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Abstract: A satellite navigation system makes it simple to find and navigate to a specific position.
Although a carrier measurement is required to establish a precise position due to the characteristics
of the carrier observation, it is difficult to determine a robust position in a poor signal reception
environment such as urban areas. Various studies are being carried out to overcome this problem,
with cycle slips being the most important factor. With only a single frequency, it is very challenging
to detect cycle slips in multiple satellite channels at the same time. A geometry-based technique is
proposed in this study as a technical solution for detecting simultaneous cycle slips for multiple
channels utilizing only a single-frequency receiver. The method could detect a half-wavelength size
of cycle slip for each channel through the geometry information.
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1. Introduction

GPS signal carrier phase measurements can be used to obtain high-precision posi-
tioning and navigation solutions. Measurements of the carrier phase, on the other hand,
require the resolution of integer ambiguities. As long as the GPS receiver remains locked
to the satellite signal, it can keep track of an integer number of cycles. In practice, several
distracting variables may temporarily disrupt the GPS signal, resulting in a cycle slip (CS)
in the observed carrier phase. Signal interference from obstacles, a low signal intensity,
and receiver signal processing failure are all causes of CSs . If cycle slips occur, either the
ambiguities must be resolved, or the cycle slips must be repaired in order to resume the
accurate positioning and navigation procedure.

To avoid the delays and computational complexity associated with integer ambigu-
ity resolution, CSs should be detected and repaired. In fact, detecting CSs from carrier
phase measurements is challenging because it requires more information such as knowing
the position or calculating a precise positioning beforehand. Several studies have pro-
posed a combination of various instruments or methods for detecting and reducing CSs,
but there are limitations in adverse conditions such as urban surroundings. Carrier phase
measurements provide a precise position, but they necessitate the use of a dual-frequency
receiver. Furthermore, in some unusual simultaneous cycle slip combinations on L1 and
L2, the residual term in this combination may not provide any information about which
phase the cycle slip occurred in, or it may completely miss the detection of the slip [1-8].
Although the time difference method removes ambiguous integers, it is only suitable for
static positioning applications [2,9-16]. Combinations of code phase measurements are
straightforward to implement, but noisy; thus, they are only used to detect large cycle
slips [13,17-20]. Cycle slips are unaffected by Doppler integration techniques, but meas-
urement error is caused by the receiver’s oscillator clock variance. High receiver dynamics
also have a significant impact on them [2,9,19,21-25]. The receiver autonomous integrity
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monitoring (RAIM) methodology used in aviation is an example of a consistency check
tool that uses duplicated measurements. Overlapping observations are used to verify sta-
tistical consistency; however, detecting CSs in multiple channels is difficult [12,26-28]. The
RANCO (Range Consensus) technique solves this difficulty by calculating all possible
combinations to produce a normal channel, making real-time processing on the receiver
challenging [29-31].

The purpose of this study was to research methods for detecting CSs using only a
single frequency. In an urban environment with poor satellite navigation signal reception,
the following limitations are required for accurate positioning:

e  The precise position based on the carrier phase measurement must be computed.

e Alow-cost receiver that does not require any additional equipment needs to be used,
and there will only be a single frequency available.

e (CSsthat appear in multiple channels should be observed at the same time.

This study proposes that a channel-specific technique must be used for multi-channel
detection. In this work, we employed the ratio to detect CSs for each channel. The sug-
gested method, which compares the ratio with the time and range domains, may identify
small-sized CSs in several channels simultaneously.

2. Modeling
2.1. CS Detection Methodology

In an urban area, it is difficult to detect a CS by using a single-frequency receiver
because the position is uncertain, necessitating a consistency check or position estimation.
In general, it is vital to evaluate what to compare against and how to compare in order to
recognize an outlier. A position domain or a time domain classification can be applied to
the comparison target. Specific positions are compared, or a rate of change over time is
targeted. A consistency test that compares multiple items against one and a method that
compares estimations and observations are two types of comparison procedures. Detec-
tion is achieved by dividing the position-based domain and the range-based domain in
the field of satellite navigation, which determines positions using triangulation utilizing
measurements.

To detect a CS in each channel independently, detection should be conducted in a
range-based domain rather than a position-based comparison target. The difficulty is that
a comparison target, such as the consistency technique, is necessary to detect the existence
or absence of an anomaly in the channel, whereas abrupt changes can be detected using
the signal ratio [32]. Setting up a threshold as a judgement criterion is necessary to detect
a ratio for each channel, and an invariant intersection (cross-)ratio can be a criterion in the
projective transformation of the geometry [33]. The invariance of the cross-ratio may in-
dicate that all channels have the same ratio and could also be used to create a threshold
based on the size of the CS.

Models for analytic solutions and the cross-ratio are explained in this study. The
cross-ratio is then used to examine the performance in the detection of CSs. In addition,
the robustness of the suggested CS detection approach is proven using the multi-channel
detection method by focusing on the possible scenarios.

2.2. GPS Observation Model

The following equations are used to represent carrier phase measurements for single,
double, and triple differentials. An observation model of carrier phase measurements can
be found in Equation (1) below.

o) =7@) + [0t (t) — 6t ()] —I(t) + T(t) + AN + €4 (1)
where

¢(= A¢) is the measured phase between the satellite and the receiver (m);
A is the wavelength of the carrier signal;
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N is the integer ambiguity term;
r is the true range between the satellite and the receiver (m);
c is the speed of light (m/s);
6t (t) is the receiver clock bias (sec);
Stg(t) is the satellite clock bias (sec);
I is the ionospheric delay (m);
T is the tropospheric delay (m);
€, represents the receiver measurement noise and multipath or modeling errors (m).
The Doppler measurement has the following relationship (Equation (2)).
T

fa=-3 @

where
f, is the observed Doppler shift;
r is the line-of-sight range rate.
Using an observation model, Equations (3)—(5) are utilized to express the carrier
phase with a single difference, double difference, and triple difference.

A¢p = Ar + At + AT — Al + AAN + € ©)

where
A is the single difference between two receivers;
T is equal to cdty, as the clock bias between receivers (m).

VA¢p = VAr + VAT — VAI + AVAN + €ypg 4)
where
V is the single difference between satellites, so VA is called the double difference.
O0VA$ = 6VAr + SVAT — SVAI + €sypg (5)
where

& is the time difference between epochs, so §VA is called the triple difference.

The double difference is used to eliminate the satellite and receiver clock bias, and
the triple difference can be used to remove the ambiguous integer N. The following equa-
tion (Equation (6)) is obtained when the observation model is transformed to the user’s
position.

Paa(®) = e'(t) - Xy (V) = X (1) + Tgq(t) — Iga(t) + ANgq + €4, (6)

where

¢, equals VA¢ as a double-differentiated carrier phase measurement;

e' is the double-differentiated LOS (line-of-sight) vector which means that the single dif-
ferential LOS between two receivers is the same, and the double differential LOS between
two satellites is e! (= el — ereferencesvy,

X, is the position of the rover (user);

X, is the position of the reference station.

To make the expression even simpler, the subscripts ( 44) used later could be re-
moved, making ¢ a double-differentiated value, and a clear expression could be used if
necessary. Furthermore, the ambiguous integer expressed in the following means the am-
biguous integer multiplied by 4 with the distance unit.

2.3. The Doppler and Phase Rate of Change Relationship

The following status of an instantaneous epoch is described in the observation model
above, and it is intended to indicate that the change in the user’s position compared to the
change in the satellite’s position has a significant impact on the measured value [34]. The fol-
lowing equation (Equation (7)) is produced by substituting the above Equations (4) and (6).
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N=e-x+(T-D)—-¢+v (7)

where
X(= X4 — X,) is the distance vector between two user positions that are observing simul-
taneously.

A total differential with an ambiguous integer is the following in Equation (7).

CS=dN=e-Ax+Ae -x+A(T —1I)— Ad + Ae (8)

where
ey, = e, — Aey is expressed in units of the satellite change rate Aey, between two con-
secutive epochs.

If a CS occurs at moment k, the CS can be represented as stated in Equation (9).

CSk=ek-Xk—ek_1-Xk_1+A(T—I)—A¢+A€ 9
=ek'AXk+Aek'Xk_1+A(T—1)—A¢+ Ae ()

where
Axy = Xy — X1 represents the changes in the user’s position between two consecutive
epochs.

Tropospheric delay is negligible when sampling at 1-s intervals under a very high
level of ionospheric activities [8], and it needs an assumption that the influence of iono-
spheric delay is neglected by considering relative measures between consecutive epochs.
If Aey - xi_1 is set to g, in the preceding expression, it is calculated as a small change
value, as shown in Equation (10) below.

3.89km/s X 1s X 10m
20200km

where the approximate distance between the reference station and the satellite is 20,200
km; the satellite speed is 3.89 km/s; the pre-position error is 10 m (estimated by the code
measurement); the sampling interval is 1 s; the error range is approximately 0.01 cycle.

It can be theoretically approximated with an observation error of a 0.02 cycle size, as
shown above [35].

& = Aey - Xg_q ® ~ 0.0019m =~ 0.01cycle (10)

CSk:ek'AXk+€k_A¢+AE

=0 (ifnoCS) (b

The value caused by the change rate of the carrier phase is estimated entirely as a
change in the user’s position by treating the value caused by the satellite change as noise
with a size of 0.02 cycle, as shown in Equation (11).

The rate of change in 7 stated above is expressed as the rate of change in the ob-
served carrier phase between two consecutive epochs in the model equation for the rela-
tionship between the measured carrier phase and Doppler, which is shown in Equation
(12) below [18].

_? 4o 12
fa= 1 ¢ =2fa (12)

The carrier phase measurement can be determined by integrating the Doppler meas-

urement at each moment, as indicated in Equation (13).

t
d) =] fqdt (13)
to
The following are the steps for estimating the measured phase using discrete Doppler
measurements (14) [36].

Prer1 + P

2 dt,dNyy, = ‘f)k+1 — b1 (14)

Prrr = Pi +
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The difference may be monitored from the time-differentiated phase by using the
Doppler characteristic that is insensitive to CSs, as indicated in Equation (14) above, and
the occurrence of CSs can be validated by setting the Doppler as an average as the estima-
tion of the phase rate changes [9]. Since the carrier predicts a value with a comparison
method through Doppler measurement, as shown in Equation (14), the rate of change oc-
curs when a CS occurs, as shown in Equation (11), through the difference between the
carrier phase measurement value change and the average Doppler measurement value.
However, depending on the receiver and dynamic state, the Doppler measurement has
considerable distortion and noise, necessitating a proper solution [22]. The Doppler meas-
urement varies substantially depending on the signal quality, such as the satellite eleva-
tion and C/NO, and varies greatly from receiver to receiver. If the average Doppler value
is adopted, the weights for each altitude and receiver must be calculated and added to the
threshold, as shown in Equation (14). The least squares (LS) method is used to determine
whether or not a CS is present by comparing the residuals between channels. When the
LS turns dynamically, the calculation becomes complicated due to the statistical character
of the LS, as the residuals change even for the same channel [34].

To eliminate the Doppler error and noise, a Doppler measurement was utilized with
a double-differentiated carrier phase and a moving average filter to remove the noise. The
carrier phase measurement using the double difference, in particular, reduced errors con-
siderably. In the case of Doppler measurements, the receiver clock bias was removed by
using the double difference, and the measurement noise was decreased by using the mov-
ing average filter under dynamic conditions.

2.4. Cross-Ratio CS Detection Technique

When one plane is projected onto another, a transformation relationship between the
projected matching points is established, and this transformation relationship is known
as homography. Planar homography in computer vision refers to the ability to translate
points on a plane into a homography relationship between the points collected by each
camera. Satellite navigation receivers may benefit from the same geometry used in com-
puter vision. Because they are distant compared to the distance between both the receivers
in the case of a single carrier phase difference, GPS satellites may be considered as points
on a plane. The transformation relationship between the image points obtained by the two
cameras may be treated as a single differential phase measurement, and each receiver can
be compared to the camera taking points on the plane. Planar homography is the trans-
formation relationship between identical points captured by two cameras, and it contains
projective geometry properties.

N et e
Cross (X;, X5, X3,%,) = o
|%1.%3 || 3,24
where
- - Xip X1 . . o . . .
|%:%;| = det [x x] is the distance between two points in one dimension as a determi-
iz X2
nant;

X;; is a point in the homogeneous coordinates.

i

Hartley and Zisserman (2003, 259) stated that the epipolar line is the projection in the
second image of the ray from the point x through the camera center C of the first camera.
Thus, there is a map x = I’ from a point in one image to its corresponding epipolar line
in the other image, which derives the homogeneous representative . The ray correspond-
ing to a point x is extended to meet the plane 7 in a point X, in Figure 1a. Hartley and
Zisserman (2003, 259) defined epipolar lines as follows: “An epipolar line is the intersec-
tion of an epipolar plane with the image plane. All epipolar lines intersect at the epipole.
An epipolar plane intersects the left and right image planes in epipolar lines, and defines
the correspondence between the lines.” As scholars have pointed out, a geometric deriva-
tion of corresponding points:
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Consider a plane m in space not passing through either of the two camera centres.
The ray through the first camera centre corresponding to the point meets the plane
7 in a point X. This point X is then projected to a point x" in the second image.
This procedure is known as transfer via the plane 7. Since X lies on the ray cor-
responding to x, the projected point x' must lie on the epipolar line !' corre-
sponding to the image of this ray ... . The points and are both images of the 3D
point X lying on a plane. The set of all such points x; in the first image and the
corresponding points x'; in the second image are projectively equivalent, since
they are each projectively equivalent to the planar point set X;. Thus there is a 2D
homography H, mapping each x; to x';. (Hartley and Zisserman, 2003, 261)

In Figure 1b, the line [ is in the time domain. Points such as Xj, ..., X, represent the
single differential receiver, and point c describes the satellite. Note how Figure 1b may be
thought of as representing a projection of points in P, into a 1D image:

If c represents a camera centre, and the line represents an image line (1D ana-
logue of the image plane), then the points are the X; projections of points X;
into the image. The cross-ratio of the points X; characterizes the projective con-
figuration of the four image points. Note that the actual position of the image
line is irrelevant as far as the projective configuration of the four image points is
concerned —different choices of image line give rise to projectively equivalent
configurations of image points. (Hartley and Zisserman, 2003, 64)

Due to the similarity between the epipolar view and differential satellite navigation,
we can make the following replacements in Figure 1c:

e  Single differential case: points A and B are receivers, and X; is a satellite;

e Double differential case: points A and B are satellites, and X; is a single differential
receiver;

e  Triple differential case: X; is acquired sequentially from the double differential re-
ceiver’s measurement.

In Figure 1a, lines I; and [, are in a relationship as a projective transformation.
Therefore, we can apply the cross-ratio to the CS per channel through the concept of pro-
jective mapping. In Figure 1b,c, each point ¥; in the homogeneous coordinates (x;, x)T
is a finite point, and the homogeneous representative is chosen such that x, =1, ...,4
(time or epoch); therefore, |¥;¥;| represents the signed double differential phase meas-
urement on each epoch. The homography between corresponding lines l; ¢ [, is in-
duced by the projection of points. Additionally, Hartley and Zisserman stated, “A 1D im-
age is formed by the intersection of the rays [; = ¢tx, with the image line . The set of im-
age points {X;} is projectively equivalent to the set of rays {l;}. For four points, the pro-
jective equivalence class of the image is determined by the cross-ratio of the points” (Hart-
ley and Zisserman, 2003, 553).

At the same epoch, the difference between the double differential carrier phase meas-
urement and the Doppler measurement is projected onto the baseline in Figure 1c. We can
acquire the cross-ratio of points, which is the triple differential observation value in each
channel.
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(b)

baseline
(@

Figure 1. Projective geometry and homogeneous coordinates. (a) A point x is transferred via the
plane 7 to a matching point x'. (b) Concurrent lines. (c) As the position of the 3D point Xj, ..., X,
varies, the epipolar planes rotate about the baseline.

This method finds the cross-ratio of each channel, and therefore it does not require any
estimation or redundancy. An individual CS for each channel can be detected, and the com-
parison check for each channel can be performed using the consistency check via the ratio.
Furthermore, due to the application of the geometric concept, the detectable CS size is de-
termined by the signal quality rather than the physical distance between the receivers.

3. Cross-Ratio CS Detection Performance

In order to use the concept of the cross-ratio for CS detection, an input needs to be
chosen first and then the threshold’s properties need to be examined. Because the cross-
ratio is a geometric concept, it must be satisfied regardless of the base distance between
the two receivers being used. In this experiment, for example, a comparatively long dis-
tance (22.5 km) was used in the differential phase measurement between receivers.

First, the measured phase estimates and the residual were examined with respect to
the input in a distinctive manner. In terms of threshold setting, a study was carried out to
examine whether it was fixed or not, as well as the size of the detectable CS. The cross-
ratio of single, double, and triple differential phase measurements is the same for each
measurement, according to the analysis results. All the results for the measured phase,
estimate, and residual are 0.25, and the measured phase can be used to detect the half-
wavelength size of CSs.

3.1. Analyzing Characteristics Based on Input

The results of the cross-ratio for each measurement (single, double, and triple differ-
ential) as input are shown in Table 1 below, with all cross-ratios having a value of 0.25.

Table 1. Cross-ratio value of each measurement.

Measurement 0] Agp VAg VAY — f4
Cross-ratio value 0.25 0.25 0.25 0.25
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0.2505 | |

o
I
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0.2495
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o
o
3]

0.2495
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The results of the measured phase, estimated phase, and residual cross-ratio are
shown in Figure 2. The value of the cross-ratio remains identical as 0.25 for each measure-
ment result. However, as the signal noise in the residual is low, an accurate threshold

setting is achievable.
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Figure 2. Satellite 13 input value comparison ((lower row) is a zoomed view of the (upper row)).

A Kalman filter was employed in the estimate of Figure 2 for the input comparison.
In terms of the residual magnitude, a result was obtained that is capable of detecting half-
wavelength CSs. The required size could be provided for manually setting the threshold.
However, depending on the signal quality, the properties may change, necessitating cal-
culation for the estimation. It is simple to compute using the measurements, but in order
to avoid false alarms caused by noise in the measurements, the threshold of a specific
magnitude or more must be specified.

The main source of noise when employing carrier phase and Doppler measurements
is called Doppler. A moving average value can be utilized instead of the Doppler average
between two successive epochs to produce a better quality measurement. Figure 3 shows
that the 10-s interval moving average filter estimate (red line in the below plot) outper-
forms the 2-s interval average filter estimate (yellow dots in the below plot). The carrier
measurements with a CS and the moving averaged Doppler are shown in Figure 4 to val-
idate that the two signals are matched without bias. Noise-removed Doppler measure-
ments were used to examine this paper.



Sensors 2022, 22, 2525

9 of 19

Doppler Measurement and Moving Average

= svi13 .
sv5 I
—~4 sv7 .
é . = sv9
= sv 19
P
D 3 sv 13-moving average |
CIEJ sv 5-moving average g
5 sv 7-moving average -
g 2 sv 9-moving average ||
o) sv 19-moving average
e
1 \
500 1000 1500 2000 2500
time (sec)
Doppler Measurement and Moving Average (Zoom-In)
4.4
ha
= 4.2
£
41
5
» 4
3
= 3.9
3.8
3.7 &= 1 1 1 1 1 =

500

1000

1500
time (sec)

2000

2500

3000

Figure 3. Each Doppler measurement’s moving average ((lower row) is a zoomed view of the (upper

row)).
Carrier Measurement with CS and Doppler
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Figure 4. Doppler moving average and carrier measurements with a CS ((lower row) is a zoomed

view of the (upper row)).
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3.2. Determination of the Threshold

These are the findings of an investigation of whether the threshold is set and fixed in
relation to the CS size, which is a factor to consider when determining the threshold.

Because of the nature of the cross-ratio, quantitative analysis is required due to qual-
itative analysis being problematic when defining the threshold. Specifically, the threshold
size is decided by the correlation between the CS size and the signal noise despite the fact
that the cross-ratio is the same regardless of the input. The cross-ratio by CS size is shown
in Figure 5. The CS detection threshold in Figure 5 is an arbitrarily chosen value for each
channel. The cross-ratio of one wavelength size for CS detection is 0.25149 in the meas-
urement of satellite 5, and the cross-ratio of three wavelength sizes is 0.25428, demonstrat-
ing that the ratio value grows as the CS size increases.

The cross-ratio is a correlation between the signal noise level and the detectable
threshold, where the more the signal noise increases, the larger the detectable threshold
becomes. Figure 2 illustrates how the detectable threshold varies based on the measure-
ment and estimates of both thresholds, which are set at 0.2504 and 0.2502, respectively. To
fix this, either signal noise must be reduced, or the detection threshold must be increased.
It is necessary to determine the threshold that can be fixed regardless of the channel.

Cross-Ratio(residual)-sv 5 case 2
T

5 g T FE s T

[
1, | il
o -] K=
I | = =
0.254 - o S (=) B
X X X
0 [ | <2
|© | ‘
0.253 - ; ! ‘; i
| | 1‘
: : \
0.252 - ! ; 1‘ 7
| | ‘\‘
| | |
e) | | |
= 0261 1 | ‘}‘ threshold:0.2508]
i i i [
2 i i
o I I‘ I
© A A N A fdx ‘:“ \"\ " “‘ : “ 5 y
0.25 v/ \\/,/ \ ANV A/\\_;‘f A ‘\.\/' SV \‘ ‘\:‘ I\‘y\ AT \VJ“;\‘J : | SsANAANANAAAAANASA
[i It
i
L 11| threshold:0.2492
1]
0.249 - [ I a
| |
‘ \
| |
! “ \
| I
| H
0.248 - ; \‘; | |
I I
I ‘ I
| | ‘
I I
| I \
| i
0.247 - ; ; 7
| | | | | | : | | 1 | | |
170 180 190 200 210 220 230 240 250 260 270
time(sec)

Figure 5. The cross-ratio as a function of the CS size.

Figure 6 shows the outcome of the Doppler measurement after adopting the moving
average filter to eliminate noise from the measurement. The cross-ratio of the noise-removed
signal can be set to a half-wavelength threshold in all channels, as shown in Figure 6. The
specified thresholds have 0.2505 and 0.2495 as the upper and lower bounds, respectively.
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Cross-Ratio of Measurement with CS
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Figure 6. Determination of the half-wavelength size threshold.

4. CS Detection Technique with Multiple Channels

The CS detection must separate the originating channel from the reference satellite
or multiple channels because this article uses the double differential measurement. In gen-
eral, the size and direction of the generated CS are used to determine whether the CS
occurred in the reference satellite or in each channel due to the nature of the cross-ratio.
However, if multiple CSs occur at the same time with the same size, different scenarios
appear, necessitating verification. Experiments were carried out by separating the sce-
nario composition into two categories: a case where the CS size is not the same, and a case
where it does not matter.

4.1. Scenarios of Non-Equal CS Size Detection

Cases can be classified into two categories based on the CS detection state: cases
where a CS occurs in all channels, and cases where a CS occurs only partially. This can
ascertain whether CS sizes are the same or not.

The scenario for detecting non-identical CS sizes was built on the assumption that the
same CS size does not occur at the same time. This is a scenario in which a CS is detected in
all channels and can be categorized based on the size of the CS and the direction in which it
occurs. The scenario was set up as shown in the Table 2 below, where o (all) means that a
CS occurs in the reference satellite or all channels, and x (no) means no CS occurs.

Table 2. Scenarios of non-equal CS sizes.

Scenario  Reference sv Each Channel CS Detection (Size/Direction)

1-1 o (all) x (no) o (all) (same size/direction)
1-2 X (no) o (all) o (all) (different size)
1-3 o (all) o (all) o (all)

o (all) means that a CS occurs in all channels; x (no) means no CS occurs.
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When they occur in the reference satellite or all channels, all scenarios, “1-1” to “1-
37, are feasible and can be identified by CS properties. Overall, the condition of CS detec-
tion can be characterized by whether a CS happens in the reference satellite or in all chan-
nels except the reference satellite. The CS detection state appears as a result of occurrence
in all channels in scenario “1-1”. Scenario “1-2” has a CS in all channels except the refer-
ence satellite, while scenario “1-3” has a CS in the reference satellite and all channels at
the same time. Table 3 below shows the artificial CS size from scenario “1-1” to “1-3”.

The experimental results for each case are displayed in Figure 7 below after inputting

an artificial CS, as shown in the table above.
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Figure 7. The outcomes of a scenario with different CS sizes.

Scenario “1-1” describes a scenario in which all detected CS sizes are the same and
are exceeded in the same direction (indicating the same threshold). Scenario “1-1” shows
that a CS is formed in all channels with the same magnitude and direction, whereas a CS
is generated just for the reference satellite at 200 and 210 s.

At 230 and 240 s in scenario “1-2,” CSs of different sizes can be detected. Except for
satellite 9, a CS occurs in all channels and reference satellites at 220 s in scenario “1-3,”
and a CS can be recognized in all directions and sizes. The ninth satellite is a case in which
the CS size is the same, and the elements of this scenario are discussed in Section 4.2 “Sce-
narios of Equal CS Size Detection”.

Table 3. Artificial non-equal-size CS input scenarios in different epochs.

Epoch 200 210 220 230 240
sv 2(ref) A A A - -
3
5 - - Z Z —
sV X A > X A > X A
3 5 1
sv7 - - =X A =%

Exﬂ
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sv9 ZxA 4xA SxA
33
13 - - - — —
sV % X A % X A % X A
sv 19 - - - - -
v > X A > X A > X A

4.2. Scenarios of Equal CS Size Detection

The scenarios can be designed as shown in Table 4 below, in which a CS is partially
detected, rather than the assumption that the CS sizes are not the same as above. A (par-
tial) denotes the presence of a CS but not its detection in Table 4.

The scenario described above is one in which no assumptions about the CS size are
made, and in which CS detection occurs in all channels. In the worst-case scenario, a CS
may be detected in only a portion of the channel, or it may not be detected at all.

Table 4. Scenarios of equal CS sizes.

Scenario Reference sv Each Channel CS Detection CS Size
2-A0 o (all) o (all) A (partial) same
2-B0 o (all) A (partial) A (partial) same
2-C0 X (no) A (partial) A (partial) same
2-Al o (all) o (all) A (partial) difference
2-B1 o (all) A (partial) A (partial) difference
2-Cl1 X (no) A (partial) A (partial) difference

o (all) = a CS occurs in all channels; x (no) =no CS occurs; A (partial) = a CS partially occurs.

The meaning of the scenario number is to distinguish it from the assumption that a
CS occurs in all or partial channels in the case of “2”, and the meanings of “A” to “C” are
to distinguish whether a CS occurs in the reference satellite and whether a CS occurs in
all or partial channels in the case of “1”. “A” indicates that a CS occurs in the reference
satellite and all channels, while “B” indicates that a CS occurs in the reference satellite but
only in some channels. Additionally, “C” denotes a scenario in which a CS occurs only in
a subset of channels. After letters “A” through “C,” the meanings of “0” and “1” show if
the CS sizes are equal or not. CSs of the same size occur simultaneously in the reference
satellite and all channels in scenario “2-A0,” while CSs of different sizes occur in the same
condition in scenario “2-A1.”

Table 5 shows the artificial CS size and time for implementing the scenario, with the
result presented in Figure 8.

Table 5. Artificial equal-sized CS input scenarios in different epochs.

Epoch 400 410 420 430 440 450 460
sv 2(ref) A % X A A - - A A
3 3
5 - A A A - A -
sV % X A % X A
sv7 - A A A —X A A —XA
sv9 - A A - - - -
sv13 - A A - - - -
19 - A A A — A —
SV > X A > X A

Scenario 1-1 2-Al 2-A0 2-CO 2-C1 2-B0 2-B1
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Figure 8 shows whether a CS has occurred in the reference satellite, and the remain-
ing figures indicate the status of CS incidence for each satellite. For each epoch, a CS is
generated based on the scenario. At 400 s, scenario “1-1” occurs; at 410 s, scenario “2-A1”
occurs; and at 420 s, scenario “2-A0” occurs. A CS was created exclusively in satellites 5,
7,and 19 at 430 and 440 s in scenarios “2-C0” and “2-C1” that occur only in some channels.
Scenarios “2-B0” and “2-B1” were set to 450 and 460 s, respectively, in which a CS occurs
only in the reference satellite and some channels.

Figure 8 shows the CS occurrence of reference satellite 2, which is shown in the top
left figure as a single differential to indicate the CS occurrence for each scenario. CSs of
one wavelength, half a wavelength, and one wavelength occur at 400, 410, and 420 s in
scenarios “1-17, “2-A1”, and “2-A0.” Scenarios “2-B0” and “2-B1” happen at 450 and 460
s, respectively, with one wavelength and half a wavelength.
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Figure 8. Results of a scenario with the same CS size.

Figure 8 depicts scenarios “2-A0” and “2-A1” in which CSs occur concurrently in all
channels. A CS is not detected in all channels when “2-A0” has the same CS size. For each
satellite in scenario “2-A0,” a CS of the same size happens at 420 s in the reference satellite
and all channels, canceling out CS detection. In scenario “2-A1,” the CS size differs be-
tween the half-wavelength reference satellite channel and the other one-wavelength chan-
nel, resulting in all channels being identified with the same half-wavelength size.

Scenarios “2-B0” and “2-B1” depict a scenario where the reference satellite and some
channels are susceptible to CSs. Instead of the channels where the CS does not occur, the
CS is not detected in the channel where it occurs. CS detection happened in channels 9
and 13 of the reference satellite in scenario “2-B0”, and the detection resulted in unex-
pected conclusions. In some channels, satellites 5, 7, and 19, and the reference satellite,
scenarios “2-B0” and “2-B1” occur at 450 and 460 s. This is a condition in which the refer-
ence satellite’s CS detects a CS in channels 9 and 13. This occurs when the CS is not de-
tected in the channel where it is formed, while the reverse is detected in the channel where
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it does not occur. Even if a CS is identified, exclusion or mitigation should not be per-
formed unconditionally. Even though the CS is not a usual detected circumstance, this
demands additional confirmation work.

Scenarios “2-C0” and “2-C1” describe a scenario in which a CS is not formed in the ref-
erence satellite but occurs in specific channels and is detected exclusively in those channels.

The scenario findings in Table 6 below show that it is possible to detect a CS in chan-
nels where the CS does not occur, or not to detect a CS in channels where the CS occurs.
For each channel, an additional validation method for CS detection is necessary. The cross-
ratio of a single differential measurement can be used as a supplementary detection ap-
proach. The threshold setting in the case of a single differential may be larger than in the
case of a double differential, but as the following experimental findings show, the thresh-
old setting is unimportant because it is simply used to check only if a CS is detected.

Table 6. Scenario analysis of equal CS size detection.

Scenario “2-A0”

g No CS is detected in all channels (5, 7, 9, 13, 19) because the reference satellite and all
channels cancel each other out due to the same-sized CS.

Scenario “2-A1"

g A half-wavelength CS occurs in all channels (5, 7, 9, 13, 19) because of the discrepancy in
the half-wavelength magnitude between the reference satellite and all channels.

Scenario “2-B0”

g A CS is not detected in channels (5, 7, 19) because of the same CS size.

* A CSis detected in channels (9, 13) due to the reference satellite’s CS.

Scenario “2-B1”

. CS detection occurs across all channels (5, 7, 9, 13, 19), regardless of CS occurrence.

g There are different CS sizes between channels (5, 7, 9) and the reference satellite.

. A CS is detected in channels 9 and 13 due to the reference satellite’s CS.

Scenario “2-C0”

* A CSisdetected in channels (5, 7, 9).

Scenario “2-C1”

» A CSis detected in channels (5, 7, 9).

4.3. The same CS Size Detection Method

Figure 9 shows the cross-ratios from Figures 8 and 9 combined into a single differen-
tial cross-ratio value. The cross-ratio of the double differential measurement is shown by
the blue line in Figure 9, while the cross-ratio of the single differential measurement is
represented by the red line.

Figure 8 shows that a CS occurs in all channels of scenarios “2-A0” and “2-A1” at the
same time. A CS is not detected in all channels when “2-A0” has the same CS. However,
as shown in Figure 9, the cross-ratio of single differential values in all channels indicates
that a CS occurred in the reference satellite and all channels. It can be confirmed that CSs
of various sizes are formed in scenario “2-A1”, but it can also be verified that they occur
in the reference satellite at the cross-ratio of the single differential measurement.

The circumstances of scenarios “2-B0” and “2-B1” demand extensive verification
since a CS can be identified in all channels or only in channels where a CS does not occur.
The cross-ratio of a single differential value validates if a CS has happened in each chan-
nel, as shown in Figure 9, allowing for unambiguous CS detection. Even if a CS is not
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identified, as indicated in Table 6 below, it is required to check whether a CS is detected
using the cross-ratio of the single differential measurement.

When a CS is detected, the OR logic operation of the cross-ratio of the double differ-
ential and single differential is used to identify the CS occurrence channel in Table 7 be-
low. Scenarios 2 and 1 have the following relationship, as shown in Table 7. Scenarios “2-
A0” and “2-A1” are identical to scenario “1-3,” whereas scenarios “2-B0” and “2-B1” are
divided into scenarios “1-1” and “1-3,” respectively. Scenarios “2-C0” and “2-C1” are
equal to scenario “1-2.” Since the CS size between the reference satellite and the channel
is the same in scenarios “1-3” and “2-B0”, a CS cannot be detected in the double differen-
tial (DD) carrier measurement. As a result, CS detection can be validated by a single dif-
ferential (SD) measurement, which is the same as in the “2-A0” and “1-3” scenarios. Oth-
erwise, since a CS is detected in the DD, the CS originating channel must be identified
from the reference satellite or individual channels. The combination of the SD and DD can
identify the CS originating channel.

In summary, the occurrence of a CS in the SD means that it occurs in the channel.
Additionally, if it is not the same size as the reference satellite, it can be detected in the
DD. However, continuous monitoring is required in the SD in preparation for the simul-
taneous occurrence of the same CS size between the reference satellite and the channel,
which is the case where a CS cannot be detected in the DD.

Table 7. Combination of the SD and DD according to CS occurrence scenarios.

Result Cause (CS)
Scenario 2 bD * SD *,* Checking Ref Channel CS Size Scenario 1
Detection Detection
2-A0 X SD check o o Same 1-3
2-Al o o Identify o ) Diff 1-3
2-B0 X o SD check o o Same 1-3
o X Identify o X Same 1-1
2-B1 o ) Ident%fy o ) D?ff 1-3
o X Identify o X Diff 1-1
2-C0 o o Identify X o Same 1-2
2-C1 o o Identify X o Diff 1-2

* DD = double differential; ** SD = single differential. o (all) = a CS occurs in all channels; x (no) =
no CS occurs.

0.248

C SV5 SV7
el s — e T e T T e e
TE g Y =[T5 8358 5 = 528537
0 i ] & - D L T T g { s D D d d g U
2 9% 'S 0221 e 19 1% 19 1S 18 1S o2l 2 o o o l% 9 le
§— Lo e s 2 |2 1L | 2 2 : 8 (= I= |2 1E | 1%
€S 18 & ] 0.252 S |8 & & |@ & & €S @ 8 |8 I8 1@ | @
] slis B 8 1S |5 15 lg 5 '§ 0.2515 ] S 1515 'S |5 |5
2388 8F o= & B |E BIE R OB £13(3(8 8383
L < | - = —_— &£ —- o = | ek o2 |58 e | i
I b S| I T ERUALE U ke
| I i | th Id:0.3505 | I h 1d:0.2505
X L 0.2505 ﬁ -t treghoid0450 02505 [ h o | twosho ‘Z
Y [ | i Il A
thresfiold:0.2495 | 025 14 0.25 b= L “‘l , il
I i I - \ VY | i \
(- 0.2495 ! |0 DY oo e
f | 0.2495 | i P A 'efh(’
| | I M1 M
| n24s : P
I I I 02491 | L I I I I
400 420 440 460 400 410 420 430 440 450 460 400 410 420 430 440 450 4
SV 9 SV 13 SV 19
: —T — : :
== 15 SRS ERERE == 0255 1= = 5 g % 18 o
R S ;| 0.253 < g g @ i~ 1 1% 1Q (Q @@
o & A Y o 1A IR 0.254 lo & & I T e N
I o o o lo € o o o e = 19 19 lolo lo i@
288 Rk S o EREREEE N
'8 s < 1%10, 0.252 g lc ¢ e ie 0.253 g g e ic |Eic ig
] R 2 188 188 e 18 818|818 8
e e I (o |a 2 e 0252 |7 & 2 18 |8 8 &
| = | | [ ECN
mres%\doi}i 0.251 I { ! ! ! | | |
i | threpfloidio Bbos | | I |
‘1“ J\i\“ - [ | | rE#:"l‘o i 0.251 i A I { Il mres:howdu 505
el il \ LA, it i I fith
! threstold:0.3895 0.25 A B hpaapean it Lot A )M I 2
W %7 thréshold:0. L/% 028 “i‘ '} 371 reghola nljztiss\
I ‘ L | Hcl O
| i i i
! | Y 0.249 Y 0-249 [ W
| I | | | Il |
| — | I 0248t | | ! —
400 460

420

440 410 420 430 440 450 460 400 410 420 430 440 450 460

Figure 9. Single/double differential measurement cross-ratio and CS detection scenario results.



Sensors 2022, 22, 2525 17 of 19

5. Discussion and Conclusions

Detecting multi-channel CSs using carrier measurements is normally required for a
dual-frequency receiver. The method proposed in this paper enables detecting a CS that
occurs simultaneously in multiple channels at a rate that varies for each channel through
a single-frequency signal. Specifically, the ratio refers to an invariant cross-ratio that re-
mains constant even after the projective transformation, and it is possible to detect a small
CS for each channel and determine whether the channels are consistent. It is possible to
detect a CS with a half-wavelength size by using the algorithm provided in this work.
Furthermore, it was shown that channel ambiguity, which is caused by the double differ-
ential carrier phase used to remove errors, can be identified through various scenarios.
The computing power is very small because the algorithm is a simple combination of
measurements; hence, it is suitable for real-time operation. This paper shows that CS de-
tection is possible even in extreme scenarios such as in the case where the same size CS
occurs simultaneously in the reference satellite and each channel. It is believed that this
research method could further be expanded to the detection of multiple faults in signals
as it can be used to detect outliers beyond CS detection.
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