The combination is done by first
shifting the carrier frequency plus and minus 1.023 MHz. Then
correlator outputs are generated for each resulting carrier
replicas using the same BPSK code replica. The correlator
outputs are combined non-coherently on early/late correlators.
The code discriminator uses these combined outputs to
generate unfiltered code phase error while maintaining the full
energy of the BOC main lobes. Figure 14 shows the basic flow
of this calculation. For this paper, this CBOC processed BPSK
is termed “mock BPSK”.

rfl

L nﬂh :

Shifted center - Shifted center
down by 1.023 | up by -1.023

MHz V V MHz
— = i

Correlated with Correlated with
BPSK code BPSK code
replica replica

[y

Combine resultnon coherently
forcode tracking loop

L/l

Figure 14. Flowchart for processing CBOC as BPSK (“Mock BPSK™)

Figure 15 and Figure 16 show the simulated code tracking
error envelope from 3 dB (strength) multipath for CBOC and
mock BPSK, respectively using the same methodology as
previously discussed for QZSS. The mock BPSK code error
envelope looks quite different from that of BPSK. Also, the
envelope does not differ greatly for different correlator
spacings. This is due to the rounding of the correlation
envelope due to the processing which weakens the benefit of
narrower correlator chip spacings. However, as will be noted
later, the region of interest is for delays of less than 40 m. For
the courtyard, the delays are likely less than 20 m. In this case,
mock BPSK is similar to BPSK for the correlator spacings
tested, particularly for at larger correlator spacing (0.3 chips or
greater).
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Figure 16. Code Tracking Error Envelope as function of Multipath Delay for
BPSK processed BOCK (Mock BPSK(1)) at different correlator spacings (3
dB multipath, 20 MHz Bandwidth)
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Figure 17. Zoomed Code Tracking Error Envelope as function of Multipath
Delay for Mock BPSK(1) and CBOC at 0.15 chip spacing (3 dB multipath,
20 MHz Bandwidth)

As the multipath delay is expected to be less than 40 m, the
portion of multipath error envelope for delays from 0 to 50 m is
of greatest interest. Figure 17 shows the code tracking error
envelope for CBOC and mock BPSK for multipath delays of
50 m or less when using 0.15 chip correlator spacing. The
important observation is that even at these short delays, there
are some differences between CBOC and mock BPSK, with

CBOC generally having lower error. Hence, one would expect
to see different results for CBOC and BPSK for both sites.

D. Results

The Durand building courtyard yielded the most consistent
results as all four satellites are visible for a significant time.
Multipath has been found to be present likely due to the
vertical surfaces of the ventilation towers. The mock BPSK
BOC, and CBOC results for PRN 11 are shown in Figure 18 to
Figure 20, respectively. Multipath has its largest effect about
1050 seconds into the data set. As expected, the mock BPSK
results have similar range differences for the different
correlator spacing used. BOC consistently performs better than
mock BPSK. In the case of CBOC, there can be a significant
difference between results from different correlator spacings.
This suggests that there is multipath at play. Looking closely,
the worst CBOC (0.25 correlator spacing) performs worse than
the corresponding result from mock BPSK. It also should not
be surprising that CBOC at 0.3 chip correlator spacing
performs better than CBOC at 0.25 chip correlator spacing.
This tendency is repeated in other results.
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Figure 18. Courtyard Data Processed Using Mock BPSK on Galileo PRN 11
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Figure 19. Courtyard Data Processed Using BOC on Galileo PRN 11
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Figure 20. Courtyard Data Processed Using CBOC on Galileo PRN 11

Figure 21 to Figure 23 show the courtyard data processed
for Galileo PRN 12. It does not have as large an excursion as
seen in PRN 11 but it seems like it also has some multipath
related errors. In this case, the BOC results are generally better
than mock BPSK. Again, CBOC shows noticeable difference
for different correlator spacings. Again, CBOC at 0.25 chip
spacing performed worst than other CBOC and mock BPSK.
Conclusions similar to that drawn from PRN 11 can be made.
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Figure 21. Courtyard Data Processed Using Mock BPSK on Galileo PRN 12
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Figure 22. Courtyard Data Processed Using BOC on Galileo PRN 12
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Figure 23. Courtyard Data Processed Using CBOC on Galileo PRN 12

The effect of multipath on position estimates is presented in
Figure 24 shows the position error in three dimensions for an
all Galileo solution processed as mock BPSK and CBOC. The
initial error is very large due to poor geometry — a consequence
of having the current satellite orbit configuration. The effect of
multipath at 1050 seconds into the data set is visible in the
position error, especially in the wvertical (z) dimension.
However, these errors are shadowed by geometry effects. To
reduce the impact of geometry, the position calculations are
also conducted with the addition of GPS ranging
measurements. Figure 25 shows the position error when the
GPS constellation is added. The initial geometry problem is no
longer an issue and the effect of BOC multipath mitigation,
albeit reduced, is clearly visible around 1050 seconds into the
data set.
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Figure 26. Light Urban Canyon Data Processed Using Mock BPSK on Galileo
PRN 19
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Figure 29. Light Urban Canyon Data Processed Using Mock BPSK (Left) &
CBOC (Right) on Galileo PRN 12

V. SUMMARY & CONCLUSIONS

This paper provides one of the first on-air direct
comparison of BOC(1,1) vs L1 C/A BPSK performance in
multipath. Analysis was conducted both in the range and
position domain evaluation using both QZSS L1C and L1C/A
and Galileo E1 OS signals.

The results from both Galileo and QZSS give a clear
demonstration of the benefits of BOC and MBOC (CBOC or
TMBOC). Multiplexed BOC techniques do perform better
than basic BOC but care needs to be taken with correlator
spacing when using these signals. The results demonstrate that
poor choice of correlator spacing for CBOC can result in worse
(more error) multipath performance than BOC and even C/A.
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