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the recent launch of the GPS Block IIR-20(M) satellite and the commis-
sioning of its L5 demonstration payload herald the beginning of a bright new 
era in space-based positioning, navigation, and timing. The new satellite sig-
nal is anticipated to provide better-quality range measurements and possibly 
improve the tracking performance of a GPS receiver compared with current 
civil L1 and L2 signals through use of improved signal structures. The L5  
signal will be standard on the future Block IIF and Block III satellites.

However, some readers may be surprised to learn that L5 signals have 
been continuously transmitted by a pair of satellites for the past several 

years. The geostationary Earth-orbiting (GEO) 
satellites used by the U.S. Federal Aviation 
Administration’s (FAA’s) Wide Area Augmen-
tation System to provide enhanced integrity 
and accuracy include not only an L1 payload 
but an L5 payload as well. While the WAAS 
L5 signals have been broadcast from space 
for some time, they did not come from a 
satellite in medium Earth orbit, and so it was 
necessary to include the demonstration pay-
load on the GPS Block IIR-20(M) satellite to 
guarantee the L5 frequency filing with the 
International Telecommunication Union.

There are some differences between the 
WAAS L5 signals and the future fully fledged 
GPS L5 signals. The WAAS L5 signals only 
use a single-channel carrier (there is no quadra-
ture or Q channel) and the data rate is 250 bits 

per second (bps) rather than 50 bps. The WAAS signals are actually generated 
on the ground and relayed through the GEOs using a “bent pipe” approach. 
The FAA uses the L5 signals, in conjunction with the L1 signals, to compute 
ionospheric delays as part of the closed-loop control of the broadcast signals. 

Although the WAAS L5 signals are not yet intended for end users, can 
they be used now for positioning and navigation and, if so, are there any ca-
veats? In this month’s column, I am joined by one of my graduate students, 
Hyunho Rho, who has looked at the WAAS L5 transmissions, examining 
their signal strengths, multipath characteristics, and instrumental bias issues. 
Precise positioning performance of WAAS pseudoranges has also been 
assessed as an independent check on instrumental bias compensation by 
the WAAS control segment. The favorable results point to a future of the L5 
signal, on both the WAAS satellites and the next-generation GPS satellites, 
which is bright indeed.
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by a pair of satellites for 
the past several years.
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As part of the GPS modernization 
effort, a new third civil signal, 
L5 at 1176.45 MHz, will join 

the current civil legacy signal on L1 at 
1575.42 MHz and the second civil signal 
on L2 (L2C) at 1227.60 MHz, which is 
also being deployed during the moderni-
zation effort. This new satellite signal is 
anticipated to provide better quality range 
measurements and possibly improve the 
tracking performance of a GPS receiver 
compared with the current L1 and L2 
signals by adopting improved signal 
structures.

This includes increasing the chip-
ping rate to 10.23 megachips per second 
(Mcps) compared to 1.023 Mcps for the 
L1 C/A (C1) code, a longer spreading 
code than L1 C1, and a higher transmit-
ted power than that of the L1/L2 sig-
nals (see Tables 1 and 2). It will also be 
beneficial for mitigating the ionospheric 
error — potentially the largest GPS error 
source for most civil users — by use of the 
multiple frequencies. More detailed de-
scriptions of the L5 signal can be found in 
publications listed in Further Reading. 

Since the Wide Area Augmentation 
System (WAAS) should be compatible 
with GPS modernization, both of the 
current WAAS geostationary Earth-or-
biting satellites (GEOs), Intelsat’s Galaxy 
XV (PRN135) and TeleSat’s Anik F1R 
(PRN138), contain L1 and L5 WAAS 
payloads and broadcast both signals on 
the air. The WAAS payloads are operated 
by Lockheed Martin for the Federal Avia-
tion Administration.

The WAAS L5 signal structure is simi-
lar to the GPS L5 signal except that only 
a single channel carrier is used, and the 
data rate is increased to 250 bits per sec-
ond (bps). The different characteristics of 
the GPS and WAAS signals are illustrated 
in Table 1.

A receiver equipped with specialized 
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firmware that allows acquisition of both L1 and L5 signals simul-
taneously from the WAAS GEOs was used to obtain test data 
sets at the University of New Brunswick (UNB) in Fredericton, 
Canada. A data set spanning four continuous days in August 
2008 has been used to study the WAAS L5 signals.

This article discusses the overall observation quality of the 
WAAS L5 signal. Since the carrier-power-to-noise-density ratio 
(C/N

0
) indicates the level of signal power versus the level of back-

ground noise in the observables, C/N
0
 was used as a first signal 

quality indicator, and the C/N
0
 values of the L1 and L5 signals 

were compared. The receiver tracking noise and multipath (MP) 
characteristics of the L1 and L5 signals were also compared.  In 
this comparison, the magnitude of the possible improvement 
from the enhanced signal structures in the L5 signal is quanti-
fied.

In the following sections, the WAAS differential code bias 
(DCB) between L1 C1 and L5 code (C5) are analyzed. Since the 
WAAS GEO ranging signals are generated by the ground con-
trol segment and uplinked to the GEO satellites for rebroadcast, 
the ionospheric delays as well as the DCBs should be estimated 
and compensated for in both the uplink and downlink signals. 
Since another important role of DCBs in WAAS might be to 
resolve the clock referencing issue in the observables for single-
frequency users (like the group delay term, T

GD
, for GPS L1/L2), 

the overall behavior of the estimated DCBs were further ana-
lyzed. Finally, the possible benefit of using WAAS GEO ranging 
measurements in the positioning domain is also discussed. 

Observability of L5 Signals at UNB
WAAS currently transmits both L1 and L5 signals on the air. At 
UNB, the two WAAS GEOs, PRN135 and PRN138, can be 
simultaneously monitored. Both GEOs are visible to the south-
west with PRN135 at an elevation angle of 7.6° and azimuth 
of 252.6°, while PRN138 is at an elevation angle of 23.9° and 
azimuth of 230.1°. 

To obtain test data sets at UNB, we used a receiver equipped 
with specialized firmware that allows acquisition of both L1 and 
L5 signals simultaneously from the WAAS GEOs. The first four 

Å Table 1 Characteristics of GPS L5 signal vs. WAAS L5

Å Table 2 Received minimal signal strength

Å Table 3 Statistics of the observed C/N0 values for the WAAS 
GEOs, PRN135 and PRN138, for a four-day continuous period. 
(Units: dB-Hz)

GPS L5 WAAS L5
GPS/WAAS 

L1

Carrier
Frequency

1176.45 MHz 1176.45 MHz 1575.42 MHz

Signal
Structure

Two carrier
components:

I5 and Q5
ranging codes

Single  
carrier

component:
C5 ranging 

code

Two carrier
components:

P(Y) and 
CA/CA  

ranging code 
(WAAS)

Code Length
(chips) 

10230 10230 1023

Code  Rate 10.23 Mcps 10.23 Mcps 1.023 Mcps

Data Rate 50 bps 250 bps 50/250 bps

SV Signal Min. Max. Mean Std. Dev.

PRN138
L1 46.60 48.00 47.35 0.19

L5 46.30 47.60 46.86 0.21

PRN135
L1 40.80 44.30 42.85 0.48

L5 41.50 44.30 42.93 0.41

SV Blocks Channel
Signal

P(Y) C/A or L2C

II/IIA/IIR
L1 -161.5 dBW -158.5 dBW

L2 -164.5 dBW N/A

IIR-M/IIF
L1 -161.5 dBW -158.5 dBW

L2 -161.5 dBW -160.0 dBW

IIF L5
I5 Q5

-157.9 dBW -157.9 dBW
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channels of the entire 32-channel-configured receiver were as-
signed to the two WAAS GEOs for L1 and L5 dual-frequency 
tracking and the other 28 channels were used for general GPS 
L1 and L2 dual-frequency tracking. With this capability, the 
observation quality of the WAAS L5 signals could be directly 
compared with the WAAS L1 signals, and the simultaneous GPS 
dual-frequency measurements could be used for other purposes 
such as comparing the differences of the estimated DCBs for 
GPS and for WAAS. 

Because PRN135 is seen at the low elevation angle of 7.6°, 
an elevation cutoff angle of 0° was used to collect data from all 
satellites. The collected data set for the continuous four days of 
August 24–27, 2008, has been used to assess the quality of the L1 
C1 and L5 C5 code measurements (pseudoranges).

Test Results and Analyses
In this section, we investigate the overall quality of the WAAS 
L5 signal by comparing the C/N

0 
values provided directly by the 

receiver. The computed MP1 and MP5 observables are also com-
pared. We then discuss the characteristics of the WAAS GEO 
satellite DCBs and the possible benefit of using WAAS GEO 
ranging measurements in the positioning domain.

 Carrier-Power-to-Noise-Density Ratio. According to the 
official signal specifications, the transmitted signal power of the 
GPS L5 signal should be 0.6 dBW higher than that of the L1 C1 
signal (see also Table 2).  

To see the differences in the transmitted power of the actual 
WAAS L5 signal versus the L1 signal, the observed C/N

0
 values of 

the L1 and L5 signals from both GEOs, PRN135 and PRN138, 
are illustrated in FiguRe 1. 

In the figure, we can first see that the overall C/N
0
 values 

for the L1 and L5 signals from both GEOs, vary in time in the 
range of about ±1 dB-Hz. Those variations might be explained 
by atmospheric effects or actual transmitted power fluctuations. 

By comparing the C/N
0
 values between PRN138 and PRN135, 

we can also see that the C/N
0
 values have clear elevation angle 

dependence. Also the C/N
0
 values from the higher elevation angle 

GEO, PRN138, have smaller variations in time than those of 
PRN135.

The results illustrated in Figure 1 show that the observed 
WAAS L5 C/N

0
 values are comparable with the L1 C/N

0
 val-

ues for both GEOs. The compiled statistics of the observed  
C/N

0
 values shown in Table 3 also show that the C/N

0
 values of 

the L1 and L5 signals are comparable with the used equipment. 
Code Multipath and Noise level analysis. In this sub-sec-

tion, the multipath and noise level (MP) of C1 and C5 codes for 
both WAAS GEOs are analyzed. The MP observables referred to 
frequencies L1 and L5 were computed by combining code and 
carrier-phase observations in the usual way. See “Evaluation of 
the New WAAS L5 Signal” in Further Reading for details.  

To see a detailed view of each step of the computations, the 
step-by-step results are illustrated in FiguRes 2 and 3. These fig-
ures show single-day results of the computed MP1 and MP5 
values for PRN138 on August 25, 2008. In the top panels, the 
C1-L1 observable and C5-L5 observable, which contain twice 
the ionospheric delays, ambiguity, satellite and receiver differ-
ential code bias, and combined carrier-phase and pseudorange 
MP values, are illustrated. The compared results show that the 
noise level of the C1-L1 observable is higher than that of C5-L5 
observable.  

By comparing the second and third panels in Figure 3, we can 
see that the twice-ionospheric-delay terms which are properly 
scaled to each observable C1 and C5 could be the main source 
of the low frequency time variations in the C5-L5 observable. 
After removing the ionospheric term, the remaining terms are 
only the constant ambiguity and slowly varying hardware delays. 
Therefore, the MP5 observable is more or less like a constant 
(plus noise), even though there exists a certain amount of bias 
that is caused by the carrier-phase ambiguities.
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Å FiguRe 1 Carrier-power-to-noise-density ratio (C/N0). The 
magenta and green dots represent the PRN135 C/N0 values for 
L1 and L5, respectively. The red and blue dots represent the 
PRN 138 C/N0 values for L1 and L5, respectively.
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Å FiguRe 2 MP1 and related quantities for PRN138 on August 
25, 2008. The y-axis range of all subplots is fixed at 20 meters.
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However, the MP1 observable in the third panel of Figure 2 
shows different characteristics compared to the MP5 observable. 
The characteristics of the MP1 observable could be described as 
a constant bias that is caused by the ambiguity and MP effect, 
and a variable pattern of unknown origin at the moment. If the 
carrier-phase ambiguities and the satellite and receiver DCB can 
be assumed as constant terms, the MP1 observable should behave 
like the MP5 observable. To see if there exists any correlation 
between the computed MP values and the GEO satellite clock 
offset, which is provided by the WAAS GEO navigation mes-
sage, correlation coefficients between the MP observables and the 
GEO satellite clock offsets were computed. The results show that 
the correlation coefficient between MP1 and GEO clock offset 
was -0.360 and it was -0.110 for the MP5. Those results show 
that there is a minor degree of correlation, if any. 

To see if the time-varying term in the MP1 observable is only 
observed on a specific day and if it also happened for the other 
GEO, PRN135, the MP1 and MP5 observables from both 
GEOs were computed for a continuous four-day sample. The 
results show that the MP1 observables from both GEOs contain 
a time-varying term that is not seen in the MP5 observables for 
the four continuous sample days. However, the time-varying 
term in the MP1 observables have been identified as a contribu-
tion of the satellite DCB between C1 and C5 as discussed in the 

following section.
Since one of our purposes in this section is to see the overall 

performance of the new L5 C5 code compared to the L1 C1 code 
in terms of the noise level, a moving average filter was adopted to 
compute the final MP values in which the high frequency noise 
is reduced. For the computation, cycle-slips in the carrier-phase 
measurements were identified first and the moving average filter 
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Å FiguRe 3 MP5 and related quantities for PRN138 on August 
25, 2008. The y-axis range of all subplots is fixed at 20 meters.



GPS World  |  May 2009 www.gpsworld.com46

innovation | System Design & test

applied to each separate arc with a window size of 10 measure-
ments for both L1 C1 and L5 C5 code measurements. 

FiguRe 4 shows the time series of the moving average filtered 
MP values for L1 C1 and L5 C5 codes for both GEOs. In the 
figure, we can clearly see that the MP5 values have a better qual-
ity in terms of noise level compared with MP1 values. This is 
explained by the enhanced signal structure of the L5 signals. The 
L5 C5 code has a higher chipping rate of 10.23 Mcps than the L1 
C1 code of 1.023 Mcps, making the main peak in the cross-cor-
relation function sharper by a factor of ten, and improving noise 
performance and mitigating multipath effects.

satellite and Receiver Differential Code bias. The iono-
spheric delays as well as satellite and receiver DCBs should be 
estimated and compensated for when generating the two signals, 
L1 and L5, which are uplinked to the GEOs.

 To identify the overall behavior of DCBs in the GPS satellites 
and WAAS GEOs, we first generated the DCB observables for 
GPS PRN10 on August 25, 2008. For GPS, we used L1 C1 and 
L2 P2 measurements to generate DCB observables.

However, note in this section that we also use the same term, 
DCB, to represent the differential carrier-phase bias for simplic-
ity. 

FiguRe 5 shows the computed combined satellite and receiver 
DCB for the pseudorange measurements and the carrier-phase 
measurements for GPS PRN10. Since PRN10 had few cycle 
slips on this day, with a long unbroken arc with the elevation 
angle ranging from about 10° to 85°, this satellite was chosen to 
illustrate the effect of DCB on GPS observations.

In the second panel, the observed slant ionospheric delays 
using pseudoranges are much noisier than those of carrier-phase 
measurements. The panel also shows that the noise level of the 
ionospheric measurements is elevation-angle dependent as we 
expect. However, the overall variations of the observed pseu-
dorange ionospheric delays in time are the same as those of the 
carrier-phase ionospheric measurements except for a residual bias, 

which is caused by not fully accounting for the ambiguity in the 
carrier-phase measurements.

Since we used the WAAS ionospheric corrections as a refer-
ence to generate the DCB observables, the different DCBs for 
carrier-phase and pseudorange ionospheric measurements in the 
third panel could be generated. And the differences between car-
rier-phase DCB and pseudorange DCB in the third panel could 
be explained by the residual carrier-phase ambiguity as well as a 
difference in the hardware delay bias between carrier-phase and 
pseudoranges observables. However, with this approach, it should 
be noted that the accuracy of the computed DCBs are depend-
ent on the accuracy of the WAAS ionospheric corrections. The 
user ionospheric range errors for the WAAS ionospheric delay 
corrections varied from 0.3 to 2.9 meters for this satellite. With 
that accuracy, it might not be enough to precisely determine the 
different hardware delay biases between pseudorange and car-
rier-phase observables.

However, both computed DCBs using pseudorange and car-
rier phase do not vary significantly in time, indicating that the 
combined satellite and receiver bias is almost constant.  

To take advantage of the precise but ambiguous carrier-phase 
ionospheric observables versus the unambiguous but less precise 
pseudorange ionospheric observables, we used the carrier-phase 
leveling technique.

In FiguRe 6, the top panel shows the elevation angle change 
over a day for PRN138. It shows that even though PRN138 is a 
geostationary satellite, there is some degree of movement. In the 
second panel, the leveled ionospheric delays could be identified 
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Å FiguRe 4 Difference between original and moving-average-
filtered values for MP1 (red dots) and MP5 (green dots) for 
PRN135 and PRN138 for August 24–27, 2008

4 5 6 7 8 9 10 11
0

30

60

90

El
ev

. a
ng

le
 (d

eg
re

es
)

4 5 6 7 8 9 10 11
−5

0

5

Io
no

. d
el

ay
s 

(m
)

4 5 6 7 8 9 10 11
−5

0

5

D
C

B 
(m

et
er

s)

GPS Time (hours)

Å FiguRe 5 Computed satellite and receiver combined DCB for 
GPS PRN10 on August 25, 2008. The red dots in the second 
panel show the computed relative ionospheric delays by using 
L1 and L2 carrier-phase measurements, the blue dots represent 
the ionospheric delays computed by using WAAS ionospheric 
corrections, and the green dots show the computed ionospheric 
delays using C1 and P2 pseudorange measurements. The red 
dots in the third panel show computed carrier-phase DCB and 
the blue dots show the computed pseudorange DCB.
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as having more variation in time than the ionospheric delays 
computed from the WAAS corrections. And, finally, the differ-
ences between leveled ionospheric delays and WAAS ionospheric 
delays were computed as DCB estimates and illustrated in the 
third panel. 

To see if there is any correlation between estimated DCB val-
ues and the time variations that we observed in the WAAS MP1 
observable, we conducted a correlation analysis.

Since the receiver DCB is common for all monitored satellites 
and observed to be more or less constant in time, as we saw in 
Figure 5, we took a mean of computed DCBs for all satellites 
and subtracted that value from the computed DCBs. In this case, 
the remaining term represents the variation of the satellite DCB 
versus the constant mean, which is illustrated in the first panel 
of FiguRe 7. To compare the overall correlation between the es-
timated DCB and MP1 at the same level, the mean bias of all 
the MP1 values was also removed and is illustrated in the second 
panel of Figure 7. 

Finally, we can see that there is a strong anti-correlation between 
the variations of satellite DCB and the MP1 value. The correlation 
coefficient between the satellite DCB and the MP1 values was 
-0.856. WAAS currently does not provide the C1-C5 DCB value 
in the transmitted WAAS messages. However, if the WAAS satel-
lites operated in the same way as GPS satellites, single frequency 

WAAS GEO ranging users would need the DCB value to resolve 
the clock referencing issue to use single-frequency code observa-
tions for positioning. To circumvent this issue, it appears WAAS 
compensates for the C1-C5 bias in producing the L1 signal at the 
control segment. In this way, the single-frequency WAAS GEO 
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Å FiguRe 6 Computed satellite and receiver combined DCB for 
WAAS PRN 138 on August 25, 2008. In the second panel, the 
red dots show the computed ionospheric delays using WAAS 
ionospheric corrections and the blue dots represent the carrier-
phase-leveled ionospheric delays.
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ranging user does not need to consider the satellite DCB term.
Positioning Domain Results. To see if the C1-C5 satellite 

DCBs have been compensated for in producing the WAAS GEO 
L1 C1 signals, the residuals from position-determination software 
of the C1 code measurements for PRN138 have been analyzed. To 
process GPS plus PRN138 L1 C1 pseudoranges, the UNB wide-
area differential GPS point positioning software has been used. 

In processing the data, we applied the GPS satellite orbit and 
clock corrections provided in the WAAS messages. WAAS does 
not provide the orbit and clock corrections for the GEOs, above 
and beyond the GEO orbit and clock data in WAAS messages. 
WAAS-provided ionosphere delay corrections have been ap-
plied for both GPS satellites and PRN138. The UNB3 tropo-
spheric delay model including Niell mapping functions was used 
to mitigate the troposphere errors for both GPS satellites and 
PRN138.

To account for receiver noise and multipath, an elevation-
angle-dependent empirical stochastic model was used. However, 
since the residual GPS orbit and clock errors (less than 1 meter) 
and the WAAS GEO orbit and clock errors (more than 10 meters 
based on the GEO user range error [URA]) are different, differ-
ent weighting schemes have been applied to the GPS and WAAS 
data. For the GPS satellites, the initial GPS orbit error was set to a 
conservative 3 meters even though, after WAAS orbit corrections 
for the GPS satellites are applied, residual errors are less than 1 
meter. The GEO satellite accuracy of 10 meters was determined 
based on the URA provided by the WAAS GEO navigation mes-
sage and also from analyzing the positioning results. In most 
cases, the URA index of the WAAS GEO satellites was 6, which 
indicated that the accuracy of GEO orbits was in the range of 
13.65 to 24.0 meters, making the 10-meter value used for the 
positioning process slightly optimistic.

In FiguRe 8, the overall improvement of the positioning results 
by using the WAAS GEO satellite is seen to be negligible. The 
95th percentile horizontal error was 0.783 meters and the 95th 

percentile vertical error was 1.091 meters when only the GPS 
measurements were used. When the WAAS GEO PRN138 rang-
ing measurements were added, the result was the same for the 
95th percentile horizontal error and 1.087 meters for the 95th 
percentile vertical error. 

Those negligible effects on the positioning results by adding 
WAAS GEO ranging to the GPS measurements might be ex-
plained by the weighting scheme that we used. Because of the low 
elevation angle of the PRN138 measurements with relatively less 
accurate GEO orbits than GPS, the weight of the GEO meas-
urements was set to be much less than that of the GPS measure-
ments. Therefore, the contributions of the WAAS GEO ranging 
measurements were not significant compared with the GPS meas-
urements in the point positioning process for the particular data 
set used with a large number of GPS satellites observed. 

However, as the first panel in Figure 8 shows, the benefit of 
using the WAAS GEO ranging measurements in the point po-
sitioning process is in the improvement of dilution of precision 
(DOP) values. So it might be more beneficial to use WAAS GEO 
ranging measurements in more challenging situations where the 
number of monitored GPS satellites is quickly changing, and 
where fewer satellites are monitored such as in a kinematic sce-
nario. Likely in such situations, there will be better positioning 
results if both WAAS GEOs are used for positioning as well as 
GPS satellites.

Conclusions
The WAAS L5 signal has been evaluated by comparing selected 
signal quality indices for the L1 and L5 signals. C/N

0
 values for 

the WAAS GEOs, PRN135 and PRN138, were compared on 
the L1 and L5 frequencies. The result showed that the strength 
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Å FiguRe 8 Benefit of using WAAS GEO ranging in point posi-
tioning. The top panel shows the number of satellites that have 
been used for the point positioning process and PDOP and the 
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points show the results of using GEO ranging data and the red 
traces and points show the results without using WAAS GEO 
ranging measurements.
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of the WAAS L5 signal is similar to that of the C1 code on the 
L1 frequency (within ±1 dB-Hz) with our receiver and antenna 
setup.

By comparing the multipath-plus-noise level of the L1 C1 and 
L5 C5 code data, we found that the enhanced signal structure 
of L5 has a better quality in terms of multipath-plus-noise level 
compared to the L1 C1 code. 

Currently, the WAAS control segment is using dual-frequency 
data from the GEOs. By examining the multipath-plus-noise 
and estimated DCB values, we found that WAAS GEO satellite 
DCBs appear to vary in time and that the WAAS control seg-
ment compensates for the C1-C5 DCB bias when producing 
the L1 C1 signal.

The positioning domain results indicate that a proper weight-
ing scheme should be used for combining WAAS GEO range 
measurements with GPS measurements.

Finally, it should be pointed out that although WAAS trans-
mits L5 signals, the signals are not intended for end users at this 
time and should be used with caution.
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