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Abstract: The increasing demand for 

centimeter-level positioning in autonomous driving 
and urban air mobility is frequently hindered by 
multipath (MP) and non-line-of-sight (NLOS) signals 
in urban canyons. While fault detection and exclusion 
(FDE) is essential for ambiguity resolution, 
traditional code-phase level FDE suffers from low 
sensitivity due to the similar magnitudes of 
observation noise and multipath-induced faults. In 
contrast, carrier-phase level FDE offers significantly 
higher sensitivity, as carrier-phase noise is orders of 
magnitude smaller than the biases introduced by 
incorrect integer cycles. This paper provides a 
rigorous theoretical analysis comparing two primary 
ambiguity resolution models for carrier-phase level 
FDE: the geometry-free (GF) model and the 
geometry-based (GB) model. We demonstrate the 
specific advantages of the GF model for FDE in 
urban environments, particularly its ability to isolate 
incorrectly resolved ambiguities independent of the 
receiver-satellite geometry. To validate the 
theoretical findings, vehicular experiments were 
conducted in the challenging urban environments of 
Nanjing and Hong Kong. The performance of a GF-
based FDE real-time kinematic (RTK) algorithm was 
compared with the post-processed kinematic (PPK) 
of an industry-leading commercial software, Leica 
Infinity. Experimental results indicate that the GF-
FDE RTK algorithm demonstrates superior 
robustness, achieving higher ambiguity fix rates and 
comparable positioning accuracy compared to the 
commercial benchmark in harsh urban environments. 
The findings highlight the significant potential of GF-
based carrier-phase FDE to enhance the availability 
and reliability of high-precision navigation engines.  
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I. Introduction 

The demand for centimeter-level positioning in 
urban environments has surged with the advent of 
autonomous driving and urban air mobility. While 
Global Navigation Satellite Systems (GNSS) are the 
primary source of positioning, urban canyons pose a 
significant challenge due to Multipath (MP) and Non-
Line-of-Sight (NLOS) signals (Hsu 2017; Suzuki et 
al 2020; Xu et al 2024). These errors can introduce 
significant positioning biases ranging from several to 
tens of meters, making Fault Detection and Exclusion 
(FDE) essential to ensure the high-precision 
positioning of the navigation system (Chen et al 2023; 
Sun et al 2021). 

Traditionally, FDE mechanisms have been 
implemented at the code-phase (pseudorange) level 
(Hwang et al 2006; Parkinson and Axelrad 1988; 
Zhang and Papadimitratos 2021). However, the 
effectiveness of code-based FDE is severely limited 
in urban environments. The fundamental issue is that 
code-phase noise and multipath-induced faults are 
often of the same order of magnitude. This statistical 
similarity makes it difficult to distinguish a genuine 
fault from inherent observation noise, leading to high 
missed detection rates. In addition, evaluating only 
the code-phase is insufficient to truly reflect the 
quality of carrier-phase measurements, which has a 
greater impact on ambiguity resolution. 
Consequently, code-based FDE lacks the sensitivity 
required to protect high-precision applications from 
subtle but critical errors.  

To overcome this limitation, carrier-phase level 
FDE is employed. The carrier-phase observation 
noise is relatively low (at the millimeter to centimeter 
level) (Wu et al 2025). An incorrectly fixed 
ambiguity typically introduces a bias of at least 
approximately 20 cm (corresponding to the carrier 
wavelength and incorrect cycles), which is an order 
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of magnitude larger than the carrier-phase noise. 
However, prior to the execution of carrier-phase 
FDE, the integer ambiguities should first be resolved. 
Common ambiguity resolution methods can be 
broadly categorized into Geometry-Free (GF) and 
Geometry-Based (GB) models (Teunissen et al 
2002).  

Existing carrier-phase integrity monitoring or 
FDE frameworks rely mainly on the GB model. The 
GB model exploits spatial redundancy and geometric 
constraints across the entire constellation to estimate 
parameters (Teunissen et al 2002). However, this 
global spatial coupling introduces a critical drawback 
for integrity monitoring. Because all integer 
ambiguities are jointly estimated within a unified 
functional model, an uncorrected gross error on a 
single satellite is mathematically distributed across 
the entire ambiguity vector. Consequently, the 
resulting carrier-phase residuals become insensitive 
to localized faults, making FDE exceedingly difficult. 

In contrast, the GF model eliminates geometric 
range parameters from individual satellite-pair, 
enabling integer ambiguities to be resolved 
independently per satellite-pair (Teunissen et al 
2002). Because the ambiguity resolution is decoupled 
across satellites, an uncorrected gross error does not 
contaminate other satellite ambiguity resolution. This 
decoupling ensures that any ambiguity fixing error 
manifests as a sharp, highly prominent spike in the 
post-fix carrier-phase residuals, conferring superior 
fault sensitivity and separability compared to GB 
models. 

Despite these theoretical differences, a clear 
comparative analysis of post-fix carrier-phase 
residual behavior and FDE sensitivity between GF 
and GB models deserves investigation, particularly in 
challenging urban areas. To address this gap, this 
paper provides a rigorous theoretical and 
experimental investigation into the post-fix error 
propagation of GF and GB frameworks. 

The main contributions of this paper are 
summarized as follows: 

1. We theoretically analyzed the sensitivity of 
post-fit carrier-phase residuals to incorrectly fixed 
ambiguities under both GB and GF models. This 
demonstrates the superior effectiveness and higher 
sensitivity of the GF-based FDE model, which was 
further confirmed by empirical residual analysis. 

2. We validated the proposed GF FDE 
framework using real-world multi-frequency GNSS 
datasets collected across various challenging urban 
scenarios. The experimental results demonstrate that 
the proposed method significantly outperforms 
commercial benchmark software (Leica Infinity) in 
both ambiguity fix rate and reliability. 

II. Methodology 

A. GF and GB models 

Taking GPS L1 as an example, we briefly 
introduce the GF and GB models in a short baseline 
here. The double-differenced code and carrier-phase 
measurements are as follows (Teunissen and 
Montenbruck 2017): 

ܲ௜௝ ൌ ௜௝ݎ ൅  ௜௝                             (1)ߝ

௜௝ܮ ൌ ௜௝ݎ ൅ ௜௝ܰߣ ൅ ߳௜௝                 (2) 

where ݅ and ݆ denote satellites; P is the code-phase; L 
is the carrier-phase in meters; r is the geometrical 
range; ߣ  is the wavelength; N is the integer 
ambiguity; ߝ  and ߳  are noise of code and carrier-
phase. The atmospheric errors are ignored. 

In the GF model, the ambiguity can be directly 
resolved by code-phase directly: 

ܰ௜௝ ൌ ሺ௅݀݊ݑ݋ݎ
೔ೕି௉೔ೕ

ఒ
ሻ                  (3) 

where, ݀݊ݑ݋ݎሺ ሻ means rounding operation. It 
should be noted that the success rate is low of GF 
model using only one frequency. Using multi-
frequency can significantly increase this rate, such as 
three-carrier ambiguity resolution (TCAR) (Feng 
2008). 

When there are n double-differenced satellite-
pairs, we have: 

ݕ ൌ ܽܣ ൅ ܾܤ ൅  (4)                     ߦ

where, A and B are designed matrices; a is the integer 
ambiguity vector and b is the position correction 
vector; y contains double-differenced code and 
carrier-phase measurements, and ξ contains random 
noise. 

In the GB model, to solve the integer ambiguities, 
the goal is to minimize the following value function 
(Teunissen and Montenbruck 2017): 

,ௐሺܽܥ ܾሻ ൌ ሺݕ െ ܽܣ െ ݕሻ்ܳିଵሺܾܤ െ ܽܣ െ                       .ሻܾܤ
(5) 

where, Q is the variance-covariance matrix of ݕ. 

The estimations of a and b can be decomposed 
into three steps (Teunissen 1995). In the first step, the 
integer property of a is disregarded, and the float 
solution ොܽ and ෠ܾ can be computed via weighted least-
squares (Teunissen and Montenbruck 2017): 

ቂ ොܽ෠ܾቃ ൌ ቀቂܣ
்

்ܤ
ቃܳିଵሾܣ ሿቁܤ

ିଵ

ቂܣ
்

்ܤ
ቃ ܳିଵ(6)  .ݕ 

The corresponding variance-covariance matrix can be 
calculated as follows (Teunissen and Amiri-Simkooei 
2008): 

൤
ܳ௔ො ܳ௔ො௕෠
ܳ௕෠௔ො ܳ௕෠

൨ ൌ 		 ሺሾܣ ܣሿ்ܳିଵሾܤ  ሿሻିଵ. (7)ܤ
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Minimizing equation (5) is equal to minimizing 
the following value function, which was proven by 
Teunissen (1995): 

ሺܽሻܥ ൌ ሺܽ െ ොܽሻ்ܳ௔ො
ିଵሺܽ െ ොܽሻ.         (8) 

Therefore, the two models can both obtain integer 
ambiguity candidate vector. 

B. Potential benefits of GF model to GB model 
in FDE 

In this section, we theoretically analyze the 
differences in the FDE process after ambiguity 
resolution when using the GB and GF models, 
respectively. 

We assume that the only carrier-phase 
observation equations in a short baseline can be 
expressed as: 

ଵݕ ൌ ଵܽܣ ൅ ଵܾܤ ൅  ଵ                 (9)ߦ

where, ݕଵ denotes the only carrier-phase observation 
vector; ܣଵ  and ܤଵ  are the design matrices; ߦଵ  is the 
carrier-phase noise vector. Once the integer 
ambiguities have been resolved using the GB or GF 
models, the carrier-phase observation equation 
becomes:  

ଵݕ െ ଵ்ܰ௥௨௘ܣ ൌ ଵܾܤ ൅ ݁ ൅  ଵ          (10)ߦ

where, ݁ ൌ  ଵΔܰ. Δܰ is the difference between theܣ
resolved ambiguity vector and the true ambiguity 
vector: 

Δܰ ൌ ௥ܰ௘௦௢௟௩௘ௗ െ ்ܰ௥௨௘.              (11) 

If the resolved ambiguities correspond to the true 
values, all elements in Δܰ will be zero: 

Δܰ ൌ ሾ0 0 0 … 0 0 0ሿ௡் .      (12) 

Then, the corresponding positioning error after 
ambiguity resolution in this case is (Teunissen and 
Montenbruck 2017): 

Δܾ ൌ െሺܤଵ
ଵܤଵሻିଵܤ்ܹ

 ଵ            (13)ߦ்ܹ

where, ܹ ൌ ܳଵ
ିଵ is the weight matrix for the carrier-

phase observation equation; ܳଵ  is the variance-
covariance matrix of carrier-phase vector. Δܾ  is 
positioning error. In this case, the positioning error is 
influenced only by the carrier-phase noise and the 
satellite geometric configuration. The typical 
positioning accuracy can reach centimeter level. The 
residual vector at this stage is (Teunissen and 
Montenbruck 2017): 

ݒ ൌ െߦܯଵ                          (14) 

where, ܯ ൌ ܫ െ ଵܤଵሺܤ
ଵܤଵሻିଵܤ்ܹ

்ܹ , and ܫ  is the 
identity matrix. Since ߦଵ represents the carrier-phase 
noise, the residual vector is typically very small if all 
resolved ambiguities are correct. Consequently, the 
commonly used test statistics, post-fit sum of squared 
carrier-phase residuals (ݒ்ܹݒ), will also be small, 
and the solution will generally pass detection 

algorithms based on residual analysis, such as the 
Chi-square test. 

Let ܲ ൌ ଵܤଵሺܤ
ଵܤଵሻିଵܤ்ܹ

்ܹ  be the projection 
matrix onto the parameter subspace, and ܯ ൌ ܫ െ ܲ 
the projection matrix onto the residual subspace. 
According to the projection decomposition theorem 
in linear algebra (Strang 2022), the following 
relationship holds: 

ଵ‖ௐߦ‖
ଶ ൌ ଵ‖ௐߦܲ‖

ଶ ൅ ଵ‖ௐߦܯ‖
ଶ 	        (15) 

where, ‖ ‖ௐ
ଶ  denotes the squared weighted 

Euclidean norm, i.e., ‖ݔ‖ௐ
ଶ ൌ ݔ்ܹݔ . Specifically, 

ଵ‖ௐߦ‖
ଶ  is the total weighted sum of squares (TSS) of 

the observation noise. ‖ܲߦଵ‖ௐ
ଶ  is the weighted 

explained sum of squares (ESS), reflecting the 
precision of the estimated parameters, and ‖ߦܯଵ‖ௐ

ଶ  
is the weighted post-fit residual sum of squares (RSS). 
This formula demonstrates that the observation noise 
is distributed onto the parameter subspace and the 
residual subspace by the respective projection 
matrices. 

If the resolved ambiguities are incorrect, Δܰ 
actually represents the ambiguity errors, and its 
elements are all integers. In the GF model, the 
ambiguities in each equation are fixed independently, 
and most of them can be correctly resolved (if using 
TCAR). The TCAR correct rates can be more than 80% 
in urban areas, using a short baseline (Cheng et al., 
2024). Suppose there are n double-differenced 
equations, and l ambiguities are incorrectly resolved. 
In this case, Δܰ is: 

Δܰ ൌ ሾ0 0 ݇1 … ݈݇ … 0 0 0ሿ௡் (16) 

where, ݇1 to ݈݇  are all integers. The corresponding 
position error and the residual vector in this case are: 

Δܾ ൌ െሺܤଵ
ଵܤଵሻିଵܤ்ܹ

்ܹሺ݁ ൅  ଵሻ       (17)ߦ

ݒ ൌ െܯሺ݁ ൅  ଵሻ.                                  (18)ߦ

Since ܯଶ ൌ ܯ  and ሺܹܯሻ் ൌ ܯܹ , the ݒ்ܹݒ  can 
be simplified as: 

ݒ்ܹݒ ൌ ሺ݁ ൅ ሺ݁ܯଵሻ்ܹߦ ൅  ଵሻ.         (19)ߦ

According to equation (19), to achieve effective FDE, 
 should become much larger if ݁ is not the zero ݒ்ܹݒ
vector. Therefore, two requirements should be met: 

1) ݁ should be much larger than the noise ߦଵ; 

2) ݁ should not be orthogonal to the column space 
of the projection matrix ܯ, i.e. ݁ܯ ് ૙. 

For the carrier-phase based FDE using GB model, 
requirement 2 cannot be met, where ݁ܯ  is very 
small, close to zero vector. In the GB model, the 
elements of ݁ are no longer independent, nor are they 
independent of the satellite geometry matrix ܤଵ . In 
fact, under the influence of the projection matrix M, ݁ 
is projected in such a way that the minimum possible 
squared norm remains in the residual subspace. 
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Let us revisit equation (5), which essentially 
serves as the ambiguity resolution criterion for the 
GB model. In other words, the solution found by the 
GB model is guaranteed to minimize the sum of 
squared residuals in this equation, based on the 
integer least-squares principle. Since using only the 
carrier-phase equations would make equation (5) 
rank-deficient, it is common practice to use both code 
and carrier-phase observations together, so that the 
RSS of code and carrier-phase is minimized. In 
equation (5), the noise standard deviation of the code-
phase observations is often set to be 100 times larger 
than that of the carrier-phase observations. As a result, 
the carrier-phase RSS dominates the overall residual 
sum. When the total RSS in equation (5) is 
minimized, the post-fit carrier-phase RSS is also 
close to its minimum value in equation (9). 

Therefore, even if the ambiguities resolved by the 
GB model are incorrect, most of the errors in the 
ambiguities will be projected onto the parameter 
subspace, with only a small portion being projected 
onto the residual subspace. As a result, the post-fit 
carrier-phase RSS remains at a low level, making 
further FDE challenging. 

When using traditional code-phase based FDE, 
the bias (multipath error, not incorrect ambiguities) 
may be similar in magnitude to the noise, especially 
in urban environments. In this case, requirement 1 
cannot be satisfied. When the bias is 
indistinguishable from the noise, it becomes difficult 
to reliably detect and exclude faulty measurements, 
thereby reducing the effectiveness of the FDE 
process. 

As for the GF model, negligible multipath errors 
do not affect ambiguity resolution and are typically 
treated as stochastic noise. In contrast, significant 
multipath and NLOS errors can lead to incorrect 
ambiguity fixes, being magnified during the integer 
estimation process. This will benefit the FDE 
algorithms. 

In addition, from both algebraic and geometric 
perspectives, the error vector ݁  from GF model 
introduced exhibits strong discrete randomness. Since 
ambiguity resolution processes are independent, the 
erroneous integer sequence ݇1 to ݈݇  is algebraically 
uncorrelated with the satellite geometry design 
matrix ܤଵ. For the error vector ݁ to be absorbed in the 
residual subspace, it must reside within the column 
space of ܤଵ , meaning that the n-dimensional 
observation error ݁ would need to be fully explained 
by a 3-dimensional coordinate shift Δܾ . However, 
under the constraints of complex multi-constellation 
geometry, and given the lack of correlation between ݁ 
and ܤଵ , the probability that a random integer error 
vector aligns with this low-dimensional physical 

subspace is exceedingly small. Since the error vector 
e is generated independently of the satellite geometry 
matrix ܤଵ , the direction of e can be regarded as 
isotropic in the n-dimensional observation space. 
According to the properties of orthogonal projection, 
the expected value of the squared norm of the vector 
e projected onto the residual subspace of dimension 
n−m is determined by the ratio of the dimension of 
this subspace to that of the entire space (Strang 2012). 
If the ambiguity vector is incorrect, the e is much 
larger than noise ߦଵ, and will result in a significant 
increase in ݒ்ܹݒ  within the residual subspace. 
Consequently, ambiguities resolved by the GF model 
are inherently well-suited for post-fit FDE process. 

C. Case study 

Here, we use one epoch GPS L1 data in a short 
baseline to validate the previous theoretical analysis. 
At this epoch, there are ten satellites, and the double-
differenced design matrix ܤଵ and double-differenced 
carrier-phase (m) is shown in table I. The carrier-
phase noise is set as follows (Li et al 2022): 

௅ߪ
ଶ ൌ 0.003ଶ ൈ ሺ1 ൅

ଵ

ୱ୧୬	ሺఏሻ
ሻଶ          (20) 

where, ߠ  is elevation angle. Since ܹ ൌ ܳଵ
ିଵ , the 

weighting matrix W for the carrier-phase 
observations can be computed as table II. 

At this point, the correct ambiguity vector is 
௧ܰ௥௨௘ ൌ [-90 -2 3 39 20 141 5 1 -14]T. When the 

ambiguities are correctly resolved, the positioning 
error (in meters) is: Δܾ ൌ [-0.0006 0.0045 0.0013]. 
The carrier-phase residual vector (in meters) is: ݒ ൌ[-
0.0037 0.0027  

-0.0066 -0.0039 -0.0001 0.0006 0.0004 0.0020 -

0.0006]. 

The sum of squared residuals is 0.21. This result 
confirms that, when the ambiguities are correctly 
resolved, the post-fit sum of squared carrier-phase 
residuals remains small. 

When using the GB model for ambiguity 
resolution, the Least-squares AMBiguity 
Decorrelation Adjustment (LAMBDA) algorithm is 
applied as an example (Teunissen 1995). To ensure 
that the optimal solution found by the LAMBDA 
algorithm corresponds to an incorrect ambiguity, a 
gross error of 10 meters was introduced to the code-
phase in the third equation. No additional error was 
added to the carrier-phase observations. The error 
vector of the optimal solution found by the 
LAMBDA search is: Δܰ ൌ [25 -22 -11 -2 21 -4 -7 17 
-24]T. The estimated positioning error (in meters) in 
this case is: Δܾ ൌ  [-2.7203 -3.6416 -2.6664]. The 
corresponding residual vector (in meters) is: 
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ݒ ൌ[0.0091 -0.0125 -0.0139 -0.0051 0.0004 -0.0012 -0.0076 -0.0089 0.0093]. 

Table I. Design matrix ܤଵ and double-differenced carrier-phase of GPS at an epoch 
Satellite-pair ሺܫ௜ െ ௜ܫ௣௜௩௢௧ሻ௫ ሺܫ െ ௜ܫ௣௜௩௢௧ሻ௬ ሺܫ െ  ௣௜௩௢௧ሻ௭ DD carrier-phase (m)ܫ

1 -0.0090 1.2438 0.0734 -17.124 
2 -0.5974 -0.3265 -0.5562 -0.380 
3 0.1966 0.1598 -1.2172 0.563 
4 -0.4351 0.0645 0.1870 7.418 
5 0.4241 0.8690 -0.1442 3.809 
6 -0.9507 0.3535 0.1800 26.834 
7 0.3195 0.1472 -1.0386 0.951 
8 0.1709 0.6205 0.1797 0.195 
9 -0.3525 -0.2471 -1.0372 -2.667 

 
Table II The weighting matrix W for the carrier-phase observations 

156.2 -22.3 -6.2 -27.2 -10.7 -12.2 -11.6 -20.7 -14.2 
-22.3 4227.5 -194.5 -855.4 -337.2 -383.5 -362.9 -649.0 -445.9 
-6.2 -194.5 1315.9 -237.9 -93.8 -106.6 -100.9 -180.5 -124.0 

-27.2 -855.4 -237.9 4978.0 -412.3 -468.8 -443.7 -793.4 -545.2 
-10.7 -337.2 -93.8 -412.3 2212.1 -184.8 -174.9 -312.8 -214.9 
-12.2 -383.5 -106.6 -468.8 -184.8 2490.2 -198.9 -355.7 -244.4 
-11.6 -362.9 -100.9 -443.7 -174.9 -198.9 2367.3 -336.6 -231.3 
-20.7 -649.0 -180.5 -793.4 -312.8 -355.7 -336.6 3968.2 -413.6 
-14.2 -445.9 -124.0 -545.2 -214.9 -233.4 -231.3 -413.6 2856.0 

The post-fit sum of squared carrier-phase 
residuals is 1.40. When using the GB model, even if 
the ambiguity is incorrectly fixed, the sum of carrier-
phase residuals remains small, making FDE difficult. 
In contrast, the positioning error becomes very large. 
This confirms our previous analysis: in the GB model, 
the overall integer least-squares solution minimizes 
the sum of squared residuals as much as possible, and 
the incorrect ambiguity vector is mostly projected 
onto the parameter space. 

When using the GF model to resolve ambiguities, 
the resolution process for different ambiguities is 
independent. Suppose the third ambiguity is 
incorrectly fixed by one cycle, while all other 
ambiguities are correctly fixed. Although the success 
rate for single-frequency GF models may not reach 
this level, it is entirely possible in three-frequency 
scenarios. In this case, the error ambiguity vector is: 
Δܰ ൌ [0 0 1 0 0 0 0 0 0]T. Similarly, we can compute 
the positioning error (in meters) as follows:Δܾ ൌ [-
0.0002 -0.0213 0.0409]. 

The corresponding residual vector (in meters) is: 
ݒ ൌ [0.0273 0.0159 0.0460 -0.0097 0.0273 0.0030 
0.0456 0.0105 0.0335]. 

The sum of squared residuals in this case is 10.62. 
It can be seen that, even though only one ambiguity is 
incorrectly resolved by one cycle in the GF model, 
the sum of squared carrier-phase residuals increases 

significantly. This is advantageous for subsequent 
FDE. The positioning error also increases slightly, 
which is consistent with our previous analysis: the 
incorrectly resolved ambiguity vector is 
proportionally projected onto both the parameter 
space and the residual space. However, although the 
sum of squared residuals increases substantially, it is 
unfortunate that the error in the third ambiguity not 
only causes the third residual to increase, but also 
leads to increases in other residuals to some extent. 
This indicates that further research is needed to 
achieve effective FDE. 

A triple-frequency experiment collected in an 
urban canyon environment in Hong Kong was 
utilized to further validate this conclusion. BDS-2 
and Galileo observations sampled at 1 Hz were 
processed. Fig. 1 illustrates the performance of the 
GB LAMBDA, presenting both the positioning 
solutions and the sum of squared carrier-phase 
residuals for correctly and incorrectly estimated 
ambiguities. In line with our previous theoretical 
analysis, under the GB model, the impact of 
incorrectly fixed ambiguities is absorbed 
predominantly by the parameter space, with only a 
minor fraction projected onto the residual space. 
Consequently, the carrier-phase RSS shows no 
significant amplification during false-fix epochs. 

Fig. 2 depicts the performance using the same 
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dataset processed by the GF TCAR model. In 
contrast, under the GF model, false fixes are 
significantly projected onto both the parameter and 
residual spaces, leading to a dramatic spike in the 
carrier-phase RSS during false-fix epochs. This 
distinct residual signature renders the GF TCAR 

model suitable for subsequent FDE. Although the GB 
LAMBDA exhibits a slightly higher fix rate, the GF 
TCAR complemented by an effective FDE 
mechanism holds potential to yield superior 
positioning performance in challenging urban 
environments.  

 

Fig. 1. Performance of GB LAMBDA estimated integer ambiguities: (bottom) 3D positioning error 
and (top) weighted carrier-phase residual sum of squares. 

zoom in

 

Fig. 2. Performance of GF TCAR estimated integer ambiguities: (bottom) 3D positioning error and 
(top) weighted carrier-phase residual sum of squares
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III. Experiments 

Based on the above analysis, almost all traditional 
FDE algorithms can achieve satisfactory performance 
at the carrier-phase level when using the GF model. 
A representative example is our previous work, the 
random sample consensus (RANSAC) based TCAR 
method (Cheng et al., 2024). In this section, we 
compare the previously proposed RTK algorithm 
with the commercial post-processed kinematic (PPK) 
software, Leica Infinity 4.1.3, a version officially 
recognized for its enhanced ambiguity resolution 
capabilities in severe multipath environments (Leica 
Geosystems, 2024). 

The first vehicular experiment was conducted in a 
typical urban environment in Nanjing over a one-
hour period with a sampling rate of 1 Hz. Triple-
frequency observations from BDS (BDS-2 and BDS-
3), GPS, and Galileo were utilized. The reference 
trajectory was generated using a high-grade Inertial 
Measurement Unit (IMU), the Honeywell HGuide 
N580, combined with a GNSS/INS integrated 

solution from Inertial Explorer (IE) in RTK mode. 
More details regarding the experimental setup can be 
found in Cheng et al. (2024). 

To ensure a fair comparison, identical satellite 
constellations and frequency bands were utilized for 
both algorithms. Table III summarizes the ambiguity 
resolution performance of the proposed RTK 
algorithm and Leica PPK. The proposed method 
achieved 2,630 fixed epochs, notably higher than the 
2,083 epochs recorded by Leica PPK. Regarding 
positioning accuracy, the proposed RTK 
outperformed Leica PPK, with 2,074 epochs 
maintaining a 3D error below 10 cm, compared to 
only 1,119 epochs for the latter. Furthermore, the 
proposed RTK yielded a 3D RMSE of 20.35 cm, 
representing an improvement over Leica PPK’s 26.44 
cm. The corresponding positioning error time series 
and distributions are illustrated in Figs 3 and 4, 
respectively. 

 
Table III. Epochs of 3D positional errors less than 10 cm, maximum error, 

RMSE, fixed epochs in Nanjing 

Methods 
<10 cm 
(epoch) 

Max 
(cm) 

RMSE 
(cm) 

Fixed epochs  

Proposed RTK 2074 120.10 20.35 2630 
Leica PPK 1119 120.43 26.44 2083 

 
Fig. 3. Positioning errors of vehicular experiment in Nanjing 

 

Fig. 4. 3D positioning error distributions in Nanjing 
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To further validate the GF-FDE model, a 
specialized RTK software was developed based on 
the algorithm proposed in Cheng et al. (2024). This 
software supports GF models for three, four and five-
frequency observations, depending on the available 
frequency bands. A second vehicular experiment was 
conducted in the more challenging urban 
environment of Hong Kong (see table IV for 
experimental settings). Again, identical satellite 
constellations and frequency bands were utilized for 

both algorithms. As illustrated in Fig. 5, the number 
of available satellites fluctuated rapidly due to 
frequent signal blockages in the complex urban 
landscape. Despite utilizing three constellations, 
satellite availability remained insufficient for 
positioning in numerous epochs. The experimental 
environment, shown in Fig. 6, is characterized by 
frequent GNSS signal obstruction and reflection, 
which lead to significant NLOS and multipath errors. 

 
Table IV. The details of the experimental setting in Hong Kong 

Base station Antenna: Leica AR25.R4+LEIT; Receiver: Leica GR50 

Rover station Antenna: Harxon GPS320; Receiver: SEPT POLARX5E 

Baseline 3.2-5.7 km 

Sampling duration About 2 h 

Sampling rate 1 Hz 

Constellation BDS-2 BDS-3 Galileo GPS 

Carrier frequency B1 B2 B3 B1 B1C B2a B3 E1 E5a E5b E5 E6 L1, L2, L5 

 

Fig. 5. Number of available satellites in Hong Kong 

 
Fig. 6. Experiment environments in Hong Kong 
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Owing to the extreme harsh urban conditions, a 
reliable reference trajectory was unavailable for this 
experiment. Consequently, the performance 
evaluation primarily focuses on the ambiguity fix 
rates. As summarized in table V and Fig. 7, the 
developed RTK software achieved a fix rate of 
61.1%, nearly doubling the 30.6% recorded by Leica 
PPK. This significant disparity is further illustrated in 
Figs 8 and 9, which present the estimated trajectories 
with magnified insets for closer inspection. The 
visual evidence in the magnified insets suggests that 
the developed RTK software effectively suppresses 
the impact of NLOS and multipath interference, 
providing fixed solutions, whereas the commercial 
software struggles to do so. These results demonstrate 
the robustness and superior reliability of the GF-
model-based carrier-phase FDE, highlighting its 
significant potential for high-precision positioning in 
challenging GNSS environments. 

It should be acknowledged as a practical 
limitation that the performance assessment in this 
experiment relies primarily on the ambiguity fix rate 
due to the unavailability of a continuous high-

precision reference trajectory. Nevertheless, as 
demonstrated in the preceding Nanjing experiment 
under controlled conditions, the proposed algorithm 
achieved improvements in both fix rate and 3D 
positioning accuracy (RMSE). Given that similar 
algorithms were used across both experiments, it can 
be reasonably inferred that the higher fix rate in the 
Hong Kong scenario reflects reliable ambiguity 
resolution without compromising positioning 
precision. 

Table V. Epochs of fixed solutions for two 
algorithms in Hong Kong 

Methods Fixed epochs 

Developed RTK 4003 

Leica PPK 2003 

 

IV. Conclusions 
In this study, we have investigated the 

implementation of FDE at the carrier-phase level, 
specifically focusing on the advantages of the GF 
model. By decoupling the incorrect 

 

Leica PPK 
Fix rate: 30.6%

Fixed solutions

Float solutions

Developed RTK 
Fix rate: 61.1%

 

Fig. 7. Trajectories and fix rates of the two methods in Hong Kong 
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Fixed solutions

Float solutions

Leica PPK 
Fix rate: 30.6%

 

Fig. 8. Trajectory of the Leica PPK results with magnified insets in Hong Kong 

Developed RTK 
Fix rate: 61.1%

Fixed solutions

Float solutions

 

Fig. 9. Trajectory of the developed RTK results with magnified insets in Hong Kong
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ambiguities from the satellite-receiver geometry, the 
GF-based FDE demonstrates superior robustness in 
identifying and isolating individual satellite 
anomalies, compared to the traditional GB model. 

The experimental validation involved comparison 
between our previous proposed GF-FDE based RTK 
algorithm and the industry-leading Leica PPK 
commercial software. The results indicate that the 
proposed algorithm exhibits a competitive 
performance, maintaining high positioning accuracy 
and fix rate in harsh urban environments. Notably, 
the developed RTK software demonstrates certain 
advantages over the Leica PPK in terms of integer 
ambiguity fix rate. These findings underscore the 
significant potential of carrier-phase level FDE 
algorithms using the GF model for high-precision 
GNSS applications. 
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