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ABSTRACT Single-beacon navigation for group autonomous underwater vehicles (AUVs) suffers from
long navigation period and asynchronization. This paper addresses the problem by introducing the single-
input-multiple-output (SIMO) model, where, a single AUV transmits the signal and other AUVs receive
the signal. Utilizing the time-delay of signals from the beacon and the sender, the navigation for all AUVs
is achieved simultaneously, and the navigation period is dramatically decreased. Moreover, based on the
new SIMO model, a tracking method utilizing extended Kalman filter is also put forward to increase the
navigation precision and reduce the computational burden. Finally, a coordinate fusion algorithm based
on the location, error, and time-delay is presented, which fuses the independent AUV coordinates to be
a higher precision holistic coordinate system for group AUVs. Simulation results show the effectiveness of
the proposed method.

INDEX TERMS Underwater, navigation, autonomous underwater vehicles (AUV), single-input-multiple-

output (SIMO).

I. INTRODUCTION
Navigation is a key technique for autonomous underwater

vehicle (AUV) and other underwater equipment [1], [2]. Most
of the underwater explorations including environmental mon-
itoring, disaster prevention, mine reconnaissance, and even
military reconnaissance rely on a high-precision position of
the AUV [3], [4]. Therefore, achievements on AUV naviga-
tion have been gained in the recent decades, and their works
can be divided into two categories.

For the first category, several beacons or surface buoys are
set to measure the distances between the AUV and beacons,
then the AUV’s position can be solved using the distance
information [5]-[10]. Among these methods, Zhao et al. [5]
and Caiti et al. [6] consider the movement of the beacons
during navigation. Moreno-Salinas et al. [7] and Liu et al. [8]
address the problem of optimal beacon placement and time
synchronization, respectively. These methods achieve a high
navigation precision and work without the aids of other on-
board equipment. However, since the navigation depends on
several beacons, these methods are restricted by large con-
structive expending and small effective coverage.

For the second category, single beacon is utilized for
AUV’s navigation [11]-[16]. These methods need the

knowledge of the AUV’s inertial navigation system (INS)
and depend on several samples obtained in different signal
intervals. For example, Tan et al. [11] discuss the optimal
moving path to decrease the navigation error; Maki et al. [12]
propose a valid method based on mutual acoustical position-
ing; Gatsenko ef al. [13] and Wang ef al. [14] give the real
experiment results.

Besides the distance measurement, other approaches are
used to achieve the navigation. Kelner et al. [17] propose a
ship navigation method utilizing the Doppler effect of the sig-
nals transmitted from the costal radio beacons. Xu ef al. [18]
address the navigation via synthetic aperture sonar (SAS) and
obtain a much higher navigation precision compared with
traditional ultra-short baseline (USBL) navigation system.
Bosch et al. [19] present a AUV tracking system utilizing
light as the medium. The system suffers from a short effective

distance.
Inspired by the aforementioned works, we propose a

novel navigation method for group AUVs in this paper.
Other than the single-input-single-output (SISO) model used
by the above methods, we introduce single-input-multiple-
output (SIMO) model. Therefore, simultaneous navigation
for all AUVs can be achieved in two signal periods, and
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FIGURE 1. Geometrical configuration.

the navigating period is dramatically decreased. Based on
the SIMO model, the precision analysis and the tracking
method are also presented. The precision analysis tests the
robustness against multiple errors and is useful for planning
the navigation trajectory. The tracking method based on the
extended Kalman filter (EKF) achieves a higher navigation
precision and a lower computational burden. Finally, the coor-
dinate fusion algorithm based on the location, error, and
time-delay (LED) is presented, which further decreases the
navigation error for group AUVs.

In this work, the method is still in theoretical stage, and
some simplifications are used. For example, the sound chan-
nel is simplified as a homogeneous channel with equal sound
speeds and straight sound rays. The time-synchronization
error is ignored, and the AUVs are supposed to under the
stop-go motion. The method is verified by the simulation
results. Our former work will focus on realizing the method
and testing the method using real data.

This paper is organized as follows. The navigation method
based on SIMO model is proposed in Section II. Precision
analysis is conducted in Section III. The tracking method uti-
lizing EKF and coordinate fusion based on LED are presented
in Section IV and Section V, respectively. Section VI shows
the simulation results, and Section VII concludes our works.

II. SINGLE-BEACON NAVIGATION METHOD FOR

GROUP AUVs

A. GEOMETRICAL CONFIGURATION

A typical navigation system for group AUVs is shown
in Fig. 1, where, B is the beacon, and A;(i =0, 1, ..., M) are
the AUVs. The beacon is equipped with global positioning
system (GPS) and pressure sensor. The AUVs are equipped
with inertial navigation system (INS) and pressure sensor.
The GPS and the INS can provide the vehicle’s global coordi-
nate, and the pressure sensor can estimate the vehicle’s depth.
Since the INS has a large accumulative error, it is necessary
to implement a beacon based navigation after a long time.
Here, we establish the global Cartesian coordinate system as
follows. X-axis, Y-axis and, Z-axis indicate the east direction,
the north direction, and the up direction, respectively.
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B. CONVENTIONAL METHOD BASED ON SISO MODEL

For conventional methods, each AUV and the beacon con-
sist an independent navigation system. The AUV transmits
hydroacoustic signals to the beacon. The beacon answers the
call, and sends response signals to the AUV. Then, according
to [11], the AUV’s coordinate can be solved using the time-
delay of the signals as

2 Xin = Xp) - Ko = Xp)T =cdiy (1)

where, d; ,, is the time-delay of the nth signal transmitted from
the beacon to the ith AUV. c is the sound speed. For conve-
nience, the sound speeds are supposed to be the same for dif-
ferent AUVs and different intervals in (1). It is worth noticing
that the method can be extend to the situation with different
sound speeds, and inhomogeneous sound channels, [20] pro-
vides an efficient approach to calculate the equivalent sound
speed. Xp.» = [Xp,1, Yb,n» 2b,n] 1s the beacon’s coordinate at
discrete time n, where, [xp_», 5] can be calculated from the
GPS system, and [z ,] can be obtained from the pressure
sensor. X;, = [Xin,Yin, Zi.n] 1s the AUV’s coordinate at
discrete time n. z; , is known from the AUV’s pressure sensor.
Although x; ,, and y; ,, is unknown, their relationship between

signals is as
Axin | | Xin+1 Xin
|: Ayi,n ] a |:y:',n+1 ] |:yi,n i| 2)
where, Ax;, and Ay; , is the relative coordinate, and can be
calculated from AUV’s INS ([21]-[23]).

Using time-delays from two signal intervals, and substi-
tute (2) into (1), [xin, yix] is solved, and the navigation is
achieved. Hence, the navigation period for single AUV is 2z;,
where, f; is the signal interval. Considering the beacon can
answer only one call in each signal period to avoid aliasing,
the navigation period for the whole system should be 2Mft,,
where M is the number of the AUVs. Compared with the
period for single AUV, it can be seen that the conventional
group AUVs’ navigation system suffers from a much longer
navigating period. Besides, the navigation times for each
AUV are not the same, which will lead to a big problem in
the following coordinate fusion process.

C. NEW METHOD BASED ON MISO MODEL

To avoid the aforementioned disadvantages, we propose a
novel single-beacon navigation method for group AUVs
based on SIMO model in this sub-section. As shown in Fig. 1,
the SIMO model means that only single AUV transmits the
signal in the navigation system, and the other multiple AUV
receive the signal. Without losing the generalization, we sup-
pose Ag as the AUV send the signal. Then, each other AUV
Ai(i=1,2,...,N) can receive two signals as

X = X - Xiy = X7
+ \/(XO,n - Xb,n) : (XO,n - Xb,n)T = Cdbi,n 3)

X = X0, - Xiu — Xo,)T = i )
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TABLE 1. Parameters for case 2.

Standard deviation  Standard deviation

Standard deviation

Standard deviation Standard deviation

of the time-delay of the INS of the sound speed of the beacons coordinate of the depth
0.3 ms 0.2% 2 m/s 1.5 m/s I'm
Velocity of the Heading of the Velocity of the Length of the
Sound speed AUVs AUVs beacon virtual baseline
(related to X axis)
1500 m/s 2 m/s [5 degree, -5 degree] 0 m/s 200 m

where, dp;, is the time-delay of the signal passed by the
beacon B, dp;, is the time-delay of the signal directly
from Ay.

It can be seen from (3) and (4), that the equations contains
four unknowns (x; ,, Yin, X0.n, and yp ). Therefore, time-
delays from two signals are required to solve the coordinates.
Compared with the conventional method based on SISO
model, new method based on SIMO model has the following
advantages:

1) The navigation precision is increased.

2) All AUVs can be navigated in two signal intervals (2¢;).
The navigating period is dramatically decreased.

3) All AUVs can be navigated at the same time. Therefore,
it is possible to do the coordinate fusion, which can fuse all
the independently measured AUVSs’ coordinates to consist a
holistic coordinate system.

4) The new method releases from fuzzy solution, which is
a serious problem in the conventional SISO model.

5) The receivers keep silence during the navigation, which
enhances the concealment of the AUVs.

Ill. PRECISION ANALYSIS

In this section, we put forward precision analysis to evaluate
the proposed navigation method, and horizontal dilution of
precision (HDOP) is introduced as the criterion. The defini-
tion of HDOP is given as

HDOP = /g3, + &, Q)

where, gy; and gy; are the X coordinate error and Y coordinate
error for AUV A;, respectively.

For the scene discussed in this paper, the errors may come
from five aspects, which are: 1) error of the measured time-
delay, 2) error of the INS coordinate, 3) error of the beacon’s
coordinate, 4) error of the measured sound velocity, 5) error
of the measured depth. The statistical property between these
errors and the HDOP can be described as

D; = M; ' - {Mr - Dr - M] + Mixs - Dins - Mi\s
+Msg - Dp - Mj, + Mc - D¢ - M{.
+My -Dy - My} - M;!T (©)
where, (*)T means the transpose of the matrix. D;, Dt, Dins,
Dg, Dc, and Dy are the covariance matrixes for AUV’s
coordinate, the measured time-delay, the INS, the beacon’s

coordinate, the sound speed, and the depth, respectively, and
we have HDOP = \/Dl‘(l, 1) —i—Di(Z, 2) Mi, MT, MINSs
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Mg, Mc, and My are the corresponding partial differential
matrixes. Detailed derivation of (6) is given in Appendix A,
together with the expression of the matrixes.

From (6), it can be seen that the precision of the navigation
method based on SIMO is influenced not only by the error
parameters (D;, Dt, Dins, D, Dc, Dy), but also by the
scenario configuration parameters (M;, Mt, Mins, Mg, Mc,
Mp). That is to say, the output navigation error is decided
by the input error parameters (such as the time-delay error,
the INS error, the beacon’s coordinate error, the sound speed
error, the depth error) and the scene parameters (such as
the geometrical configuration, the motional differentiation
of the AUVs, the length of the virtual baseline). Firstly,
we use the following cases to show the influence of the scene
parameters.

Case 1): The sender Ap has the same velocity with the
receivers (A;(i=1,2, .., M)).

In this case, (4) for different signal intervals is same,
and the navigation becomes a singular parabolic problem.
In view of precision analysis, since the partial differential
matrix for AUV’s coordinate (M;) is noninvertible, the calcu-
lated covariance matrix of AUV’s coordinate (D;) is infinite.
Therefore, the coordinates of the AUVs cannot be solved.
Case 1 indicates that to achieve the navigation for group
AUVs, the sender and the receiver mush have different
velocities.

Case 2): The sender Ag and the
A;(i = 1,2, .., M) have different velocities.

In case 2, there are two AUVs (one is the sender and the
other is the receiver), and the parameters are listed in Table. 1.
Trajectory of the AUV is shown in Fig. 2(a), and the corre-
sponding precision is shown in Fig. 2(b). Case 2 shows that
the SIMO model achieves the navigation for group AUVs,
and obtains a navigation precision better than 6 m in the given
parametric environment.

Case 3): The sender Ag and the receivers
A;(i = 1,2,..,M) have different velocities with a larger
heading difference.

In this case, scene parameters are the same with case 2
(Table 1) except the AUVs’ heading. The heading of Ap and
Aj are —15 degrees and 15 degrees respectively. Trajectories
of the AUVs are shown in Fig. 3(a), and the corresponding
precision is shown in Fig. 3(b), from which, the navigation
precision is better than 5 m. Case 3 indicates that the nav-
igation precision increases with a larger difference between
AUVs’ velocities.

receivers
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FIGURE 2. Precision analysis for case 2. (a) AUVs’ trajectories. (b) Navigation precision.
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FIGURE 3. Precision analysis for case 3. (a) AUVs’ trajectories. (b) Navigation precision.

Case 4): The sender Ap and the receivers 10 " " " " " " "
A;(i = 1,2,..,M) have different velocities with a longer 9r
virtual baseline. sl

The scene parameters are the same with case 2 (Table 1)
except the length of the virtual baseline. In this case, the vir-
tual baseline length is 320 m. Trajectories of the AUVs are
the same with Fig. 3(a), and the navigation precision is shown
in Fig. 4. Compared with Case 2, the navigation precision is
improved to about 4 m, which indicates that the navigation sl
precision increases with a larger virtual baseline length. Com-
bining Case 2-4, it also shows that the navigation method has
a better precision when the AUVs are near the beacon.

Next, we will exam the method’s robustness against the % 5‘0 150 1;0 2(‘10 2;0 3(;0 3;0 200
input errors including the time-delay error, the INS error, Time(s)
the beacon’s coordinate error, the sound speed error, and the
depth error. The results are shown in Fig. 5.

From Fig. 5, the navigation method based on SIMO has a

HDOP(m)

FIGURE 4. Precision analysis for Case 4.

good robustness against the INS error, a moderate robustness Overall, the navigation method based on SIMO model for
against the sound speed error and the beacon’s coordinate group AUVs has the following characters:

error, and a poor robustness against the time-delay error and 1) The navigation precision increases with a greater dif-
the depth error. ference between the AUVs’ velocity. Specifically, when the

75158 VOLUME 6, 2018



S. Sun et al.: Novel Single-Beacon Navigation Method for Group AUVs Based on SIMO Model

IEEE Access

50 T T T T T T T T T

HDOP(m)

HDOP(m)

3 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Standard deviation of the sound speed(m/s)
©

6.5

451

45 5

4 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4

Standard deviation of the INS(%)
(b)

4 L L L

0 1 2 3 4 5 6 7 8 9 10
Standard deviation of the beacon's coordinate(m)
(@

0 1 2 3 4

5 6 7 8 9 10

Standard deviation of the depth(m)

€

FIGURE 5. Robustness analysis against input errors. (a) time-delay error. (b) INS error. (c) Sound speed error. (d) Beacons

coordinate error. (e) Depth error.

AUVs’ velocities are the same, the navigation error becomes
infinity.

2) The navigation precision is sensitive with the AUV’s
location. Usually, a near distance between the AUVs and the
beacon results a higher navigation precision.

3) The navigation precision is sensitive with the length
of the virtual baseline length, and a longer virtual baseline
results a higher navigation precision.

VOLUME 6, 2018

4) As predicted, the navigation error grows with the factor’s
error. The growth degrees are not the same for different
factors. The method has a high robustness against the INS
error, a moderate robustness against the sound speed error and
the beacon’s coordinate error, but a poor robustness against
the time-delay error and the depth error.

Above precision analysis can be used in planning the
best trajectory for navigation, and guide the design of a
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real navigation system. Generally speaking, a high naviga-
tion precision (better than 5 m) requires a great difference
between AUV’s velocities (heading difference larger than
30 degree or equivalent velocity difference), a suitable dis-
tance from the beacon (lower than 1000 m), and an appro-
priate virtual baseline (longer than 200 m). The navigation
system needs a high precision time-delay estimation algo-
rithm (1 ms) and a high precision pressure sensor (1.5 m), but
does not need to pay much cost on increasing the estimation
precision of the INS (2.5%), the beacon’s coordinate (2.5 m),
and the sound speed (3 m/s).

IV. TRACKING METHOD UTILIZING EKF

The proposed single-beacon navigation method based on
SIMO model can achieve short time and a large number of
navigation for group AUVs. The method is proved to have
a high precision for two time-delay samples. However, for
a long time navigation, a large number of time-delay sam-
ples can be obtained. Under such circumstance, a tracking
method based on the SIMO model is proposed in this section.
By utilizing EKF ([24], [25]), the proposed tracking method
can achieve a lower computing burden and a better precision
compared with the proposed navigation method.

EKF is a non-linear filter proposed in 1970s, and has been
widely used in recent years. The basic principle for EKF is
utilizing the system observation to amend the system state.
Hence, after a long time observing, the error of the system
state can infinitely approach the Cramer-Rao bound. The
structure of EKF is shown in Fig. 6, where, X, is the state
vector, Z, is the observation vector, K;, is the gain matrix, f is
the state transition function, and / is the observation function.

Here, we establish the EKF model for group AUVSs’
navigation method based on SIMO. The state vector,
the observation vector, the state transition function, and the
observation function are as follows, (7)—(10) shown at the
bottom of this page, where, v;(i = 0, 1, ..., M) is the speed
of the AUV; ¢i(i = 0,1,...,M) is the heading of the
AUV, 6;(i = 0,1,...,M) is the pitch angle of the AUV.
U, = [vo, 90, 60, vi, i, 0;]T is the control vector.

The observability is a significant precondition for a
designed observation system. Therefore, the observability
analysis is presented based on the Lie derivative ([26], [27]).
Including Oth and 1th order Lie derivative, the observability
matrix is given as

0" = [VLho, VL} ho. VL ho. VL ho, VL ho,
VLfISh(), VLflﬁho, VLOhl, VL}}] hy, VLflzhl,

1 1 1 1
VLgh, VL, VEgh, Vigh] (i
where, fi = %, L= %’ L= %,

N D= P yi—ys P zi—2)* + A/ o= P+ o—yp 2 +zo—2 1 I

A/ xi=xoP+yi—yol?+zi—z0]?

c
. Detailed expression of O’ is given

c
in Appendix B.
From (11), it can be seen that: rank(O") = 3, unless
vo = vi = 0. As an example, consider the spe-

cial case, in which, trajectories for the sender and the
receiver are the same. Even under such extremely disad-
vantageous circumstance, we have VLl.]ho = [2,0,0,0]7,
VL ho = [0,2v,0,01", VLt ho = [0,0,2,01", VLLho =
[0,0,0,2v;]T, and rank(0’) = 3. That is to say, the
established observation system is always observable for any
moving AUVs.

It is worth noticing that EKF is one of the most efficient
and widely used tracking algorithms. It is clearly possible to
use more sophisticated non-linear filters, such as the cubature
Kalman filter [28] or the particle filter [29]. These tech-
niques may lead to some precision improvement, but the
computational burdens are also increased, and this analysis
is beyond the scope of this paper.

X, = [xo,n» Y0,n> Xi,n, yi,n]T @)

Zy = [dpin, dmin]" ®)
vocosgocosby
_ _ Vo sin @gcosby

Xn+1 = f(Xn’ Un) = Xn + VjCOS(OiCOSG,’ I (9)
v; sin @;cos6;

Vi =X - K = X)) Kow = Xp) - Ko — Xp)"
7, = hX,) = = (10)

X = Xo) - Xiy = Xo)"
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FIGURE 8. Flow chart for the method.

V. COORDINATE FUSION BASED ON LED

After navigation or tracking, AUVs’ coordinate for the last
sample is obtained as X;y(i = 1,2,...,N). However,
since the receivers are independent from each other, and the
navigation precisions for each receiver are not the same,
it is necessary to fuse the coordinates and form a holistic
coordinate system. Therefore, a coordinate fusion method
based on LED (location, error, and time-delay) is proposed
in this section. Utilizing the measured locations, calculated
errors, and the time-delays of the signal between the AUV’s,
the proposed method can achieve the coordinate fusion with
lower navigation errors.
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Considering the receives are silent with each other during
the navigation, a hydroacoustic data exchange should be
implemented to report their own locations after navigation.
Through the exchange signal, the signal’s time-delay, which
indicates the distance between AUVs, can be measured. For
example, if A is interested with other AUVs’ coordinates,
Ai(i=1,2,...,N)should report their measured coordinates
to Ag (by modulating the coordinates in the frequency of the
transmitted signal). Generally speaking, not all AUVs need
to be aware of each other AUVs’ positions. However, at least
one AUV should know the coordinate of the other AUVs to
monitor the situation of the AUVs group. Hence, the mini-
mized time interval for information exchange between AUV
is t;. Appling the precision analysis in Section III, prior
information (HDOP from (6)) about the coordinate errors
can also be calculated. Based on the above information
(measured coordinate, time-delays of the signals, prior infor-
mation about the coordinate errors), the coordinate fusion
method based on LED is given in Fig. 7 (suppose M = 3),
where, X is the state vector, Z is the observation vector, A is
the observation function, g is the update function. d;; ;> means
the time-delay between A;; and A;; (for example, dp 1 is the
time-delay between Ag and Ay).

Detailed procedures are as follows:

Step 1: The initial value of the state vector is set to be the
measured coordinates.

T
X =[x0N, YoN, X1,N, Y1,Ns X2,N, Y2,N» X3,N» Y3,.N ] (12)

Step 2: Predict the observation vector through observation
function.

Z; = h(Xy)

\/[xO,N —x1n1 + Don =N + 2oy —zin]?

C

_ \/[xO,N —xo N1+ Don—yan? + [zon —z2n]?
C

\/[XO,N —x3 N1+ Do —y3n? + 2oy —z3n]?

L c

(13)
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navigation method based on SIMO model. (e) Result of the tracking method utilizing EKF based on SIMO model. (f) Precision of
the tracking method utilizing EKF based on SIMO model.

Step 3: Calculate the distance between predicted observa- Step 4: Update the state vector through update function.

tion and real observation. A
Xit+1 = 8Xk, Zg, D, R)

ik:Zk_Z:Zk_ (14) :Xk+HZ-(Hk-D-H,f+R)*‘-Zk (15)

75162 VOLUME 6, 2018



S. Sun et al.: Novel Single-Beacon Navigation Method for Group AUVs Based on SIMO Model

IEEE Access

TABLE 2. Performance for Simulation 1.

SISO model
[transmitter, receiver, receiver]

MISO model
[transmitter, receiver, receiver]

Real solution percentage

[74.3%, 67.1%, 83.5%]

[100%, 100%, 100%]

Theoretically coordinate error

[8.24m, 7.31m, 5.57m]

[6.37m, 6.02m, 4.76m]

Simulation coordinate error

[8.96m, 8.23m, 6.66m]

[7.03m, 5.50m, 5.01m]

TABLE 3. Performance for Simulation 2.

Tracking method
based on SISO model

Navigation method
based on SIMO model

Tracking method utilizing EKF  Coordinate fusion method
based on SIMO model based on LED

Coordinate error (average value) 593 m

423 m

1.77 m 1.01 m

Computing time 0.011 s

0.094 s

0.016 s N

Period 16 s

8s

4s -

(e a2 a2 o2 2 2
dlag(GXO,N ’ UYO,N ’ GX].N ’ O-yl,N ’ Ux2,N ’ 0y2.N ’

Otin ale) is the covariance matrix of AUV’s coordinate
calculated from (6), R = diag(ojoyl, 030’2,
ance matrix of the measured time-delay, Hy = %b(k is the
partial differential matrix for AUV’s coordinate.

Step 5: Loop step 2 to step 4, until the difference between
two adjacent loops is lower than a threshold, and the coordi-
nates after fusion equal to the Xy in the final loop.

Overall, flow chart for the proposed single beacon navi-
gation method for group AUVs based on SIMO model is as

shown in Fig. 8.

where, D =
2 2

o2 )is the covari-
0,3

VI. SIMULATION RESULTS

A. SIMULATION 1

This simulation is presented to verify the precision analysis
and illustrate the fuzzy solution problem for the conventional
SISO model. Three AUVs are established. One is the trans-
mitter with the speed 2.5 m/s, and the others are the with
the speed 2 m/s (for the SISO model, each AUV is both the
transmitter and the receiver). The headings of the AUVs are
all 0 degree. The other parameters are the same with Table 1.
The relative coordinates of the AUVs (to the beacon) are
[0 m, 300 m, —30 m], [0 m, 250 m, —30 m], and [0 m,
350 m, —30 m], respectively. The initialized coordinates are
distributed in a circle, with the real coordinate as the center,
and 500 m as the radius. Applying the conventional method
based on SISO model and the proposed method based on
SIMO model, the navigation performance is obtained from
the average of 1000 simulation runs as shown in Table 2.

In Table 2, the simulation coordinate error coincides with
the theoretically coordinate error, and it proves the correct-
ness of the precision analysis in Section III. Table 2 also
indicates that the conventional method based on SISO model
suffers from fuzzy solution. Fig. 9 investigates the reason for
the fuzzy solution. Here we consider a stationary AUV and a
moving beacon (B to B”). The solution A; should satisfy (1),
and subsequently locates at the intersection of the two circles.
Since there are two intersections, the solution may converge
to a wrong coordinate A:», if the initialized coordinate is
improperly selected. However, for the SIMO model, there is
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FIGURE 11. Coordinate fusion result for simulation 2.

no such fuzzy solution simultaneously satisfying equations
(3)-(4). Therefore, the SIMO model releases from fuzzy solu-
tion, and the real solution percentage can reach 100%.

B. SIMULATION 2
This simulation is presented to show the whole procedure of
the proposed SIMO model, and compare its performance with
the conventional SISO model. Four AUVs’ trajectories are
synthetic as follows. Speeds of the AUVs are 2 m/s. Headings
of the sender (Ag) and the receivers (Aq, Ay, and Aj3) are -
5 degrees and 5 degrees, respectively. Signal interval is 4 s and
the virtual baseline is 320 m. The whole navigation duration
is 400 s. Sound speed and the errors are shown as Table 1.
Appling the tracking method based on conventional SISO
model, the navigation method based on SIMO model, and
the tracking method based on SIMO model, the results are
shown in Fig. 10. Fig. 10(a), Fig. 10(c), and Fig. 10(e) show
the navigation or tracking trajectories, where, the solid lines
show the real position of the target, and the dot line show the
estimated results. Fig. 10(b), Fig. 10(d), and Fig. 10(f) show
the corresponding errors. After tracking, coordinate fusion
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FIGURE 12. Navigation or tracking results for simulation 3. (a) Result of the tracking method based on SISO model. (b) Precision
of the tracking method based on SISO model. (c) Result of the navigation method based on SIMO model. (d)Precision of the
navigation method based on SIMO model. (e) Result of the tracking method utilizing EKF based on SIMO model. (f) Precision of

the tracking method utilizing EKF based on SIMO model.

based on LED is put forward, and the final result is shown
in Fig. 11. Table 3 lists the performance of these methods.
From the figures and the table, it can be seen that:
1) Compared with the conventional method based on SISO
model, the new method based on SIMO model has shorter

75164

periods, and higher precisions. Especially for the tracking
method, since the period is dramatically reduced, more obser-
vations are obtained in the same time, and it is faster for
the tracking error to converge to the Cramer-Rao lower
bound.
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TABLE 4. Performance for Simulation 3.

Tracking method
based on SISO model

Navigation method
based on SIMO model

Coordinate fusion method
based on LED

Tracking method utilizing EKF
based on SIMO model

Coordinate error (average value) 19.92 m 12.15 m 6.33 m 4.96 m
Computing time 0.012' s 0.093 s 0.016 s -
Period 16 s 8s 4s -

* Real position
o Before coordinate fusion

-228

-229

o After coordinate fusion

-230
= = -362 [0}
o
Eo . £ *
> > 363
-232
a
o -364
-233
-365
386 387 388 389 390 391 277 278 279 280 281 282
X (m) X (m)
-347
-348 7
-349 6
Eaw E, .
> >
-351 4
.
-352 3
-353 2
289 290 291 292 293 294 295 263 264 265 266 267 268
x (m) x (m)

FIGURE 13. Coordinate fusion result for simulation 2.

2) Compared with navigation method based on SIMO
model, the tracking method utilizing EKF decreases the
computational burden and the HDOP. However, the track-
ing method needs a convergent period (about 100 s in
simulation 2. Hence, it is suitable for a long time observation.

3) After coordinate fusion based on LED, the independent
coordinates for each AUV become a holistic coordinate sys-
tem, and the total coordinate error is further decreased.

C. SIMULATION 3

This simulation is presented based on a more complicated
environment, which is closer to the real situation. The time-
synchronization error is considered, and we set it as 1 ms.
The AUVs are with different velocities, their headings are
0 degrees, 5 degrees, 10 degrees, and 15 degrees respectively.
The beacon moves with the sea flow with a speed of 0.3 m/s.
Other parameters are the same with simulation 2.

The results are given in Figs. 12-13 and Table 4. Fig. 12
shows the result and precision for the tracking method based
on SISO model, the navigation method based on MISO
model, and the tracking method utilizing EKF. Fig. 13 shows
the coordinate fusion result. Table 4 shows the comparison of
the performance.

Due to the time-synchronization error, navigation or track-
ing precision are dramatically decreased. Especially for the
conventional method based on SISO model, the average
tracking error is about 20 m. For the proposed SIMO model,
the coordinate error for navigation and tracking are about
12 m and 6 m, respectively, which indicates that the pro-
posed SIMO model has a better robustness against the

VOLUME 6, 2018

time-synchronization error compared with the conventional
SISO model.

These simulation results coincide with the theoretical anal-
ysis, and prove the effectiveness of the proposed methods.

VII. CONCLUSION AND FUTURE WORK

In this paper, a novel navigation method for group AUVs
based on SIMO model is proposed. Using the time-delay of
the signal forwarded by the beacon and the time-delay of the
signal directly from the sender, the method can achieve simul-
taneous and high precision navigation for all receivers. Preci-
sion analysis indicates that higher navigation precision can be
obtained with a great difference between AUV’s velocities,
a suitable distance from the beacon, an appropriate virtual
baseline and a high precision time-delay and depth estimation
algorithm. Based on the SIMO model, we also propose a
tracking method utilizing EKF, which has a smaller comput-
ing time and a higher precision, but needs a long observing
time compared with the navigation method. Finally, a coordi-
nate fusion method based on LED is proposed. The method
combines the independent coordinates to a holistic coordi-
nate system, and the coordinate error is reduced. Simulation
results correspond with the theoretically analysis, and show
the effectiveness of the proposed method.

APPENDIX A

DERIVATION OF (6)

Calculating the partial differential equation for (3)-(4),
we have:

de,n ddbi,n dAxO,n
d ddi dA
M; - d};(_)‘" +Mr-| d;:m):] +Ms - |y Afc(_)’"
in in in
dyi,n ddmi,n+l dAyi,n
dxb,n dZO,n
+Mp - Ao +Mc -dc+ My - dzi.n =0
dxb,n-i—l dZO,n—H
dYb,n+1 dZi,n+1

where, M;, Mt, Mins, Mg, Mc, and My are the partial
differential matrixes. We have

r 9qi 9q1 9q1 g1 7

8XO,n 8yO,n 8xi,n 8yi,n
g2 g2 9q2 O

M — aXO,n 8yO,n 8xi,n 8y[,n
! g3 g3 dqz  9q3

axO,n 8yO,n axi,n 8yi,n
9q4 0q4 9q4 944

axO,n 3y0,n axi,n 8)’[,11 .
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[ _9a 941 9q1 9q1 7] Transforming the partial differential equation, we have
Odpin  Odmin  Odpin+1  Odmint1
092 g2 0g2 0q2 dxo,n ddpi
_ | dbin  Odmin  dpiny1 it dyon | _ _pt v | Gmin
Mr=1"3gs 9g5 943 33 dxi T
ddpin  Odmin  Odpinr1  Odmint1 dyi,n ddmi n+1
994 9q4 0q4 0g4 dAxo., dxp
L adbi,n admi,n adbi,nJrl admi,nJrl . +M ) dAy(),n +M dyb,,,
_ NS dAx , B do g
9q1 g1 9q1 g1 dAy; dy
IAX0n  IAYou AN,  IAyin L bt
g2 0q2 0q2 g2 dzo,n
dz;
_ | 9Ax, dAyp, dAx;, aAYy;, +Mc -dc + My - L
Mins = | 545" g3 a3 0 ¢ B dzo
0 AX0,n dAY0,1 0Ax; dAYin dzi nt1
994 994 994 994 Then, the covariance matrix of AUV’s coordinate can be
L 0AX0n ANV AAXx; Ay, obtained as
- T
r 9q1 9q1 9q1 g1 7] dxo.n dxo.n
0xpn  OYpn  OXppyr1  O¥bntl D; = E( dyon || dyon )
9q2 g2 9q2 9q2 dx; dxi
Mg = | %n Qb OXpntr OYpntd dyi.n . dyi.n .
9q3 0q3 g3 993 ddy; ddp;
0Xpn Vb O0Xput1l  OYVbatl - dd,i ddi
s 5 s s =M. M- mi,n . mi,n . MT
994 994 994 994 i (M ddpi n+1 ddpint1 )Mz
L 0Xbn OYbn  OXput1  OVbnt1 | ddi g1 ddipi g1
r 9q1 9q1 aq1 0q1 7 dAxo dAxg
0200 02041 0Zin  OZint1 | dAyon | | dAYon | | T
g2 99> 992 9g> +Mins - ( dAx;, dAx; , ) Mins
M, — aZO,n aZO,nJrl aZi,n aZi,nJrl dAyi,n dAyi,n
27| g3 g3 g3 dgz |’ - S T
dxb,n dxb,n
8ZO,n aZO‘nJrl aZi,n 8Zi,n+1 d d
9q4 9q4 9q4 994 +Mg - ( dxyb’” ~ dxyb’" )-ME
L 9z 9z 9z; 9z: | b,n+1 b,n+1
0,n 0,n+1 i,n i,n+1 _dyb,n—H | _dyb,n—H |
©9g1 T - S o7
4 dzo, dzo,
38;2 +My - ( dz"’: : dz"’: )- M
_1z dZO,n+1 dZO,n-‘rl H
Mc = 38;3 | dzin+1 | | dzin+1 |
e +Mc - dede - ME) -M; T
994 =M; " {Mr-Dr-Mf + Mins - Dins - Mg
L dc - +MB.DB.M£+MC~DC~ME
where, + My - Dy 'ME} -MflT

a1 = Xin = Xp) - (Ko — X7

Ko = Xp) - Ko — X7 = cdpi
g2 = \JXiu = Xo) - KXoy — Xo)T = cdin
g3 = K1 = Xpni) - Kot — Xpai)"

+ \/(XO,n+l — Xp 1) - Kot 1 = Xpas1)'
— cdpint1

q4 = \/(Xi,nJrl — Xo.n41) - Kint1 = X0n41)" = dmint1
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where, D1, Dins, D, Dc, and Dy are the covari-

ance matrixes, Dy = diag([ajhi.n, Ui%mi,n’ Udzb[,,,H , szi.;1+l])’
Dins = diag([aim,n’ giyo.n’ Gixi,n’ Giyi,n])’ Dy
diag((og, . 03, 0%, 1 O3y ) Do = 02, Du
diag([azzoqn, Gzzi,,,’ GZ%,M,GZZMH]). diag(x) indicates the diag-

onal matrix, and 0*2 means the variance.

APPENDIX B
DETAILED EXPRESSION OF (11)

A

X = [vg cos ppcosBy At, vy sin pocosfy At,

vicospicosO; At, v; sin go,-coseiAt]T
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X
fi = P
axX
h=—=
990
0X
3= %0
axX
fa = ™
4 X
5 = - =
¢;
0X
fo = 3%,

[cos pocosby At, sin pgcosOy At, 0, O]T

[—vo sin pgcosBy At, vo cos pgcosOy At, 0, O]T

[—vo cos ¢p sin Bg At, —vg sin @q sin By At, 0, 0]

— = [0, 0, cos p;cosf; At, sin (picose,-At]T

[0, 0, —v; sin @;cos0; At, v; cos <p,~cos€iAt]T

— = [0, 0, —v; cos g; sin B; At, —v; sin ¢; sin GiAt]T

T

We denote r;; as the distance between two points. (For
example, rp , means the distance between Ag and B), then

we have

VL hy =

1 —
Lflho -

lp

1y
sz ho =

1y

lp —
Lf3 ho ==

Ly

1 —
Lf4 ho =

lp

1 _
Lfs ho =

lp —

1 _
Ly ho =

1 _
VLo =
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dho _ X0 —Xp Yo—Yb Xi—Xp Ji — Yo7
X 70,b r0,b Ti,b Ti,b
cosOy At

VL - fi =
10,b
x [(x0 — xp) cos o + (Yo — yp) singg]

3Lf11 ho  cosbyAt

= ui, u,0,0 T
9X o [u1, up 1
Oy At
VLOhg - fo = LE2SAT
r0,b
X [(yo — yb) coOs o — (xo — Xxp) sin ¢p]
L} ho 00 A
‘f vocostp At T
= 9 9 07 0
aX 0.6 [l/l3 Ug ]
in Oy At
VLOhg - f3 = — QSRZ02]
0,b

x [(xo — xp) cos @o + (Yo — ¥p) sin o]
3LJ}3 ho __vosinfpAt

,u2,0,0]"
3X o [y, uz ]
0; At
VLORo - fo = 220
Tib
X [(x; — xp) cos ¢; + (vi — yp) sin ;]
L} ho 0; At
A = 10,0, us, ug)”
BX r,-’b
VLOho = vicosO; At
Tib
x [(yi — yb) cos @; — (x; — xp) sin ;]
1
8Lf5ho _ vicos@,-At[O’ 0. 107, MS]T
8X r,-,b
i sin §; At
VLOhg - fp = — S22
Tib
X [(x; — xp) cos @; + (yi — yp) sin ;]
8Llh0 sin6: A
fo v; sin 6; At T
= - 07 07 )
53X P [ us, ug|
o X0 —Xi Yo—Yi Xi—X0 Yi—Y0.,r
el 3 El El ]
0X ro,i ro,i ro,i ro,i

1 0 cosOy At
Lflhl =VLh -ff = ———
ro,i
X [(xo — xi) cos o + (yo — yi) singp]
AL} hy cos6y At
VL h = 0 = 10, 0, 01"
! 5X py [u9, u10, 0, 0]
vocosOy At
Lihy = VLhy  fy = ————
ro,i
x [(yo — yi) cos go — (x0 — x;) sin ¢o]
AL M vocosBy At
VL n = —2— = 250 ,u12,0,0]"
»h X rod (w11, u12, 0, 0]
Vg sin Bg At
Lihy = VLh fy = ————
ro,i
X [(x0 — x;) cos g + (Yo — yi) sin ¢o]
AL} hy Vo sin 6p At
VLA = —5— = 070 1y Uy, 0,017
A 9X o [ug, uio ]
0; At
thhl = vLo fa = cosvinl
ro,i
x [(x; — x0) cos @; + (yi — yo) sin ¢;]
3L1h1 cost; At
VL h = — = S0, 0, w13, uial”
s oX rod [ u13, U14]
icosO; At
LJ}Shl = VLo, fs = vicosvial
ro,i
x [(vi — yo) cos @; — (x; — xg) sin ;]
LI vicos; At
VL hy = —L = PO 00.0, uys, w16]”
s X Py [0, 0, u1s, uie]
i sin 6; At
Lj}éhl = VLo, fo= _ visImbial
ro,i
X [(xi — x0) cos ¢; + (yi — yo) sin ¢;]
AL} Vi sin 6; At
VL = —2o— = ~52272010,0, w3, 114]”
s X rod [0, 0, u13, u14]

where, uy, us, ..

., U6 are expressions related to the AUV’s

motion parameters and it is easily to prove that these atoms
are non-zero unless vo = v; = 0.
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