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Abstract: Due to the great influence of multipath effect, noise, clock and error on pseudorange,
the carrier phase double difference equation is widely used in high-precision indoor pseudolite
positioning. The initial position is determined mostly by the known point initialization (KPI) method,
and then the ambiguities can be fixed with the LAMBDA method. In this paper, a new method
without using the KPI to achieve high-precision indoor pseudolite positioning is proposed. The initial
coordinates can be quickly obtained to meet the accuracy requirement of the indoor LAMBDA method.
The detailed processes of the method follows: Aiming at the low-cost single-frequency pseudolite
system, the static differential pseudolite system (DPL) method is used to obtain the low-accuracy
positioning coordinates of the rover station quickly. Then, the ambiguity function method (AFM)
is used to search for the coordinates in the corresponding epoch. The real coordinates obtained by
AFM can meet the initial accuracy requirement of the LAMBDA method, so that the double difference
carrier phase ambiguities can be correctly fixed. Following the above steps, high-precision indoor
pseudolite positioning can be realized. Several experiments, including static and dynamic tests,
are conducted to verify the feasibility of the new method. According to the results of the experiments,
the initial coordinates with the accuracy of decimeter level through the DPL can be obtained. For the
AFM part, both a one-meter search scope and two-centimeter or four-centimeter search steps are
used to ensure the precision at the centimeter level and high search efficiency. After dealing with the
problem of multiple peaks caused by the ambiguity cosine function, the coordinate information of
the maximum ambiguity function value (AFV) is taken as the initial value of the LAMBDA, and the
ambiguities can be fixed quickly. The new method provides accuracies at the centimeter level for
dynamic experiments and at the millimeter level for static ones.

Keywords: differential pseudolite system; pseudolite differential positioning; ambiguity function
method; LAMBDA method
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1. Introduction

The outdoor global navigation satellite system (GNSS) has been developed and widely applied,
but it is difficult to obtain reliable GNSS signals in sheltered environments or indoors. A pseudolite
system can make up for the shortage of GNSS in these environments [1,2]. However, there are also
many problems in the indoor pseudolite systems, such as clock synchronization, multipath effect,
noise, fixed satellite constellations, the high precision requirement of initial values, and so on. All of
them are significant challenges for indoor pseudolite positioning.

At present, the most mature indoor pseudolite system is produced by LOCATA. A proprietary
TimeLoc technology for tight time synchronization, allowing the clock difference in the carrier phase
measurement equation to be ignored is utilized [3], which brings a large additional cost at the stage of
system deployment. The clock synchronization error can be controlled within 30 ps in the LOCATA
system. The horizontal error of the non-differential positioning is less than 6 cm, and the precision
of the altitude direction is about 15 cm [4]. Kim et al. proposed a new concept of pseudolite-based
navigation to overcome the receiver modification problem of the pseudolite-based positioning systems.
The precision at the meter level can be obtained even in poor geometry tests [5]. Xu et al. built a new
pseudolite-based indoor positioning system. The satellites clock can be synchronized with each
other and signal can be processed by the standard receivers. High-accuracy horizontal positioning in
both static and dynamic situations could be provided based on the simulation results [6]. Wan et al.
used the simulated data of indoor pseudolites to verify the high positioning precision after the
ambiguities are fixed through the LAMBDA method and the extended Kalman filter (EKF). Zhang et al.
used carrier interferometry to conduct analyses on indoor pseudolite positioning [7]. Li et al. used
the improved particle swarm algorithm to improve the search efficiency of AFM to achieve high
precision positioning of a single epoch and the precision can reach the centimeter level [8]. Fujii et al.
introduced a novel use of pseudolites to cope with pseudolites” conventional problems. The results
showed that the positioning accuracy varies from the centimeter- to the meter-level according to the
geometric structure. They believed that the convergence precision of initial value was also important
for positioning [9]. By using commercial pseudolites and independently-developed software receivers,
an indoor pseudolite observation system was realized in our group. The fixed ambiguity resolution
(AR) was obtained through the high accuracy carrier phase observations. The dynamic positioning
precision can reach the centimeter level.

Considering the current research status, the key to achieve high-precision indoor pseudolite
positioning is the use of carrier phase observations, and the core problem is how to fix the ambiguities
correctly [10]. Generally speaking, the methods of AR can be divided into two categories. One is
searching based on the coordinate domain. The integer nature of ambiguity is used to obtain the
coordinates directly instead of solving the ambiguity explicitly in such methods [11]. The common
method is the ambiguity function method (AFM) [12-15]. The other is searching in the ambiguity
domain. The most popular method is LAMBDA [16-18]. This method is reliable and accurate,
but a higher accuracy of initial values is needed in indoor pseudolite positioning [8]. On the acquisition
of the initial values, due to the fixed constellation of the pseudolites, the static observations are almost
the same. Most of the research institutes prefer to use KPI [19], including LOCATA. Nevertheless, it is
difficult to obtain the known fixed point in a practical application, and it is not convenient to operate
in dynamic observation. In addition, even if the known point has the initial precision at the decimeter
level, the ratio of squared residuals of the best integer vector to the second-best vector is remarkably
uncertain. The realization of initialization without high-accuracy known points has always been a vital
research point in pseudolite positioning. To solve these problems, a new method is proposed in this
paper. This method cannot only eliminate the limitation of KPI, but can also obtain the initial value
satisfied with the high accuracy requirement of LAMBDA, so as to achieve high-precision indoor
pseudolite positioning.

Focusing on a relatively cheap commercial pseudolite system, the double difference (DD)
observation equation is utilized to eliminate or weaken the clock difference, phase center deviation,
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and so on. Firstly, the approximate coordinates of rover station can be obtained based on the differential
pseudolite pseudorange method (DPL), and the Gauss-Newton iteration is used to improve the
precision. Then, a search space of the AFM is established in the corresponding epoch and the
coordinate of the highest AFV can be obtained. Moreover, the best step length and search scope
are explored, and the wrong peaks of the AFM are eliminated by some constraint strategies. At present,
the corresponding coordinates of the real peak can reach the centimeter level, which can meet
the initial accuracy requirement of LAMBDA. Finally, the LAMBDA method is applied to fix the
ambiguities of the DD carrier phase, and the iterative EKF is employed for parameter estimation.
Thus, the high-precision positioning of indoor pseudolite is achieved.

2. Algorithm

The indoor pseudolite system includes the following characteristics: first of all, the positioning
error source, such as the satellite coordinate error, the satellite clock difference, the phase center
deviation, multipath effect, and noise. Secondly, the constellation of the indoor pseudolite system is
fixed, causing the static observations to be basically consistent without considering the noise. In view
of the characteristics as above, there is a certain difference between the indoor pseudolite and the
GNSS positioning. A new method is proposed in the paper and the procedure of the whole algorithm
is shown in Figure 1.

Fixed AR ol
Start < and gme
Strategies
Once Recurrence
unlocked
N
v End <
Linear Constraint <
Read Pseudorange
and Carrier Phase
Data of Rover and DD carrier phase
Base Stations observations Y
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DPL AFM
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pseudolite coordinates of AFV
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Figure 1. The procedure of the whole algorithm.

2.1. Double Difference Observation Model in the Pseudolite System

Based on the above analyses of positioning error sources, the error of clock synchronization and
phase center deviation can be eliminated or weakened by the DD model [20]. The DD observation
equations [21-23] can be formulated as:

VAP = VAR + VAeks + VAME + VATSS

1
VAP = VAP + AVANE + VA€ + VAmE + VAT @
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where VA is a DD operator; r and b represent the rover and base stations, respectively; k and s represent
pseudolites. The pseudorange and carrier phase observations are represented by P and ¢; p represents
the geometric distance of pseudolites to the receivers; e and ¢ denote the noise of the pseudorange
and carrier phase observation, respectively; and T represents the tropospheric term. Considering
the indoor environment, the height difference is small and the baseline is short, which causes the
tropospheric term to have little effect on indoor positioning; M and m represent the multipath effects
of pseudorange and carrier phase observation; N indicates the integer ambiguities of carrier phase
observations; and A indicates the wavelength.

From Equation (1), the structure of the pseudorange and carrier phase observation is similar,
with the latter containing an ambiguous term. This structure implies that as long as the ambiguities
can be resolved correctly, the carrier phase observation will be transformed to a high-accuracy
receiver—pseudolite pseudorange [24].

2.2. Acquisition of Initial Coordinates by DPL

Thanks to the large number of GNSS satellites, excellent quality of signals, and stable and strictly
synchronized clocks, it is easy to obtain the initial position using SPP. However, due to the constellation
of pseudolites, multipath effect, noise, and the instability of the clocks, it is difficult to obtain the
initial information by SPP in indoor positioning. As mentioned in the previous section, most of the
research institutes prefer to use KPI to achieve high-precision positioning by the DD carrier phase
model. However, it is difficult to obtain a fixed point in an engineering application, and it is not
convenient to operate in the dynamic measurement. Therefore, we are going to eliminate the limitation
of the KPL

The DD pseudorange positioning model is used to eliminate or weaken the clock difference and
other errors. Gauss-Newton iteration is employed for non-linear LSE (least square estimation) and the
measurement equations can be written by a general non-linear vector function as [25]:

y=nh(x)+v ()

where h(x) is a measurement vector function of a parameters vector x. The equation can be extended
by using Taylor series around an initial vector xp as:

h(x) = h(xg) + B(x —x0) + ... 3)

where B is a partial derivatives matrix of h(x) with respect to x at x = x:

)

X=X(

If the initial parameters are adequately near the true values and the second and further terms of
the Taylor series can be ignored. The equation follows:

y —h(xo) = B(x —x) +v 5)

By applying linear weighted LSE for Equation (5), the normal equation for non-linear LSE can be
obtained:
BTPB(% — x0) = B' P(y — h(x0)) (6)

The estimated unknown parameter vector can be obtained by:

% = xo+ (B"PB) ' BTP(y — h(x0)) @)
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Due to the initial parameters xp (default initial value is (0, 0)) are not near the true values,
the estimated parameters can be iteratively improved like:

®)

If the iteration is converged, the final estimated parameters can be obtained as: X = lim J/C\i.

The iterated LSE is often called the Gauss-Newton method [25]. Note that such iterat?o?fs are not
always converged by the simple Gauss-Newton method [25]. In order to improve the correctness and
efficiency of the estimation, the estimated parameters of previous epoch is passed to the later epoch
as initial values in our pseudolite positioning system. Then continue to calculate until the difference
of coordinates between the epochs is minimal. The initial approximate coordinates can reach the

decimeter level through the above steps.

2.3. Refinement of the DPL Convergent Coordinates by AFM

When the initial coordinate bias (ICB) reaches the dm-level, the LAMBDA fails to obtain the
correct ambiguity resolution (cannot pass the ratio validation) [8]. Consequently, the AFM is applied in
this paper, and then the search grid is established based on the convergence epoch of DPL. When using
AFM, the size of the search space is generally determined by the coordinate precision of the rover
station [8] (DPL is around the decimeter level). The precision of the coordinates after searching can
be considered to be dependent on the step length. The precision is relatively high when the step
length is small. That is, the coordinates of the AFV [26] can reach the precision level of the step length.
For example, if the step length is 2 cm, the initial coordinate precision can reach the centimeter level.
The definition of AFM corresponding to the single-frequency carrier phase observations is given
as follows:

1 n
AFV (X, Ye, Zo) = EZCOS 271(¢Pypa1 [ Ebase | Erover) — gt [Epase| Xe, Ye, Zc]) )
i=1

where Ej,, is the base station. ¢,eq1[Epase| Erover] represents the DD observations of the base and rover
stations. (X, Y, Z.) represents the coordinate candidate value in the search scope of the rover station.
¢ .1 | Ebase ‘ Xc,Ye, Z] represents the DD observations calculated from the candidate value of the rover
station. Due to the integer nature of the ambiguity, it remains an integer after DD. If the coordinates of
the rover station are found correctly, the cosine value of the difference should be 1. The noise error is
always the key factor to the success rate of AFM [27]. Considering the effect of noise and multipath,
the highest AFV is close to 1. Afterwards, the coordinate corresponding to the highest AFV is taken as
the optimal solution of the initial value for the rover station.

However, there are two important defects in the traditional AFM method: efficiency and
reliability [28]. The efficiency of AFM depends on the search space and the step length. The size of the
search space is determined by the convergence precision of DPL in our method, and the step length
will be explored in the experiments section. In addition, there is a multi-peak problem in AFM because
the value is calculated by a cosine function. The reasonable values of the step length and the search
space can also effectively reduce the wrong peaks. Additionally, the unreasonable expansion of the
search space will inevitably lead to the emergence of the wrong peaks, which will also be described
in the post. The decimeter level precision of the DPL is also a guarantee for the reliability of AFM.
In order to further enhance the reliability of AFM, some strategies can also be added, such as a linear
constraint which will be introduced later.
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2.4. LAMBDA Method

The initial coordinates of the centimeter level precision can be used to update the float solution.
The LAMBDA method is used to search the ambiguities and the fixed solution is obtained through the
ratio test. The LAMBDA method consists of two parts, including integer transform and integer least
square estimation. The transform matrix Z is employed in integer transform and the float solution a
is transformed into a new parameter vector z. z is easier to search than 2. When the optimal integer
estimation of z is obtained, it can be converted to an integer ambiguity solution through inverse
transformation. The process is shown in Figure 2.

Float Solution of z=Z7"a
Ambiguity Tnteger Transform New Ambiguity
Parameters Parameter z
a
a=7"z
Integer Parameter of ——— Inverse Integer - Integer Least Square
Ambiguity e Transform s Estimation

Figure 2. The process of fixing ambiguity by LAMBDA (Teunissen, 1995).

Some coordinates corresponding to wrong peaks can be excluded in the ratio test. If the wrong
peaks still exist, some constraints can be used to solve this problem. For example, a linear constraint
can be added to the rover station. The coordinate of the real peak will change along a straight line and
then the wrong peaks will be excluded. The coordinate corresponding to the real peak here can reach
the initial coordinate accuracy requirement of the LAMBDA method in the indoor pseudolite system.

2.5. Kalman Filter

The ambiguities between the epochs have close ties, so that the parameter estimation is usually
carried out by using EKF in DD carrier phase positioning. Once the ambiguities are fixed correctly,
the high-precision coordinate vector can be obtained. Although the LSE (least square estimation)
is widely applied in the outdoor DGPS [29], we only use DPL for static initialization to obtain the
outline coordinates. Here, the DD carrier phase positioning is taken as an example.

It can be considered that the coordinates remain the same because the rover station is a state of
low dynamic or static in indoor positioning. The transition matrix is I and the covariance matrix of the
system process noise is O, but the measurement noise exists. The observation and the state model are
as follows:

Xy = Pp_1 Xp—1 + Wr1

10
Zp = Hi Xy + v 10)

where k is the current epoch; X represents the state vector, including the coordinate vector of the
rover station and the ambiguities, that is, [r VANq*q]T ; g depends on the number of DD observations.
If the number of satellites is five, the corresponding g equals four; ® is the transition matrix I; w is the
dynamic process noise of the system; Z is a measurement vector after linearization; H is a design matrix
[I; 7]; and v indicates the measurement noise. If the dynamic process noise and the measurement
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noise of the system are Gaussian white noise, then the parameters have the following statistical
characteristics:
E(wy) =0, Cov(wy, wi) =
E(v) =0, Cov(vg, vk) = Ry (11)
Cov(wy,vg) =0

After the initial coordinate is obtained, the corresponding initial state parameter Xy and its
variance covariance matrix Py can be given. The basic formula of EKF follows:

Ki = Pex—1H! (HePex—1HE + Rk)_l

Per—1 = Pp_1P1®_1 + Qx1, Pc = (I — KeHg) Pje—1
Xik—1 = Pr1Xik—1, Xp = X1 + K Vi

Vi = Zx — Hy Xy k1

(12)

where Kj is the Kalman gain matrix, and Vi is the residual between the observations and predictions;
Xj k—1 is the predictive value, and Py i1 is the predictive variance matrix.

When positioning, the iterative EKF is usually used to weaken the linearization error.
The threshold of iteration is judged according to the residuals of the observations or the number
of iterations is given directly. In order to avoid the problem of divergence caused by the imprecise
noise of a given motion model during the Kalman filtering, the weight can be dynamically adjusted
according to the residual matrix to achieve the robust Kalman filter [30].

As long as the pseudolites do not lose the lock, the positioning precision at the centimeter level
in the dynamic measurement can be obtained. The cycle slips (CS) can be detected by LLI (loss of
lock indicator) in the input measurement data. In order to avoid the wrong CS fix, if the CSs are
frequent, or the signal is interrupted, the initial coordinate value can be searched again through the
above algorithm, and the search space can be established on the basis of the interrupt value. For the
sake of convenience, the improved algorithm is named DAFV-LAMBDA.

3. Experiment and Analyses

GSG-L1 pseudolites have been used in the experiments, and five satellites have been set up in
the laboratory. The ranging signals with C/A codes are transmitted on the GPS L1 frequency. The RF
front end of the receiver is a USRP, and a full series of GNSS signals can be captured with a suitable
sub-board. The pseudolite system is reloaded in the USRP with two DBSRX sub-plates, which can
capture a signal of 800 MHz-2.4 GHz. Taking a certain mark as the origin point, the two horizontal
directions of the ground are X and Y axis, respectively. The Z axis is perpendicular to the ground,
and then the indoor independent coordinate system is established. The location of the pseudolites
and some control points are accurately measured by a total station in the room. For convenience sake,
all experiments are carried out on the plane (on the ground). In the program, the direction of Z is
strongly constrained, and the precision of the plane coordinates is mainly explored. Additionally,
the interval of data sampling is 0.1 s. The pseudolite positioning system is set up in a large laboratory
(10 x 7 x 4 m3). Five pseudolites are placed on the ceiling of the room, as shown in Figure 3.

Three groups of experiments are carried out. The zero baseline static test is used to verify the
feasibility of our system and an antenna is shared between the base station and rover station in the test.
The short baseline static test is used to explore the effect and feasibility of each step in our algorithm and
the precision of static positioning. The length of the baseline in the short baseline static test is about 1 m
due to the small indoor space. Based on the results of static tests, the short baseline dynamic experiment
is used to verify the positioning effect of DAFV-LAMBDA in dynamic environment and a special
strategy to exclude incorrect peaks is also applied, which has been mentioned in Section 2.4. The length
of the baseline changes from 0.5 m to several meters in the short baseline dynamic experiment.
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] ﬁ‘

Figure 3. Distribution of pseudolite antennas.

3.1. Analyses of Static Experiments

3.1.1. Accuracy Analyses of Observations

First, the accuracy of the observation data is analyzed to ensure reliable data, and the main error
sources that affect the positioning can be explored. Due to the complexity of the indoor environment,
this paper mainly focuses on the static DD pseudorange/carrier phase observations of the zero baseline
and short baseline (clock error and antenna phase deviation should be eliminated or weakened by DD).
In the case of the zero baseline, it can be considered that the multi-path effect of the rover station and
base station is basically the same. The main error which affects positioning is noise. With respect to the
short baseline, the impact of the rover and base station is different from each other, so the magnitude of
error caused by several positioning error sources can be explored. The static DD pseudorange/carrier
phase observations of the zero baseline and short baseline are shown in Figures 4 and 5.

It can be found that the standard deviation (STD) of the carrier phase observations is very small
and stable after DD, and its internal accuracy is high. It shows that if the ambiguities are fixed
correctly, the carrier phase observations can be used to achieve high-precision positioning. The overall
fluctuation of the DD pseudorange observations is also relatively stable. It indicates the feasibility of
positioning. However, its STD reaches the meter level which means that we cannot directly apply it to
high-precision positioning (centimeter level). At the same time, some errors still exist in part of the DD
pseudorange observations and the weight should be adjusted according to the DD residual.

Comparing the data of the zero baseline experiment with the short baseline experiment, we can
find that the quality of the short baseline observations is far less than the zero baseline due to the very
large impact of the multipath and noise in the indoor environment.
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3.1.2. Results of Pseudolite Differential Pseudorange Positioning

Based on the analyses of the previous section, the static differential pseudorange positioning
experiments of the short baseline are performed, respectively.

In the outdoor GNSS differential pseudorange positioning, the initial value of the rover station
can be given by SPP because the constellations of satellites are changing at all times and the number
of satellites is redundant. Thus, a more accurate value can be obtained in a few epochs. Based on
the previous analyses, SPP cannot be carried out in indoor pseudolite system. The DPL method is
used and the initial value of the rover station is arbitrarily given in this paper. For example, the plane
coordinates of the initial value are taken as (0, 0) and (4, 4) in the experiments. Therefore, the rover
station does not need to initialize on the known point

After using the strategies described in the previous chapter, Figure 6 reveals the results of DD
pseudorange positioning.

DPL Results (Initial Value(0,0)) DPL Results (Initial Value(4,4))

1
— = X Direction — : : = X Direction
| | . .
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Figure 6. The results of DPL in the short baseline static experiment.

The plane scatter graph in the lower part of Figure 6 is used to demonstrate the convergence
process, which can intuitively reflect the speed and the final convergence accuracy. It can be found
that the initial coordinate of decimeter precision can be obtained in a short time by the DPL method.
It is not necessary to wait for complete convergence to obtain the coordinates. Thus, the feasibility of
indoor pseudolite positioning without using the KPI method can be explained. That is to say, we can
obtain the positioning precision at the decimeter level in the first few epochs and the initial value is
also arbitrarily given. This is of great significance to the use of AFM in the next chapter. In addition,
the short baseline static experiment is a preview of the initialization process in the dynamic test.

Indoor pseudolite dynamic experiments are generally based on short baselines. However,
the multipath and noise have too much of an effect on the pseudorange observations of the rover
station under the dynamic condition. If the DPL is used directly, the result will be poor. Therefore,
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it is impossible to use DPL for dynamic positioning, but it is only employed for static initialization to
eliminate the limitation of KPL

3.1.3. Results of AFM and the Exploration of Efficiency and Reliability

Based on the convergence value of DPL, the search grid of AFM is established. The coordinates of
the highest AFV (the precision depends on the search step length) can meet the initial value requirement
of the LAMBDA method.

Since the sub-meter precision can be obtained by static DPL, the search space of AFM can be
adopted at about 1 m. This will play an important role in the study of efficiency and the multiple peaks
problem in the following processing.

(1) The Effect of AFM Step Length and Scope on Multi-Peaks and Efficiency

Step length is one of the factors that affect the efficiency and reliability of AFM. The core idea of
this method is to obtain an initial coordinate that meets the requirement of LAMBDA through AFM,
so the step length to be taken does not need to be too small (the centimeter level is enough).

Search efficiency does not depend on the experimental data itself. In this paper, the short baseline
static experiment is taken as an example to explore the search efficiency under different conditions.
The statistical results are as follows:

In Table 1, it is known that if the search range is larger and the search step length is smaller,
the efficiency will be greatly reduced. Therefore, the search scope should be reduced and the step
length should be increased properly, so that the initial coordinates to meet the accuracy requirement of
LAMBDA method can be obtained in a very short time. Since the decimeter level precision coordinates
can be obtained through the DPL method, the range can be 1 m. The step length can be 2 cm or 4 cm to
ensure the precision of the coordinates correspond to the highest AFV.

Table 1. Search time under different conditions/seconds.

Search Step/cm
Search Scope/m
0.1 0.5 1 2 4
0.5 5.032 0.203 0.051 0.012 0.004
1 20.495 0.823 0.207 0.051 0.012
2 83.901 3.299 0.834 0.205 0.053

The first step of the algorithm is static initialization. The initial coordinates of positioning are
obtained through DPL + AFM and the LAMBDA method is still used in the following steps to obtain
the correct ambiguity resolution (AR). Thus, the search time is calculated in the initialization stage
(DPL + AFM) rather than in the positioning stage.

Figure 7 reveals the AFVs (ambiguity function values) whose search space is established based
on the DPL convergence value in the zero and short baseline static experiments under different step
lengths. The left side is the zero baseline static experiment. The step length is 1 cm, 2 cm, 4 cm, and the
search space is 1 m. The right shows the short baseline static experiment. The step length is 1 cm, 2 cm,
4 cm, and the search space is 1 m, too.

It is intuitively shown that the AFVs near the peaks can be diluted when the step length is slightly
larger. At the same time, the efficiency can be also improved, so as to achieve rapid initialization.
Additionally, the precision of the coordinates is determined by the step length, but the step length
should not be too large, otherwise it may hide the real peak. The wrong peak in the experiment will be
explained in the next chapter.

The search scope is another factor affecting the efficiency of AFM, and it also affects the reliability
of AFM [31,32]. The search scope in this paper is based on the convergence precision of DPL. Under the
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condition of ensuring a reasonable scope, a proper reduction in the search range can also be a good
way to remove the wrong peaks.
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Figure 7. The effect of AFM step length on multi-peaks.

(2) AFM Multi-Peaks and The Coordinate Precision Corresponding to the Highest AFV

If the parameters of AFM are not reasonable, it is difficult to avoid the emergence of the
multi-peaks problem. We search in different epochs, respectively, to remove some wrong peaks,
and the real peak should be consistent theoretically in different epochs. The other way to remove
wrong peaks will be introduced in the dynamic experiment.

As to the initial accuracy of LAMBDA method in the indoor pseudolite system, it has been
explained in detail in the literature [8], whose conclusion can be directly referenced. That is,
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the LAMBDA method needs the initial value at the centimeter level of precision. In this paper,
the precision of the coordinates corresponding to AFVs will be compared with the exact coordinates.

In the zero baseline static experiment, all the coordinates corresponding to the large AFVs are
shown in Table 2. In the experiment, the exact coordinates of the rover station are, in accordance with
the base station, about (0.60, 0.00).

According to Table 2, we can find that all the coordinates corresponding to the larger AFVs in
the zero baseline static experiment are nearly exact. Moreover, the coordinates corresponding to the
highest AFV are close to the exact coordinates. The zero baseline experiment fully reflects that the
proper expansion of the step length can effectively reduce the error coordinates near the real peak.
It also verifies that if the step length is too large, it may cover the real peak.

Table 2. The results of 1 m search scope under different step lengths (zero baseline).

Search Step of 1 cm

X Coordinate Y Coordinate AFV
0.6 0 0.9997
0.6 —0.01 0.9926
0.6 0.01 0.9906
0.61 —0.01 0.9771
0.59 0.01 0.9767
0.59 0 0.9739
0.61 0 0.9724
0.6 —0.02 0.9693
0.61 —0.02 0.9657
0.6 0.02 0.9657
0.59 0.02 0.9636
Search Step of 2 cm
X Coordinate Y Coordinate AFV
0.6 0 0.9997
0.6 -0.02 0.9693
0.6 0.02 0.9657
0.62 —0.02 0.9104
0.58 0.02 0.9097
0.58 0 0.8970
Search Step of 4 cm
X Coordinate Y Coordinate AFV
0.6 0 0.9997
0.6 —0.04 0.8767

In the short baseline static experiment, all the coordinates corresponding to the larger AFVs are
shown in Table 3. In the experiment, the exact coordinate of the rover station is about (0.628, —0.424).

Since AFM is a mathematical operation of the DD observations, the quality of the data directly
affects the conspicuousness of the peak. Therefore, the highest AFV obtained in the zero baseline
experiment is more remarkable than the short baseline experiment.

According to Table 3, the coordinates corresponding to the highest AFV are less different from
the exact coordinates. If we increase the step length appropriately, the larger AFVs will decrease,
which is similar to the zero test. We have reason to draw the conclusion that the precision can reach
the centimeter level and meet the initial requirement of the LAMBDA method. There are also some
wrong peaks that exist even if we increase the step length and reduce the search space appropriately.
Some other strategies will be introduced in the dynamic test.
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Table 3. The results of 1 m search scope under different step lengths (short baseline).

Search Step of 1 cm

X Coordinate Y Coordinate AFV
0.63 —0.42 0.9641
0.23 —0.87 0.9614
0.23 —0.86 0.9607
0.63 —0.43 0.9602
0.62 —0.42 0.9555
0.22 —0.86 0.9508
Search Step of 2 cm
X Coordinate Y Coordinate AFV
0.62 —0.42 0.9555
0.22 —0.86 0.9508
Search Step of 4 cm
X Coordinate Y Coordinate AFV
0.64 —0.42 0.9219

3.1.4. Results of the Static Experiments after the Ambiguities are Fixed

Figure 8 shows the results of static experiments after the ambiguities are fixed correctly. The reason
why the zero baseline experiment is performed is that our pseudolite system should be proved to be

intact and the data quality is good without considering the interference from the external environment.
The short baseline experiment is used to verify the feasibility of the dynamic positioning initialization.
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Figure 8. Results of static experiments after the ambiguities are fixed.

According to Figure 8, it can be found that the precision of the positioning can reach the millimeter
level. This illustrates the feasibility of our algorithm. The ambiguities can be fixed to achieve high

precision positioning.
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3.2. Analyses of the Dynamic Experiment

3.2.1. The Convergence Results of Static Initialization and Large Peaks of AFM

A dynamic test is carried out on a fixed line rail so that the dolly (rover station) can be controlled.
Static initialization is also the first step in the dynamic experiment. The reference antenna remained
stationary throughout data collection. The coordinates of the starting point are about (—0.686, —0.525).
DPL is also used and the convergence coordinates is about (—0.66, —0.58). The search space of AFM is
set up according to the coordinates (—0.66, —0.58). The search scope is 1 m and the step is 2 cm.

Table 4 shows the results of large AFVs. The coordinate corresponding to the largest one is about
(—0.68, —0.52) and there are some wrong peaks that exist. Some strategies will be used to remove the
wrong peaks. Although the AFV of the real peak is the largest in the experiment, some relatively large
AFVs are also taken as wrong peaks for analysis in order to increase the robustness of the algorithm.

Reducing the search scope and increasing step length is a common method to exclude the wrong
peaks of AFM. Some constraint methods are used in the test and the only real peak can be identified
effectively. In the next section, the linear constraint will be introduced.

Table 4. The large AFVs of the dynamic experiment (static initialization stage).

X Coordinate Y Coordinate AFV remark X Coordinate Y Coordinate AFV
—0.68 —0.52 0.9364 Real Peak —0.52 —0.56 0.8957
—0.50 —0.16 0.9147 Wrong Peak —0.86 —0.88 0.8916
—0.50 —0.14 0.9138 Wrong Peak —1.04 —0.16 0.8831
—-1.04 —0.86 0.9069 Wrong Peak —-0.34 -0.18 0.8599

3.2.2. The Linear Constraint to Recognize the Real Peak

The linear constraint used in this section can be divided into two parts. In one of the experiments,
there is a straight track. The rover station can be controlled to move along the rail for a short distance.
Only the coordinate of the real peak will change along a straight line, which is mentioned in Section 2.4.
In the other one, a dolly is taken as a carrier instead of the fixed rail. However, the method is the same
as the former.

After static initialization, the rover station is controlled to move along the straight rail for a short
distance. AFM is applied during the dynamic perturbation dataset and a series of coordinates
corresponding to the large AFVs can be obtained (including the wrong peaks). The correct trajectory
should be a beeline so that the real peak can be found through this constraint strategy. The coordinates
of the large AFVs are shown in Figure 9.

Figure 9 shows the results of AFM from static to dynamic linear constraint stage. The scatter is
drawn every five epochs (interval: 0.1 s) in order to make the graph more clear and intuitive. According
to Figure 9, only one trajectory is always in line with the characteristics of the linear constraint and
the other coordinates are all discrete distribution. It indicates that the real peak is uniquely identified.
In addition, the right picture of Figure 9 is the actual photograph of the fixed rail and motion carrier
(rover station).

The first coordinate in correct trajectory is the coordinate corresponding to real peak at static
initialization stage. In the program, the coordinates of static epoch and the first epoch of dynamic
linear constraint should be close. The candidate lines could be found and the slopes of lines would
be obtained. The coordinates of the first and second epochs can also form a straight line, whose
slopes should be similar to the former (the first epoch and static epoch). Therefore, the right trajectory
can be found by setting the threshold of the slopes difference. Once the real peak is determined,
the corresponding coordinate can be used as the initial value of LAMBDA, so as to achieve high
accuracy dynamic indoor positioning.
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Linear Constraint for a Short Distance (Along Rail)

Y Direction Coordinate (m)

Static Epoch
Epoch 1
Epoch 2
Epoch 3
Epoch 4
Epoch 5

X Direction Coordinate (m)

Figure 9. The trajectory obtained by AFM during the linear constraint (along rail), the right image
shows the fixed rail for linear constraint test

In order to verify the reliability of the linear constraint to remove the wrong peaks another test
is conducted. In this test, the dolly is not fixed on the track; instead, it can be controlled to move
in any directions. We put the antenna on the top of the dolly and control it to move about 30 cm in
a certain direction. AFM is also used to obtain the coordinates of each epoch and the result is shown in
Figure 10.

Linear Constraint for a Short Distance (Random Direction)

®  Static Epoch

® Epoch 1

®  Epoch?

@ Epoch3
Epoch 4
Epoch 5

Y Direction Coordinate (m)

Figure 10. The trajectory obtained by AFM during the linear constraint (random direction), the right
image shows the dolly for linear constraint test
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According to Figure 10, only one trajectory is always in line with actual linear motion. The real
peak can be identified by the method described in the preceding paragraph. It reveals that, instead
of using the fixed rail, the wrong peaks can be also removed with a similar approach in practical
applications and only a short distance linear constraint is needed. The right side of Figure 10 is the
actual photograph of the base and rover station whose antenna is placed on a radio-controlled dolly.

3.2.3. The Positioning Results of DAFV-LAMBDA in the Dynamic Test

We install the receiver on the dolly and let it move back and forth on a fixed straight line track.
After static initialization, the AFM search space is set up based on the DPL convergence value. When the
real peak is obtained, its coordinate is used as the initial value to update the float solution. Then the
LAMBDA method is used to fix the ambiguities and dynamic positioning can be achieved. The result
is shown in Figure 11.

After the ambiguities are fixed, the results conform to the actual movement and the maximum
deviation of the positioning is not more than 5 cm. The picture on the right reflects the change of the
GDOP value in the dynamic experiment, and the GDOP is widely used to reflect the location of the
layout of the pseudolites. In the experiment, the GDOP value in the moving area of the dolly is less
than 5, which indicates that the location of the pseudolites in the experiment is reasonable. It also
shows the special DOP value caused by the fixed constellation of the pseudolite system.

Combining all the experimental results, we can consider that the static positioning precision can
reach the millimeter level and the dynamic positioning can reach the centimeter level. This shows
that, using this method, high-precision indoor pseudolite positioning can be realized. We can also
overcome the limitation of KPI and the high accuracy requirement of LAMBDA for initial value.

Track of Dynamic Experiment GDOP of Dynamic Experiment
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Figure 11. The results of the dynamic experiment.

4. Conclusions

For the problems existing in the use of KPI in indoor pseudolite positioning, we propose a method
that does not need to initialize on known points and also meets the initial accuracy requirement of the
LAMBDA method, so as to achieve high-precision positioning, named DAFV-LAMBDA. In the DPL
portion, the feasibility of the static DD pseudorange positioning and the unreliability of the dynamic
DD pseudorange positioning are analyzed. Moreover, the precision and the speed of convergence have
been improved to some extent and the initial coordinates at the decimeter level can still be obtained
without the need for known information. In the AFM portion, it is believed that the convergence
precision of DPL affects the size of the search scope. Additionally, some methods to deal with the
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problem of multiple peaks are also provided, for example, applying a linear constraint. At the same
time, some sections focus on the step length of AFM, and the efficiency is analyzed. Finally, we draw
the conclusion that the coordinate corresponding to the highest AFV can satisfy the precision demand
of the LAMBDA method and the efficiency is high. Static and dynamic high-precision positioning can
be achieved after the ambiguities are fixed. This method is a good method to eliminate the limitations
of KPI and to overcome the weakness of the high-precision requirement of LAMBDA for initial values
in indoor pseudolite positioning.

If there are still some incorrect peaks after using the multi-peaks processing strategy presented in
this paper, we should propose more methods in the next step of the study. However, it is difficult to
solve the multi-peaks problem perfectly in theory. It is still an open question. In addition, if the exact
coordinates are needed, the static positioning precision can be further optimized by SNR constraints.
It is also possible to increase the success rate of ambiguity through a partial ambiguity algorithm.
Additionally, how to choose the threshold of the LAMBDA ratio test and improve the accuracy of
pseudolite coordinates are also difficult to dispose. All of these are further research goals.
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