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Integer ambiguity resolution is able to improve positioning accuracy and reduce convergence
time in Precise Point Positioning (PPP). Although significantly improved horizontal posi-
tioning accuracy has been demonstrated, the height solution improvement is found to be less
significant, and improving this requires further investigation. In this paper, a troposphere
constraint method using precise troposphere corrections is proposed to improve the PPP
ambiguity-resolved height solution. This is different from the conventional approach that
typically applies meteorological data to calculate the a priori troposphere delay and estimates
the residual troposphere delay. The effects of the troposphere delay on PPP ambiguity-
resolved height solutions are first studied. Numerical analysis is conducted to ambiguity-
resolved positioning results based on the decoupled clock model and hourly Global
Positioning System (GPS) observations from a Canadian PPP-inferred troposphere
precipitable water vapour system. The results show that by using the proposed method the
PPP ambiguity-resolved height accuracy can be further improved to 3-86 cm compared to
5-32 cm using the conventional approach.
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1. INTRODUCTION. Integer ambiguity resolution is able to improve posi-
tioning accuracy and reduce convergence time. Several methods have been developed
for Precise Point Positioning (PPP) integer ambiguity resolution, which include
the single-difference between satellites method, the integer phase clock model and the
decoupled clock model. Intensive investigations have been conducted to assess the
positioning accuracy improvement by integer ambiguity resolution in PPP (Collins
et al., 2010; Ge et al., 2008; Geng et al., 2009; Laurichesse et al., 2008).

Ge et al. (2008) showed that the PPP ambiguity-resolved positioning accuracies in
east/north/height could reach 2-8/3-0/7-8 mm respectively whereas the ambiguity-float
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positioning accuracies were 4-1/3-1/8-:3 mm based on the single-difference between
satellites method and daily observations. The most significant improvement was
obtained in the east component, while the height solution improvement was found less
significant. Geng et al. (2009) also demonstrated the hourly positioning accuracy
improvements from 3-8/1:5/2-8 to 0-5/0-5/1-4 cm in the east/north/height directions,
respectively. The height accuracy improvement was again found less significant com-
pared to the horizontal components. By using the un-differenced integer phase
clock model, Laurichesse et al. (2008) demonstrated ambiguity-resolved horizontal
positioning accuracy of 2 cm using a 24-hour data set from a ground geodetic receiver.
However, there was not much discussion about the performance in the vertical
component. Collins (2008) proposed another method known as the decoupled clock
model, and demonstrated a daily ambiguity-resolved positioning accuracy of 0-5/0-4/
1-4 cm against the ambiguity-float accuracy of 0-4/0-6/1-4 cm in latitude/longitude/
height, respectively. Collins et al. (2008) also evaluated the decoupled clock model
with hourly observations and showed that 2cm ambiguity-resolved horizontal
accuracy could be obtained within one hour. Similar to the daily solution, the hourly
ambiguity-resolved solution was not improved much for the height component, only
from ~ 8to ~ 6cm. Collins et al. (2009) further applied the decoupled clock model
to a tsunami warning system located along the western coastline of Canada. The
results indicated an improvement of 30-2% in the horizontal components, but again
the height improvement was not promising as the ambiguity-resolved height solution
even suffered a degradation of 7-5%.

Insignificant accuracy improvement for PPP ambiguity-resolved height solutions
was most likely due to a strong correlation between the troposphere and the height
parameters. Tregoning and Herring (2006) investigated the impact of a priori
troposphere zenith delays on differential GPS zenith total delay and height estimates.
Their results based on a double-difference positioning model revealed a height bias of
—0-1 to 0-2 mm/hPa and annual variations up to 2 mm between solutions using real
and empirical meteorological data. Unfortunately there is little work about the effect
of the troposphere delay on the PPP height solution, especially the PPP ambiguity-
resolved height solution. Shi and Gao (2012) evaluated the ambiguity-resolved tropo-
sphere solution and investigated the relationship between PPP integer ambiguities and
the troposphere solution, but the relationship between the ambiguity-resolved
troposphere and height solutions in PPP has not yet been studied.

This paper proposes a troposphere constraint method to improve the PPP
ambiguity-resolved height solution. The effects of the troposphere delay on the PPP
ambiguity-resolved height solution are first identified based on the decoupled clock
model and hourly observations. Numerical results are analysed afterwards to
demonstrate the accuracy improvement of the PPP ambiguity-resolved height solution
by the proposed method. In the end some discussions about the selection of external
troposphere corrections are presented.

2. METHODOLOGY. Shown in Figure 1 is a flowchart that describes the
procedures for the determination of the PPP ambiguity-float and ambiguity-resolved
solutions. For PPP integer ambiguity resolution, two types of external correction data
are required. The first is the satellite orbit product that will be applied to remove the
orbital error. The second type is the advanced ambiguity corrections that will be
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Figure 1. Flowchart of PPP integer ambiguity resolution with external troposphere corrections.
The left and right dotted boxes represent the PPP ambiguity-float and ambiguity-resolved
solutions, respectively.

applied to recover the integer property of the phase ambiguity in PPP. The contents
and forms of the ambiguity corrections depend on the utilized ambiguity resolution
method. These ambiguity corrections can be the wide-lane and narrow-lane fractional
cycle biases (FCBs) for the single-difference between satellites method, the wide-lane
satellite bias (WSB) and the integer phase clock corrections for the integer phase clock
model, or the satellite decoupled code and phase clock corrections for the decoupled
clock model. The unknown parameters to be estimated include the following four
types: the coordinate, the receiver clock, the troposphere delay and the ambiguity.

The conventional approach to treat the troposphere delay is to estimate only the
troposphere zenith wet delay instead of the zenith total delay. This approach requires
the troposphere zenith hydrostatic delay to be calibrated in advance. Different tropo-
spheric models, such as the Saastamoinen model, can be applied for the determination
of the troposphere zenith hydrostatic delay with real meteorological data observed at
the receiver site (Gérard and Luzum, 2010). As indicated by Shi and Gao (2012), PPP
integer ambiguity resolution cannot immediately lead to the convergence of the tropo-
spheric parameter. Instead it can only speed up the troposphere convergence after the
ambiguity parameters have been fixed to their integer values. The troposphere
convergence is in fact dominated by the actual environment at the observation site. It
is not uncommon that the troposphere convergence would require a considerable time
period, for example longer than one hour. As a result, the residual troposphere delay
will degrade other unknown parameters, especially the height coordinate.

A troposphere constraint method is proposed in this paper to improve the PPP
ambiguity-resolved height solution. Instead of using the empirical tropospheric
models, the proposed method will apply external troposphere corrections to calibrate
the a priori troposphere zenith delay. Due to the high precision of the external
troposphere corrections, the residual troposphere delay can therefore be constrained
with a small initial standard deviation. Subsequently the ambiguity-resolved height
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solution in PPP can be expected to be improved because of the reduced correlation
between the troposphere and height parameters.

The implementation of the proposed troposphere constraint method in this paper
will be based on the decoupled clock model although it can be applied to all three PPP
integer ambiguity resolution methods. The observation equations in the decoupled
clock model include the following three code and phase combinations (Collins, 2008):

Py = p+do + c((dlyy + ) — (i3 + 80,)) + T + eps
Ly = p + dpp + (dth; — dt5 ) + T — J3(1TN; + 60Ny) + 13 (1)
Ay = (blyy — bYyy) — 2aNs + €14
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with f] = 154f,, />=120f, and f,=10-23 MHz, p is the geometric distance between the
satellite and the receiver, d,, is the satellite orbital error which can be corrected by
precise orbit products, dt’; 3, dty 3+ b3, and b’y are three satellite decoupled clocks,
dtys, dirs+ b4 and b’y4 are three receiver decoupled clocks, T is the residual tropo-
sphere delay, Ny and N, are integer ambiguities, and ¢, represents the noises. The
corresponding stochastic model for the observations is
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where x, y, z are the receiver coordinates; dt;3, bl.,q., b4 are three receiver decoupled
clock terms; 7" denotes the residual troposphere delay; N Lo N Vand N, o, N2
are the integer Njand wide-lane ambiguity parameters.

The receiver coordinates in Equation (3) are estimated as random constants for
static positioning applications. The three receiver decoupled clock terms and the
residual troposphere delay are estimated as random walk, while both the N, and wide-
lane ambiguities should be estimated as random constants. The initial standard devi-
ation of the residual troposphere delay can be set to a very small value such as 10~% m
as a tight constraint when applying the proposed troposphere constraint method.

3. NUMERICAL RESULTS AND ANALYSIS. Firstly, the test data sets
used for numerical calculations and analysis will be described. Secondly, they are
processed using the conventional troposphere estimation method to investigate the
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Table 1. Accuracy statistics for all test stations.

Ambiguity-float (m) Ambiguity-resolved (m)
Station E N U E N 18]
ALGO 0-0445 0-0328 0-0523 0-0414 0-0320 0-0479
BAIE 0-0449 0-0319 0-0594 0-0379 0-0256 0-0527
FRDN 0-0547 0-0340 0-0615 0-0443 0-0294 0-0616
NRCl1 0-0487 0-0478 0-0540 0-0419 0-0408 0-0530
PICL 0-0472 0-0313 0-0624 0-0395 0-0291 0-0603
PRDS 0-0514 0-0350 0-0579 0-0409 0-0356 0-0490
SCH2 0-0316 0-0362 0-0590 0-0281 0-0335 0-0557
WHIT 0-0363 0-0354 0-0537 0-0289 0-0353 0-0508
YELL 0-0417 0-0363 0-0561 0-0297 0-0319 0-0530
OVERALL 0-0451 0-0360 0-0575 0-0375 0-0328 0-0547
Y AYELL
— WHIT
SCH2
» PRDS VAN
= Y PICL /\BAIE
ALGO
—N'_RCI FRDN

Figure 2. Network of the Canadian PPP-inferred near real-time precipitable water vapor system.

effects of the troposphere delay on PPP ambiguity-resolved height solutions. Finally,
the data sets are re-processed using the proposed troposphere constraint method to
assess the improvement of the PPP ambiguity-resolved height solution.

3.1. Data Description. In order to study the relationship between the PPP
ambiguity-resolved troposphere and height solutions, GPS observations were col-
lected from a Canadian PPP-inferred near real-time precipitable water vapour system
(Figure 2) on 3 March 2008. The precise satellite orbit product for that day is
1gs14691.sp3. The satellite decoupled clock product to facilitate integer ambiguity
resolution is provided by NRCan. The test data sets from nine GPS stations are
available with an observation interval of 15 seconds and an elevation angle mask of
10 degrees. Pressure and temperature data are also available at each station. The
reference coordinates for each station are obtained by processing the station data over
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Figure 3. Troposphere solution can converge within one hour (UTC 05:00-06:00) of 3 March
2008 at station YELL. The corresponding ambiguity-resolved height solution is 5-23 cm (18:79 %
improvement over the ambiguity-float solution). The legend in Figure 3b reads RMS/STD/
MEAN in m.

24 hours using NRCan’s online PPP service (Tétreault et al., 2005). The absolute
phase centre correction model (Schmid et al., 2007) is utilized to calibrate the antenna
phase centre offset and variation. The a priori troposphere zenith delay is calculated
using the Saastamoinen model with the meteorological data collected at each receiver
site (Gérard and Luzum, 2010). The residual troposphere zenith delay is estimated
with an initial standard deviation of 10~ m.

3.2. Troposphere Effects On PPP Ambiguity-Resolved Height Solutions. The test
data sets were processed on an hourly basis using the conventional troposphere
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Figure 4. Troposphere solution cannot converge within one hour (UTC 03:00-04:00) of 3 March
2008 at station YELL. The corresponding ambiguity-resolved height solution is 646 cm (2-86%
improvement over the ambiguity-float solution). The legend in Figure 4b reads RMS/STD/
MEAN in m.

estimation method. Only the solutions with three-dimensional ambiguity-float
positioning errors less than 10 cm were chosen for integer ambiguity resolution. This
is a commonly used threshold for PPP integer ambiguity resolution (Collins et al.,
2008; Geng et al., 2009). The PPP ambiguity-float and ambiguity-resolved coordinate
accuracies are listed in Table 1. The accuracy statistics were calculated as the root-
mean-square (RMS) errors of the coordinate differences from the epoch when PPP
integer ambiguity resolution was achieved to the observation period end. The overall
accuracies for the nine stations in east/north/up are improved from 4-51/3-60/5-75 to
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Table 2. Height improvements for the “Troposphere convergence” and “Troposphere divergence” groups
at station YELL.

Troposphere convergence Troposphere divergence
Obs Amb- Amb- Obs Amb- Amb-
session float resolved  Improvement  session float resolved  Improvement
(hh-hh)  Up(m)  Up(m) () (bbb Up(m) Up(m) )
02-03 0-0269 0-0220 18-22 01-02 0-0389 0-0311 20-05
05-06 0-0644 0-0523 18-79 03-04 0-0665 0-0646 2-86
08-09 0-0534 0-0557 —4-31 04-05 0-0632 0-0709 —12-18
10-11 0-0843 0-0557 3393 06-07 0-0509 0-0479 5-89
12-13 0-0600 0-0612 —2-00 07-08 0-0509 0-0621 —22-00
13-14 0-0208 0-0160 23-08 09-10 0-0401 0-0361 9-98
15-16 0-0298 0-0230 22-82 14-15 0-0736 0-0705 421
16-17 0-0329 0-0322 2-13 17-18 0-0579 0-0584 —0-86
2021 0-0615 0-0591 3-90 18-19 0-0765 0-0781 -2-09
OVERALL 0-0528 0-0457 13-37 OVERALL 0-0592 0-0600 —-1-30

3-75/3-28/5-47 cm, corresponding to an improvement of 16-85/8-85/4:84% for the three
coordinate components. It is clear that the height improvement is much less significant
than the horizontal components.

We first analysed the results for station YELL as an example. Excluding the first
(UTC 00:00-01:00) and last two (UTC 22:00-23:00 and 23:00-24:00) hourly
observations that cannot be applied for satellite orbit interpolation, 21 hourly obser-
vations were processed. Two hourly ambiguity-float coordinate solutions with errors
larger than 10 cm were excluded. 18 out of the remaining 19 solutions that can
successfully resolve the integer ambiguities within one hour were classified into two
groups to assess the height solution improvement by PPP integer ambiguity resolution.
The first group contains the solutions with the standard deviation of estimated tropo-
sphere parameters less than 5 mm, which we define as the troposphere convergence
within one hour. For example, Figure 3a shows the troposphere solution from UTC
05:00 to UTC 06:00 with troposphere converged. The ambiguity-resolved height
accuracy as shown in Figure 3b is 5-23cm. If the troposphere solution cannot
converge within the observation period as shown in Figure 4a, the improvement will
be less significant due to the existence of residual troposphere delays. The ambiguity-
resolved height solution in Figure 4b demonstrates a diverging tendency with an
accuracy of 6-45 cm.

The 18 qualified solutions for station YELL are classified into two groups according
to their troposphere convergence status. The first group is denoted as “Troposphere
convergence” listed in the left part of Table 2, while the second group “Troposphere
divergence” is presented in the right part. It can be seen that the overall ambiguity-
resolved height solutions in the “Troposphere convergence” group are improved from
5-28 to 4:57 cm, i.e. an improvement of 13-37%. However, the ambiguity-resolved
height solutions in the “Troposphere divergence” group suffer 1-30% degradation with
the overall accuracy decreased from 5-92 to 6-00 cm.

The qualified hourly solutions at other test stations are also classified in the same
way and the results for all stations are summarized in Table 3. As shown in Table 3,
the ambiguity-resolved height accuracy with troposphere converged can reach 4-67 cm
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Table 3. Height improvements for the “Troposphere convergence” and “Troposphere divergence” groups
at all test stations.

Troposphere convergence Troposphere divergence

Amb- Amb- Amb- Amb-

float resolved Improvement float resolved Improvement
Station Up (m) Up (m) (%) Up (m) Up (m) (%)
ALGO 0-0502 0-0432 13-87 0-0555 0-0526 523
BAIE 0-0574 0-0539 6-09 0-0617 0-0622 —0-74
FRDN 0-0565 0-0512 9-39 0-0676 0-0722 —672
NRCl1 0-0555 0-0503 9-36 0-0543 0-0559 —3-00
PICL 0-0582 0-0530 891 0-0682 0-0685 —0-45
PRDS 0-0505 0-0403 20-28 0-0622 0-0539 13-43
SCH2 0-0355 0-0324 8-99 0-0697 0-0659 5-36
WHITE 0-0492 0-0459 679 0-0554 0-0527 5-00
YELL 0-0528 0-0457 13-37 0-0592 0-0600 —1-30
OVERALL 0-0522 0-0467 10-52 0-0618 0-0609 1-54

Height improvements with different troposphere status
25 r

] Convergence
[ Divergence

20

Improvement (%)

ALGO BAIE FRDN NRC1 PICL PRDS SCH2 WHIT YELL
STATIONS

Figure 5. Histograms of the height improvements caused by integer ambiguity resolution for the
“Troposphere convergence” and “Troposphere divergence” groups at all test stations.

by PPP integer ambiguity resolution, while the ambiguity-resolved height accuracy in
the “Troposphere divergence” group is only improved to 6:09 cm. The histograms of
the height improvements with troposphere converged and diverged are depicted in
Figure 5. It can be seen that the height improvements of the solutions with troposphere
converged are obviously better than those with troposphere diverged. As the result, it
is concluded that the troposphere convergence is a critical factor to the improvement
of the ambiguity-resolved height solution in PPP.

3.3. PPP Ambiguity-Resolved Height Solution Using Troposphere Constraint
Method. Since the convergence of the troposphere parameter is proven as a critical
factor that affects the ambiguity-resolved height solution in PPP, the troposphere
constraint method is then applied in this section to remove the troposphere effects
on the height solution. Instead of using meteorological data and the Saastamoinen
model to calculate the a priori troposphere zenith delay, precise troposphere
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Figure 6. Troposphere solution can converge within one hour (UTC 05:00-06:00) of 3 March 2008
at station YELL. The corresponding ambiguity-resolved height solution with the IGS ZPD
correction is 1-44cm (34-55% improvement over the ambiguity-float solution). The legend in
Figure 6b reads RMS/STD/MEAN in m.

corrections are used to calibrate the troposphere zenith delay. Due to the high precision
of the applied troposphere corrections, the residual troposphere zenith delay can be
estimated with the small initial standard deviation (for example 10~ *m). In this paper
the International GNSS Service (IGS) troposphere zenith path delay (ZPD) product
(Byun and Bar-Sever, 2009) was selected as the external troposphere corrections.

The two hourly observations in Figures 3 and 4 were re-processed using the
proposed method. Figure 6 illustrates the results with the IGS troposphere ZPD

https://doi.org/10.1017/S0373463313000647 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463313000647

NO. 2 A TROPOSPHERE CONSTRAINT METHOD TO IMPROVE PPP 259

Tropo solutions with float/integer ambiguities

2.315 T
= Amb-float tropo
2.31 Amb-resolved tropo [
—_
£ 2305
T
o 23
°
£ 2205
©
o
£ 229 «AmbiFix
c
9 20285
2
O 228
S
'—
2275
2.27
0 50 100 150 200 250
Elapsed Epoch
(@)
Coordinate solution
0.5 r r
L e East : 0.0248/0.0240/-0.0059
0.4 North: 0.0277/0.0099/-0.0257 ]
m—Jp : 0.0383/0.0160/0.0346
—~ 03
e M
S
> 0.2
o
I LN
5 0.1 k
o —
o
& O y —
> LI —
g -0.1 1
o «—Amb: Fix
B 0.2
[
o
o 03
0.4
-0.5
0 50 100 150 200 250
Elapsed Epoch
()

Figure 7. Troposphere solution cannot converge within one hour (UTC 03:00-04:00) of 3 March
2008 at station YELL. The corresponding ambiguity-resolved height solution with the IGS ZPD
correction is 3-83cm (11-:55% improvement over the ambiguity-float solution). The legend in
Figure 7b reads RMS/STD/MEAN in m.

product from UTC 05:00 to UTC 06:00. In addition to the removal of a bias
between the estimated (2:3025 m in Figure 3a) and the IGS (2:2792 m in Figure 6a)
ZPDs, the variation of the residual troposphere delays has also been eliminated in
Figure 6a. Consequently, the ambiguity-resolved height accuracy is improved to
1'14cm, much better than that obtained using the conventional troposphere
estimation method (5-23cm in Figure 3b). The same phenomenon can also be
detected for the session when the troposphere parameter cannot converge. In Figure 7,
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Table 4. Height improvements with IGS troposphere ZPD products at station YELL.

Troposphere convergence Troposphere divergence
Obs Amb- Amb- Amb- Amb-
session float resolved  Improvement  Obs session float resolved  Improvement
(hh-hh) Up(m) Up(m) (%) (hh-hh) Up(m)  Up(m) (7o)
02-03 0-0339 0-0332 2-:06 01-02 0-0081 0-0082 —1-23
05-06 0-0220 0-0144 34-55 03-04 0-0433 0-0383 11-55
08-09 0-0208 0-0143 3125 04-05 0-0627 0-0400 3620
10-11 0-0744 0-0591 20-56 06-07 0-0534 0-0579 —843
12-13 0-0561 0-0462 17-65 07-08 0-0376 0-0198 47-34
13-14 0-0286 0-0260 9-:09 09-10 0-0168 0-0168 0-00
15-16 0-0360 0-0395 -972 14-15 0-0543 0-0443 18-42
16-17 0-0180 0-0143 20-56 17-18 0-0750 0-0784 —4-53
20-21 0-0275 0-0330 —20-00 18-19 0-0142 0-0243 —71-13
OVERALL  0-0398 0-0348 12-56 OVERALL  0-0468 0-0426 897

both the bias and variations of the troposphere delay are removed by using the IGS
troposphere ZPD product and the proposed troposphere constraint method. The
ambiguity-resolved height accuracy is 3-83 cm (Figure 7b), which is also much better
than that obtained with the conventional troposphere estimation method (6-45 cm in
Figure 4b).

Using the IGS troposphere ZPD product, the 18 hourly data sets at station YELL
are re-processed with results listed in Table 4. The overall accuracy of ambiguity-
resolved height solutions in the “Troposphere convergence” group is improved from
398 to 3-48 cm. On the other hand, the ambiguity-resolved height accuracy in the
“Troposphere divergence” group can achieve 4-26 cm. Figure 8a illustrates the PPP
ambiguity-resolved height accuracies for the 18 hourly solutions at station YELL by
using the proposed troposphere constraint method. The height accuracies using the
conventional troposphere estimation method are also depicted in Figure 8b for
comparison. The accuracy is calculated as the RMS statistics of the height accuracies
for the 18 hourly solutions. It is clear that the ambiguity-float height accuracy with
the IGS troposphere ZPD product is 4-:32 cm, much better than that with the model-
derived troposphere delays (5-59 cm). Furthermore, the PPP ambiguity-resolved
height solutions with the IGS troposphere ZPD product can be improved by 27-44%
over those with the model-derived troposphere delays (3-86 cm versus 5-32 cm).

4. CONCLUSIONS AND DISCUSSIONS. The insignificant PPP
ambiguity-resolved height improvement is identified and addressed in this paper.
Numerical analysis is based on the decoupled clock model and hourly GPS
observations from a Canadian PPP-inferred troposphere precipitable water vapour
system. Compared to 16-85/8-84 % improvements (from 4-52/3-60 to 3-76/3-28 cm) in
the east/north directions, only 4-84% improvement (from 5-75 to 5-47 cm) is obtained
in the height component. The effects of the troposphere delay on the PPP ambiguity-
resolved height solution have been investigated and the results indicate that the
troposphere convergence is a critical factor to the improvement of the ambiguity-
resolved height solution in PPP.
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Figure 8. Ambiguity-float and ambiguity-resolved height accuracies for the troposphere constraint
method (a), and the troposphere estimation method (b).

A troposphere constraint method has been proposed to remove the effects of
the troposphere delay on the PPP ambiguity-resolved height solution. The PPP
ambiguity-resolved height accuracy for station YELL can be improved by 27-44%
(from 5-32 to 3-86 cm) using the proposed method, which can be considered as an
effective way to improve the PPP ambiguity-resolved height solution.

In this paper the external troposphere corrections are chosen as the station-based
IGS troposphere ZPD product which is probably not the optimal choice in practice.
Instead the regional grid-based troposphere corrections should be considered in the
future so that the proposed method can be extended to any receiver located within the
troposphere grid coverage. In addition, the troposphere gradients should also be taken
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into consideration to further improve the ambiguity-resolved horizontal accuracy
along with the height accuracy.
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