
1

Joint Design of Communication, Wireless Energy
Transfer, and Control for Swarm Autonomous

Underwater Vehicles
Hongzhi Guo, Member, IEEE, Zhi Sun, Senior Member, IEEE, and Pu Wang

Abstract—A swarm of Autonomous Underwater Vehicles
(AUVs) can provide richer spatial-temporal information than
the traditional single-robot system, which can be used for
underwater mapping, exploration, target tracking, among oth-
ers. However, the limitation of AUVs’ battery cannot support
persistent services, which restricts AUVs’ operating range and
mission duration. In this paper, a mobile underwater charging
solution is developed that can continuously recharge a swarm of
AUVs by using a wireless mobile charger. Magnetic induction-
based communication and wireless energy transfer are employed.
This paper first shows that by using tri-axis coils, reliable wireless
communication and wireless energy transfer without coil orienta-
tion losses can be obtained. After that, wireless communication,
motion control, and wireless energy transfer are jointly designed
for a swarm of mission-driven AUVs. In particular, optimal
continuous motion controllers are developed for AUVs to avoid
intra-swarm collisions and networking protocols are designed
to optimally allocate resources for wireless communication and
wireless energy transfer. The proposed approach can guide AUVs
to their destinations, while maintaining wireless network integrity
and maximizing wireless energy transfer efficiency, upon which
the constraints on AUVs’ batteries can be eliminated and cheaper
and smaller AUVs can be employed for various underwater
applications.

Index Terms—Magnetic induction, motion control, swarm
AUVs, tri-axis coil, underwater, wireless communications, wire-
less energy transfer.

I. INTRODUCTION

Although the wireless underwater sensor plays an important
role in exploring and monitoring underwater environments, it
can only passively sense information at specific locations [2],
[3]. It is challenging to model and analyze underwater dynam-
ics based on the limited information provided by static wireless
underwater sensors. Mobile Autonomous Underwater Vehicles
(AUVs), as an alternative solution, can actively track targets,
map underwater pollution, and survey harsh environments.
They can adapt to underwater dynamics and provide accurate
rich information. In addition, AUVs can accomplish assigned
tasks without being remotely controlled by human beings,
by which a large number of dull and dangerous tasks can
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be accomplished autonomously in underwater environments.
However, a single AUV has limited energy, communication
capability, and computation resources, which significantly
limits its operating range. Recently, the cost of AUVs has
dramatically reduced due to the development of manufacturing
technologies [4], which motivates the employment of swarm
AUVs to provide rich spatio-temporal information. As an
emerging technology, the swarm AUVs is facing challenges
from wireless communication, networking, energy, control,
among others.

Swarm AUVs relies on high-speed and low-latency Wireless
Communication (WC) to coordinate motion and transmit data.
Existing acoustic underwater communications [5] cannot sup-
port swarm AUVs since they demonstrate narrow bandwidth
and long latency due to the low carrier frequency and the
low propagation velocity. Even worse, acoustic signals expe-
rience significant multipath fading, which results in noticeable
communication errors. The Remotely Operated Underwater
Vehicles (ROUV) use cables to tether vehicles for communi-
cation and power supply [6]. Although this solution is reliable,
the ROUV has a limited operating range and requires human
intervention, which is not fully autonomous. As a result,
we cannot deploy large-scale ROUV networks to automate
dangerous underwater applications. Wireless underwater op-
tical communication can provide high communication speed
thanks to its broad bandwidth [7]. However, the requirement
of precise alignment of transceivers is hard to achieve in
dynamic underwater environments, which results in inferior
and unreliable performance. Also, the optical communication
link between AUVs can be easily blocked by other AUVs
in the same swarm or by underwater objects. Due to above
challenges, employing wireless underwater optical communi-
cation for swarm AUVs requires complicated coordination,
which is not practical yet. Magnetic Induction (MI) commu-
nication is an effective solution in low-conductive underwater
environments such as lakes and rivers [5], [8]–[11]. It uses
long-wavelength electromagnetic signals to reduce attenuation
losses and reflections. MI communication can provide low-
latency high-speed data transmission and, thus, it can meet
the communication requirements of swarm AUVs.

Besides wireless communication, the limited available en-
ergy also restricts AUVs’ operating range and mission dura-
tion. This is a critical problem for target tracking and many
other crucial applications. If AUVs return to their abovewater
dispatch station for recharging, they may fail in tracking their
targets. In [12], underwater docking stations are used to charge
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mobile AUVs. The mobile charger provides a platform to dock
and recharge an AUV. Although it can achieve high energy
transfer efficiency and does not require the return of AUVs,
this approach demands high accuracy of alignment and cannot
charge multiple AUVs simultaneously. As mentioned in [12],
the underwater mobile docking station is under development
and it is not available yet.

Wireless Energy Transfer (WET) has been extensively used
to recharge electronic devices and electric vehicles [13], [14].
It does not require direct contact with the charger and can
charge multiple devices simultaneously [15]. Hence, WET is
a promising solution to charge a swarm of AUVs. A mobile
charger with sufficient energy can be dispatched from a surface
station to recharge AUVs wirelessly. As shown in Fig. 1,
there are two WET strategies in underwater. The static surface
station is used to recharge AUVs and mobile chargers who
have accomplished their missions and returned to the station,
while the mobile charger is used to recharge mobile AUVs
who are serving on their missions and cannot stop to be
recharged. In this paper, we focus on the mobile case and
develop a simple but reliable transmission policies for WET
using tri-axis coils.

WC and WET for mobile AUVs are challenging since AUVs
need to coordinate their motion to receive energy, maintain
wireless network integrity, and accomplish their tasks. It is
highly complex to jointly design this system. This paper
focuses on developing reliable WC and WET algorithms and
optimal motion control policies for mobile chargers and AUVs
in a swarm. To the best of our knowledge, this is the first
paper investigates the joint design of WC, WET, and motion
control for swarm AUVs. Our contributions are summarized
as follows.

1) We propose a mobile WET system architecture for
swarm AUVs, which jointly considers WC, WET, net-
working, motion control, and swarm missions. The
developed model characterizes the complex interplay
among various design aspects. The system has potentials
to enable persistent sensing and target tracking and
automate complex and dangerous tasks by using tiny
cheap AUVs in harsh underwater environments.

2) The success of such a complex system design relies on
accurate but simple models. To this end, we develop
succinct underwater WC and WET models using tri-
axis coils, upon which we obtain the optimal trans-
mission policies. Also, we provide the upper bounds
and lower bounds of the communication data rate and
received energy. We find that by using Channel State
Information (CSI), the WC and WET are not affected
by coil orientations. However, due to the high mobility
of AUVs, it is not practical for a receiver to feedback
CSI to a transmitter and, even if it is possible, the
CSI will be out-of-date soon, which cannot be used
to create optimal beamforming algorithms. We develop
transmission policies without using CSI and show that
the performance loss is predictable and controllable.

3) Since the orientation loss can be overcome by using tri-
axis coils, we develop a low-complexity MI underwater
channel model, which does not involve the effect of coil
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Fig. 1. Illustration of an underwater wireless energy transfer system with a
surface charging station and mobile wireless chargers. Mobile chargers are
used to wirelessly charge mobile AUVs and they are recharged by surface
charging stations.

orientation. The channel model with Bessel functions in
[9] requires a huge amount of computation, which can-
not provide an effective solution within a limited time.
Thus, this is an important step to design the proposed
swarm AUVs system due to its low computation weight.

4) We develop swarm AUVs motion control policies by
considering the constraints of wireless networking in-
tegrity, WET efficiency, and AUVs’ tasks. The wireless
network integrity needs to be satisfied for localization
[3] and swarm dynamics, otherwise, some AUVs may be
lost. It is achieved by using a robust routing model and
adaptive AUV velocity. Continuous AUV motion control
is achieved by using a gradient controller. The proposed
solution is analyzed theoretically and numerically.

The rest of this paper is organized as follows. The related
works are presented in Section II. In Section III, we provide
the system model, and the tri-axis coil-based MI communi-
cation and WET model. We develop efficient transmit and
receive strategies to optimally use the tri-axis coils for WC
and WET. In Section IV, we develop the optimal controllers
for AUVs and the mobile charger to maintain network integrity
and to improve energy transfer efficiency. After that, in Sec-
tion V, we present simulation results to show the effectiveness
of our approach. Finally, this paper is concluded in Section VI.

II. RELATED WORK

Since the joint design of WC, WET, and motion control
for swarm AUVs is novel, which has not been studied in
the literature, we provide related works for each individual
aspect. MI communication is reliable and power-efficient in
underwater environments, which has been tested and proven in
[9], [16]. However, applying MI techniques for mobile AUVs
faces the following challenges. First, coil misalignment in MI
communication can cause significant losses which reduce the
effective data transmission rate [17]. For swarm AUVs, the coil
misalignment always exists due to AUVs’ motion and water
turbulence. The tri-axis coil with three mutually perpendicular
unidirectional coils can efficiently reduce orientation losses
[9], [18]–[20]. Modulation schemes, beamforming algorithms,
and channel models have been developed for MI communi-
cation with tri-axis coils. Although in [9], [19], it has been
proven that the MI communication with tri-axis coils has
no orientation loss, the model includes Bessel functions and
complex numerical computations, which cannot reveal the
fundamental benefits of using tri-axis coils in an intuitive way.
Moreover, the developed MI channel model cannot be used for
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swarm AUVs due to the prohibitive computation complexity.
In this paper, we develop a succinct MI underwater channel
model, upon which the gain of using tri-axis coils is obtained
analytically in a succinct form. After proving the reliability of
tri-axis coils, we simplify the channel model by overcoming
the misalignment problem.

Underwater WET provides opportunities to adopt cheaper
and smaller AUVs and [12] presents a thorough analysis of
its potential applications, technical requirements, and markets.
WET in underwater environments experiences more attenua-
tion losses than its counterpart in the air due to the electric
conductivity of water. Since our applications are in lakes and
rivers, and the attenuation loss is small due to the low conduc-
tivity, which reduces the attenuation loss. Moreover, both MI
communication and WET use coils, they can share the same
tri-axis coil antenna, which can reduce AUV’s cost and size.
The experiments and simulations in [21], [22] demonstrate the
feasibility of underwater WET. Although the charging range
is within 1 m, we can improve the distance by increasing the
transmission power, as well as the coil size and the number of
turns. The prototype built in [23] can successfully recharge
static AUVs in underwater and the distance between the
transmitter and the receiver is around 1 cm. This technology
can be used for WET in the surface station, which recharges
static AUVs. The recent study in [24] shows that WET for a
mobile receiver is also feasible and there is no obvious loss
due to mobility. Although transmission policies are developed
for WC and there is no clue how to optimally leverage the
tri-axis coil for WET to charge mobile AUVs. In [20] the
WET beamforming algorithms are developed for underground
sensors with tri-axis coils. However, underground sensors are
static and their orientations do not change. In this paper, the
orientations of AUVs’ coils are random and based on our
developed model, we obtain an optimal WET transmission
policy that is suitable for swarm AUVs.

Terrestrial robotic networks considering wireless communi-
cation or networking constraints have been studied in [25]–
[28], where robots move on a 2D plane to accomplish their
tasks while satisfying wireless networking constraints. Differ-
ent from existing works, we consider both WC and WET
for AUVs in a 3D underwater space. WC and WET are
conducted in different time slots to ensure the high efficiency
of WET, which is not the simultaneous wireless information
and power transfer [29]. Underwater swarm AUVs has been
demonstrated in [30]–[32], whereas the WC and WET are not
modeled and optimized. Recently, there are a huge amount of
works on networking and path planning for Unmanned Aerial
Vehicles (UAVs) [33]–[35] to track targets or improve wireless
connectivity. Also, UAV-assisted wireless energy transfer algo-
rithms have been developed for various application scenarios,
where UAVs are employed to charge static ground sensors or
energy harvesters [36]–[39]. The optimal control of the UAV’s
trajectory and height can improve charging efficiency. The
control and localization accuracy also has significant impacts
on charging efficiency and analytical and empirical models
have been developed to capture this effect [40], [41]. Different
from the aforementioned research, in this paper we assume the
accurate location information is available and focus on using
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Fig. 2. System overview. The symbols are key parameters of each design
component. The sec: is the corresponding sections in this paper that cover
the design component.

a mobile charger to wirelessly charge mobile AUVs (AUVs’
locations are changing with time) which can also cooperate
with the mobile charger to improve the charging efficiency.

This work is fundamentally different from UAV networks
due to the following reasons. First, for AUVs, we use MI com-
munication instead of terrestrial electromagnetic wave-based
communications; the communication channels are different.
Second, the UAVs’ paths are planned ahead and they move
following their paths, whereas here we consider the AUVs are
autonomous and they move towards their destinations without
using predefined paths. Third, the motion of the mobile charger
is also jointly designed, which has impacts on swarm AUVs.

III. WC AND WET USING TRI-AXIS COILS

In this section, we first introduce the underwater swarm
AUVs system model, including communication, networking,
WET, and motion control. Then, we identify the key chal-
lenges for WC and WET that are caused by motion control.
After that, we develop a rigorous analytical model to analyze
the WC and WET performance using different antenna systems
and obtain the optimal one that can satisfy the requirement of
motion control. Finally, we develop a succinct channel model
for WC and WET, which can be used to efficiently obtain
the optimal motion control policies. An illustration of the
system flowchart is given in Fig. 2. A list of symbols and
their associated descriptions are given in Table I.

A. Underwater Swarm AUVs System Overview

Assume that there are nrb AUVs in a swarm and a mo-
bile charger which has sufficient energy and computation
capability, at locations pm = [xm, ym, zm]T , for m =
1, · · · , nrb, nrb + 1, where the subscript nrb + 1 represents
the mobile charger and (·)T is the transpose of a vector or
a matrix. pm(t) denotes the location of the mth AUV at
time t. In the following, for simplicity, we use pm(t) and
pm interchangeably without confusion.

1) Wireless Communication and Networking: The mth
AUV generates Lom bits data periodically, which have infor-
mation about location, motion, energy, sensing, and wireless
network status. Besides sending Lom to the destination, an
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TABLE I
MATHEMATICAL NOTATION.

Symbol Description

pm the mth AUV’s location in the 3D underwater environment
nrb the number of AUVs. The subscription nrb + 1 stands for the mobile charger
R(pm,pn) the achievable communication data rate between the mth AUV at pm and the nth AUV at pn

tmn the time that is used by the mth AUV to send data to the nth AUV
tinfo the time that can be used for communication in a time slot
twet the time that can be used for wireless energy transfer in a time slot
Lo
m the amount of data that are generated by the mth AUV in a time slot

em a positive number that indicates the ability of the mth AUV to send extra data
Pr(pnrb+1,pm) the received power by the mth AUV at location pm, the mobile charger’s location is pnrb+1

Eh
m the harvested energy by the mth AUV in a time slot

vm the velocity of the mth AUV
Um the orientation matrix of a tri-axis coil that is equipped on the mth AUV
um1 the orientation vector of a unidirectional coil in a tri-axis coil
sm current signals
D the magnetic fields generated by x-, y-, and z-orientated unidirectional coils with unit currents
rl and rc load resistance and coil resistance, respectively
Nc the coil number of turns
a the coil radius
ε, µ, and σ perimittivity, permeability, and conductivity, respectively
∆t the duration of a time slot
αm the velocity of the mth AUV
α′
m the maximum velocity of the mth AUV due to the network integrity constraints
η1, η2, and η3 positive constants used to normalize the task function, network integrity function, and collision avoidance function, respectively
η4 and η5 positive constants used to normalize the swarm received power and the individual AUV received power, respectively

AUV may also need to relay packets for other AUVs that
cannot directly communicate with their destinations in the
swarm. We consider the achievable data rate between the
mth AUV and the nth AUV as R(pm,pn). The motion of
AUVs may change the achievable data rate. In Section IV-C
we control the velocity of AUVs to ensure that the data
transmission can be successfully accomplished.

We consider that the network can maintain its integrity
if all AUVs in a swarm can send out their original and
relayed data during the given time tinfo. A similar approach
was used in [25], [26], [42] for terrestrial robotic networks.
Network integrity ensures that all the data packets can be sent
within given time slots without packet losses due to network
congestion. Maintaining network integrity is important for
swarm AUVs since AUVs periodically communicate with each
other to coordinate their motion. Without network integrity,
the swarm AUVs may experience severe network congestion
and, even worse, they cannot coordinate with each other to
complete their tasks. Let tmn denote the time when AUV
m sends data to AUV n. Thus, the data that AUV m can
send is

∑nrb+1
n=1,n6=m tmnR(pm,pn), and the data that it receives

and generates is
∑nrb

n=1,n6=m tnmR(pm,pn)+Lom. The mobile
charger is considered as a data sink, which can also collect data
from AUVs. It sends negligible amount of data to other AUVs.
Also, the mobile charger performs high-cost computing for the
AUV swarm. As a result, the network integrity is achieved
only if the following condition is satisfied for all the AUVs,

Lm(pm,pn)− Lom ≥ em, (1)

where

Lm(pm,pn) =

nrb+1∑
n=1
n6=m

tmnR(pm,pn)−
nrb∑
n=1
n6=m

tnmR(pm,pn),

and em ≥ 0 is used to adjust the reliability of the network.
The above equation is based on that the amount of data that
an AUV can send is more than that it received and generated.

2) Wireless Energy Transfer: The mobile charger has suf-
ficient energy to wirelessly charge AUVs. The energy con-
sumption of an AUV is complicated since the motion, sensing,
and communication all consume energy which are complex
to model considering the dynamic surrounding environment,
such as changes of fluid force and depth [43], [44]. In this
paper, we model the received energy from the mobile charger.
Since the energy consumption is determined by the specific
application, we do not consider it here. The harvested energy is
Ehm(tn) =

∫ tn
tn−1

Pr(pnrb+1(t),pm(t))dt for m = 1, · · · , nrb,
where Pr(pnrb+1(t),pm(t)) is the received power by the mth
AUV at time t.

3) Motion: Consider that a swarm of AUVs are tasked to
survey multiple points of interest located at xm for m =
1, · · · , nrb in underwater. The objective of path planning is to
minimize the convex function ‖pm−xm‖22 [26], [42]. In this
paper, we assume there is no obstacle and AUVs only need to
avoid intra-swarm collisions. The motion of terrestrial robots
can be captured by using two degree-of-freedom (DOF) since
they move on a horizontal plane [42]. However, the motion of
AUVs in the 3D underwater environment is usually modeled
using six DOF [45], [46], i.e., pitch, sway, heave, yaw, surge,
and roll. In this paper, the location of an AUV is important
for WC and WET and the detailed actions that drive AUVs
to that location are not considered. Therefore, in this paper,
we consider a three-DOF model using AUV locations pm. We
consider the system as a simple single input control system
ṗm = f(pm,vm), where vm is the control signal for the mth
AUV. The AUVs are fully controllable with simple dynamics
and we have ṗm = vm, for m = 1, · · · , nrb.
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4) Joint Design Challenges: First, MI-based communica-

tion and energy transfer use coils, which have significant

power losses if the transmitter and the receiver are not well

aligned. Thus, when AUVs are moving in underwater, they

need to align their coil orientations to achieve reliable WC and

WET. This can affect their motion continuity, which results in

inferior swarm performance. Second, as we have shown, the

communication data rate R(pm,pn) and the AUV received

power Pr(pnrb+1(t),pm(t)) are functions of location. There-

fore, the motion control has strong impact on communication

data rate and energy transfer efficiency. We cannot let AUVs

stay close to each other to improve data rate and WET

efficiency since this increases the chance of collisions and

reduces their velocity. Also, the AUV swarm formation is

dynamic due to underwater environmental dynamics. It is

challenging to obtain an optimal formation and let the swarm

maintain it. Next, we analyze the WC and WET performance

using tri-axis coils and obtain a low-complexity reliable signal

transmission and reception policy, upon which we develop the

motion control policy for swarm AUVs in the next section.

B. Modeling and Optimization of WC and WET

MI-based WC and WET suffer from random coil misalign-

ment losses due to the motion of AUVs in the 3D underwater

space. By using tri-axis coils with CSI, it is shown in [9], [19]

the orientation loss can be minimized to achieve reliable com-

munication. The channel models in [9], [19] are complicated

since the coil orientation is considered jointly with magnetic

field propagation paths, which makes the relation between the

received power and distance untrackable. Thus, we cannot use

these models to plan AUVs’ motion in this paper. In [8],

[10], the coil orientation problem is neglected by optimally

deploying coils with predefined orientations, which cannot be

used for AUVs. According to [9], [47], underwater magnetic

fields propagate to a receiver in three paths, namely, the direct

path, the reflected path, and the lateral wave path, as shown in

Fig. 3. When the distance from a transmitter to a receiver is

small, the direct path is dominant, whereas when the distance

is large, the lateral wave is dominant since magnetic fields

mainly propagate through the air. Next, we develop the optimal

transmit and receive strategies to study the best performance

that we can achieve. Here, we compare four configurations,

i.e., Single-Input-Single-Output (SISO) using unidirectional

coils with random orientations, SISO using unidirectional

coils with optimal alignment, Multiple-Input-Multiple-Output

(MIMO) using tri-axis coils with random orientations and CSI

at the transmitter side, and MIMO using tri-axis coils with

random orientations but without CSI at the transmitter side.

In this paper, AUVs and the mobile charger are

equipped with tri-axis coils with coil orientation Um =
[um1,um2,um3], for m = 1, · · · , nrb + 1, where u =
[x, y, z]T is a unit vector denoting the orientation of a uni-

directional coil. Since in the tri-axis coil, orientations of three

unidirectional coils are perpendicular to each other, we have

uT
mun = 0 for m �= n and Um is an orthogonal matrix. Let

the input current of a tri-axis coil be sm = [sm1, sm2, sm3]
T

for m = 1, · · · , nrb + 1. Then, Umsm can be considered

Fig. 3. Cylindrical coordinates for magnetic field propagation in underwater.
The transmitter is located at the origin and the receiver is located at the
observation point.

as the input currents for a regular tri-axis coil with three

unidirectional coils pointing to the x, y, and z axes in Cartesian

coordinates, respectively [9]. Therefore, although the AUVs

may have arbitrarily orientated tri-axis coils, we can project

their input currents to a tri-axis coil with regular orientation

and study its radiated magnetic fields, which can simplify the

analysis.

1) Modeling of SISO and MIMO Systems: Assume the

transmitter is located at pm and the receiver is located at pn.

The magnetic field huni
m generated by a unidirectional coil

with an input current sm and orientation um at pm is

huni
m =

⎡
⎣hx

hy

hz

⎤
⎦ =

⎡
⎣Dxx Dyx Dzx

Dxy Dyy Dzy

Dxz Dyz Dzz

⎤
⎦
⎡
⎣umx

umy

umz

⎤
⎦ sm = Dumsm,

(2)

where D ∈ C
3×3 and Dmn is the magnetic field in n-

direction that is generated by the current component in the

transmitting coil in m-direction. sm is a complex number

denoting the transmitted signal. The product of um and sm
is equivalent to transmitting signals using three coils with the

same orientations as the Cartesian axes, respectively. D is a

function of coil configurations and distance, and the detailed

formulas are given in Appendix A and [9], [19]. Note that

given pm, the receiver location pn, and coil configurations,

we can determine the matrix D. Here, we do not consider

multipath fading effects due to the following two reasons.

First, the communication range is within several tens of meters

and scattering effects are not strong. Second, the carrier

frequency is low, which demonstrates much higher penetration

efficiency than terrestrial wideband communications.

The received signal can be expressed in terms of current

or voltage. Here, we use voltage signals since they are more

succinct and the received signal at the lth symbol interval is

y(l) = −jωΛ0u
T
nDumsm(l) + z(l), (3)

where Λ0 = μ2πa
2Nc captures the receiving coil configura-

tions, including coil radius a and coil number of turns Nc, and

the water permeability μ2; j =
√−1, ω = 2πfc, where fc is

the carrier frequency, and z(l) is the complex Gaussian noise.

The received power that carries information and energy is

Puni
r = E

sm(l)

[
ω2s2m(l)Λ2

0

8rl
uT
mD†unu

T
nDum

]
, (4)

where rl is the load resistance, which is chosen to be equiv-

alent to the coil resistance rc, and (·)† is the hermitian of a

matrix. In this paper, we use AC resistance and the expression
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for rl can be found in [48]. Note that, the noise power is not
considered for WET since it is extremely small. However, in
WC we have to consider it, which will be discussed in the
communication model.

For the MIMO system using tri-axis coils, the magnetic field
at pn can be written as

htri = DUmsm, (5)

where sm ∈ C3×1 is the coil current with modulated infor-
mation. The received signal at the lth symbol interval is

y(l) = −jωΛ0U
T
nDUmsm(l) + z(l), (6)

where y(l), sm(l), and z(l) are the received signals, transmit-
ted signals, and noises of the tri-axis coil. The received power
is

P trir =
ω2Λ2

0

8rl
E

sm(l)

[
tr
(
UT
nDUmsm(l)sm(l)†UT

mD
†Un

)]
,

(7)

where tr(·) is the trace of a matrix. In the above model, we
consider that coils have loose coupling since the AUVs cannot
be very close to each other to avoid collisions. Thus, the
reflected impedance effect that was considered in [49]–[51] is
neglected in this paper. We assume that the symbols are i.i.d.,
i.e., E(sm(l)sm(l)†) = diag(ξ)I , where diag(·) is a diagonal
matrix, ξ is the power allocation vector and I is an identity
matrix. Next, we neglect the symbol number l to simplify the
notations. The transmission power is Pt = Esm [rc(sm)2] for
the SISO system, while for the MIMO system we consider
the overall transmission power is a constant and it is divided
into three portions. WET efficiency highly depends on the
received power, while wireless communication is affected by
noise, channel bandwidth, and many other factors. Therefore,
we need to discuss them individually. In the following, we
first study the effect of coil orientation on WET, after which
we study its effect on more complicated WC systems.

2) Wireless Energy Transfer: The objective of wireless
energy transfer is to maximize the received energy within a
limited time slot. In this paper, we assume all the received
power can be used to recharge an AUV’s battery, i.e., the
efficiency is 100%. For a SISO system with random coil
orientations, since um and un are random unit vectors, the
received power Punir varies significantly. Since uTnDum =
‖uTn‖2 · ‖Dum‖2 · cos θ, where θ is the angle between uTn
and Dum. If θ = π/2, Punir = 0, i.e., the received power is
zero and we cannot recharge an AUV. When θ = 0 we obtain
the optimal receiving coil orientation u∗n = Dum/‖Dum‖2.
The optimal transmitting coil orientation u∗m is the eigenvector
associated with the largest eigenvalue λ2

max1 of D†D and we
can obtain the maximum received power

Puni
∗

r =
ω2Λ2

0Ptmax
8rlrc

λ2
max1. (8)

As a result, for a SISO system the optimal transmitting and
receiving coil orientations are u∗m and u∗n, respectively. Note
that, to obtain the optimal coil orientations, we need the CSI.
In free space, when transceivers are close to each other, the
optimal orientation is co-axial, which can be derived from

transceivers’ location. However, the propagation of magnetic
fields in the underwater environment is complex due to the
existence of lateral waves, which travel along the water-air
interface and it is very different from the reflection path or the
direct path. Therefore, it is challenging to estimate the optimal
orientation u∗m and u∗n based on location information.

For a MIMO system using randomly orientated tri-axis
coils, we have the following proposition.

Proposition 1. As a receiving antenna, the tri-axis coil can
receive all the available power without any loss caused by the
random orientation.

Proof. Let the magnetic field at pn be htri, which is given
in (5). Now, we use a tri-axis coil with random orientation
Un = [un1,un2,un3] to receive the power that is carried by
htri. The received power can be written as

P trir =
3∑
i=1

ω2Λ2
0

8rl
uTnih

tri(htri)†uni (9)

=
ω2Λ2

0

8rl

(
|uTn1h

tri|2 + |uTn2h
tri|2 + |uTn3h

tri|2
)

(10)

=
ω2Λ2

0

8rl
‖htri‖22. (11)

In (9) we use the definition of the received power. In (10), we
consider that un1, un2, and un3 are orthonormal basis vectors
and they can form a Cartesian coordinates system. Then, htri

is a vector in the system. By projecting htri onto each axis
and norm the coordinates, we have the length of htri in (11).
Therefore, there is no orientation loss at the receiver.

Up to this point, we have proved that the receiver’s ori-
entation does not affect the received power. However, at
the transmitter side, the access to CSI and coil orientation
information (Um) is important to optimally transmit signals.
The motion of an AUV makes it challenging to estimate CSI
in a timely manner. Therefore, there is a tradeoff between
high energy transfer efficiency and effective motion planning.
To compare the energy transfer efficiency with and without
CSI and coil orientation information, we give the following
proposition.

Proposition 2. For a MIMO system using tri-axis coils, the
maximum received power with transmitter side CSI and Um
is at most 3 times larger than that without transmitter side
CSI and Um.

Proof. First, we derive the maximum received power when
the transmitter side CSI and Um are available. Since there
is no misalignment loss at the receiver side, maximizing the
received power is equivalent to maximizing ‖htri‖22, which is

max
sm

‖DUmsm‖22 s.t. E(tr(rcsms
†
m)) ≤ Ptmax. (12)

Let vm be the right-singular vector associated with the largest
eigenvalue λ2

max2 of UT
mD

†DUm. The solution to the above
problem is sm =

√
Ptmax/rcvm and the maximum ‖htri‖22

is λ2
max2Ptmax/rc. Thus, the maximum received power is

P tri
∗

r,wi =
ω2Λ2

0Ptmax
8rlrc

λ2
max2. (13)
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IfD and Um are not available, we cannot solve the problem
in (12). In this case, we can equally allocate the transmission
power to each coil, i.e., E(sms

†
m) = Ptmax/(3rc)I . As a

result,

E(‖htri‖22) = E(tr(DUmsms†mUT
mD†)) =

3∑
i=1

Ptmax
3rc

λ2
i ,

(14)

where λ2
i is the eigenvalue of UT

mD
†DUm and

max(λ2
1, λ

2
2, λ

2
3) = λ2

max2. Then, the maximum received
power is

P tri
∗

r,wo =
ω2Λ2

0Ptmax
24rlrc

3∑
i=1

λ2
i . (15)

From (13) and (15), we can easily find that

P tri
∗

r,wo ≤ P tri
∗

r,wi ≤ 3P tri
∗

r,wo. (16)

Therefore, the maximum received power with CSI and Um is
at most 3 times larger than that without CSI and Um.

It is worth noting that although the optimal transmission
signal sm depends on the coil orientation when the CSI and
Um are available, the maximum received power is independent
of Um. In other words, given D and different Um, we can
always find the optimal sm to achieve the same maximum
received power P tri

∗

r,wi . The underlying reason is due to the
following proposition.

Proposition 3. For a MIMO system using tri-axis coils, the
maximum received power is independent of the transmitting
coil orientation.

Proof. Note that both P tri
∗

r,wi and P tri
∗

r,wo are functions of the
eigenvalues of UT

mD
†DUm. Next, we prove that the eigen-

values of UT
mD

†DUm are the same as the eigenvalues of
D†D. First, let D = UDΣDV

†
D and Um = UUΣUV

†
U be

the singular value decompositions of D and Um, respectively.
Since Um is an orthogonal matrix, ΣU = I . Thus, we have

DUm = UDΣDV
†
DUUIV

†
U = UDΣDV

†
DU , (17)

where V †DU = V †DUUV
†
U . As we can see, the singular

value ΣD does not change and only right-singular vectors are
updated. As a result, the eigenvalues of UT

mD
†DUm are the

same as that of D†D. As a result, the maximum received
power in (13) and (15) are independent of transmitting coil
orientation.

Based on Proposition 1 and Proposition 3, we can draw
the conclusion that the received power of using the MIMO
system with tri-axis coils is not affected by coil orientations.
Also, from Proposition 3 we learn that λmax1 = λmax2 and,
thus, (8) is equivalent to (13). As a result, the performance of
a MIMO system using tri-axis coils with transmitter side CSI
has the same received power as a SISO system with optimal
coil orientations.

3) Wireless Communication: The objective for wireless
communication is to maximize the channel capacity. For a
SISO system, the maximum capacity is

Runi
∗

info = B log2

(
1 +

Punir
∗

Pnoise

)
, (18)

where B is the signal bandwidth, Pnoise = BN0 is the noise
power, and N0/2 is the noise power spectra density. The
capacity is directly related to the received power. As discussed
before, the received power of a SISO system with random
coil orientation can vary from 0 to Puni

∗

r , which is given in
(8), while a SISO system with optimal coil orientations can
always achieve Puni

∗

r . Thus, the capacity of a SISO system
with random coil orientations varies from 0 to Runi

∗

info , while
the capacity of a SISO system with optimal coil orientation is
always Runi

∗

info .
For a MIMO system using tri-axis coils, the capacity has

been extensively studied in [9], [29], [52], [53]. The optimal
capacity is achieved by using spatial multiplexing, which is

Rtri∗wi = B
3∑
i=1

log2

(
1 +

ω2Λ2
0Pi

8rlrcPnoise
λ2
i

)
, (19)

where Pi is the allocated transmission power for the ith
unidirectional coil based on the water-filling algorithm [54].
When we do not have the knowledge of D and Um, the
maximum capacity that can be achieved by equally allocate
transmission power, which is

Rtri∗wo = B

3∑
i=1

log2

(
1 +

ω2Λ2
0Ptmax

24rlrcPnoise
λ2
i

)
. (20)

Note that, both Rtri∗wi and Rtri∗wo are also independent of the
transmitting and receiving coil orientations. In the high SNR
regime, Rtri∗wo ≈ Rtri∗wi ≈ 3Runi

∗

info .
Generally, we have proven that by using a MIMO system

we can achieve reliable wireless energy transfer and commu-
nication without being affected by coil random orientations.
Note that, for a SISO system, to obtain the optimal orientation,
an AUV has to move to align coil orientations. For a MIMO
system, we do not require coil alignment.

C. A Simplified Underwater Channel Model

Since the received power of a MIMO system is independent
of coil orientations, we can develop a simple channel model
without random coil orientations, which simply shows the re-
lation between the received power and the AUV distance. This
can be used to efficiently develop motion control algorithms
to maintain wireless connectivity within a swarm and achieve
high WET efficiency.

The underwater wireless communication channel model
using magnetic induction was developed in [8], [10] for the
deep underwater environment without considering the water-
air interface. In [9], the effect of the water-air interface was
considered and a rigorous channel model was developed by
solving Maxwell’s equations. Since we consider that AUVs
are in shallow low-conductive water, the model in [9] is more
related to this paper. However, the relation between the AUV
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distance and the received power involves Bessel functions,
which cannot be used to develop an effective motion algorithm
for swarm AUVs.

The received power using a MIMO system can be bounded
by that of using a SISO system with optimal coil orientation,
as shown in equations (8), (13), (15), and (16). Therefore,
we can develop a channel model for the SISO system with
optimal coil orientations then obtain the relation between the
developed model with the channel model of a MIMO system.
In this way, we can simplify the magnetic field vector additions
as well as the effect of random coil orientation.

The results in [9], [47] show that there are primarily three
magnetic field propagation paths, namely, the direct path,
reflected path, and lateral waves traveling in the air, which
are shown in Fig. 3, where d1 and d2 are the depth of the
transmitter and receiver, respectively, and ρ is their horizontal
distance. The direct path and the reflected path are in the water.
First, when d1 + d2 > ρ, the lateral wave can be neglected
since signals experience more attenuation losses propagating
to the surface to generate lateral waves. Compared with the
direct path, the reflected path is longer and attenuated by
reflections on the boundary. Thus, reflected signals are weaker
than signals propagating along the direct path. Also, since the
baseband signal bandwidth is small and the carrier frequency
is low, reflected signals are unresolvable and their delay can
be neglected. Based on these reasons, we can neglect the
reflected path. Second, the lateral wave can be dominant when
the distance between the transmitter and the receiver is much
larger than their depth, where signals experience significant
losses in the direct path. Next, we analyze the direct path
and the lateral wave and develop a simple model to capture
the dominant factors for the underwater MI communication
channel.

1) Direct Path: The dominant magnetic fields for the direct
path can be written as

hdir =

hrhθ
hφ

 =

[
a2Ncs

2r3
ejk2r,

−k2
2a

2Ncs

4r
ejk2r, 0

]T
, (21)

where s is the input current, r = ‖pm − pn‖2 is the
distance between the mth and the nth AUV, k2 = ω

√
ε2µ2,

ε2 = εw + jσ/ω, and εw, σ, and µ2 are the water permittiv-
ity, conductivity, and permeability, respectively. The detailed
derivations are given in Appendix B. By using the tri-axis
receiver we can receive all the power carried by hdir, which
is

P dirr =
ω2Λ2

0

8rl
hdir†hdir (22)

=
ω2Λ2

1Ptmax
32rlrc

(
r−6 +

|k2|4

4
r−2

)
e−2kim2 r (23)

where Λ1 = µ2πa
4N2

c and kim2 = =(k2), which is the
imaginary part of k2.

2) Lateral Wave: The dominant magnetic fields for the
lateral wave can be written as

hla =

hρhφ
hz

 =
−jsNca2k2

1

2k2r2
ejk2(d1+d2)+jk1r[

k2

k1
,
jk2

k2
1r
, 0]T

(24)

where k1 = ω
√
ε1µ1 and ε1 and µ1 are the air permittivity

and permeability, respectively. Note that, the lateral wave is
dominant only if r is much larger than d1 and d2 and, thus,
r can be used to approximate the horizontal distance. The
received power is

P lar =
ω2Λ2

0

8rl
hla†hla (25)

=
ω2Λ2

1k
2
1Ptmax

32rlrc

(
r−4 +

1

k2
1

r−6

)
e−2kim2 (d1+d2). (26)

Note that d1 + d2 can be rewritten as 2d1 − pn(3), where
pn(3) is the z-coordinate of the receiving AUV.

As a result, the overall received power is Pr = P dirr +P lar . It
should be noted that the phases of the direct path and the lateral
wave may not be aligned. When we add them together, the
phase misalignment may reduce the received power. However,
as discussed in [9], [47], the direct path and the lateral wave
play dominant roles at different distances. If one is strong,
the other one is weak. As a result, we can add the received
power without considering the phase misalignment. Also, the
Doppler fading can be neglected since the AUV’s velocity is
small.

To achieve the maximum received power and channel
capacity, a MIMO system using tri-axis coils requires CSI.
However, the CSI becomes out-of-date quickly due to the
motion of AUVs and underwater dynamics. The cost of
channel estimation is high which involves communications
and signal processing. To reduce the complexity of the system
and increase its robustness, we consider the AUVs using the
MIMO system without CSI, i.e., the transmission power is
equally allocated to coils. In this way, we do not require chan-
nel estimation, which can reduce communication overhead and
simplify AUVs motion planning. Thus, the achievable data rate
is R(pm,pn) = Rtri∗wo . As discussed in preceding sections,
without CSI the received power is at least 1/3 of the optimal
value and we have Pr(pnrb+1(t),pm(t)) ≥ 1/3Puni

∗

r =
1/3P tri

∗

r,wi , where the optimal values are obtained by using
the distance ‖pm(t) − pnrb+1(t)‖2. In the next section, we
provide communication and WET performance analysis based
on this power allocation approach. Also, when an AUV is
communicating with another AUV, it may lose connectivity
soon due to its motion. This problem will be addressed in
the next section, where WC, WET, and AUV motion will be
designed jointly.

IV. MOTION CONTROL OF SWARM AUVS

In this section, we consider all the AUVs as well as the
mobile charger to be equipped with tri-axis coils without CSI
for WC and WET. First, we obtain the optimal networking
parameters to satisfy network integrity requirements. After
that, we develop optimal controllers for AUVs and the mobile
charger. Lastly, we evaluate the effect of motion on network
integrity and WET.

A. Optimal Parameters for Network Integrity

Based on preceding discussions we learn that the swarm
AUVs has multiple objectives. It has to maximize WET effi-
ciency, move towards their destinations, and maintain network
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AUV 1 Charger AUV 2

Solve %(1)
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H. Guo (NSU) 4 / 4

Fig. 4. Underwater mobile wireless charging protocol for swarm AUVs. As
an example, the AUV number is 2 in this figure.

integrity. Existing robot path planning algorithms considering
wireless communication usually divide the continuous-time
into discrete time slots and then optimize the system [27], [35],
where only one robot is used. If we adopt this approach for a
swarm of AUVs, we have to solve a complicated optimization
problem for each AUV during each short time slot, which
incurs significant computation burden and communication
overhead.

In this paper, we employ the continuous-time motion gra-
dient control along with a discrete-time communication pro-
tocol [25]. Different from [25], which tries to maximize the
network throughput and increase network routing robustness,
we pay special attention to network integrity and AUVs’
WET efficiency. Consider the time of a discrete step as
∆t = tinfo + twet, where tinfo is the time used for WC
and twet is the time used for WET. AUVs send data during
tinfo and we assume they have perfect scheduling without
interference and collisions. During twet, the mobile charger
broadcasts WET signals using high transmission power and
WC cannot be conducted during this time. A protocol is shown
in Fig. 4. Then, we have the following problem,

P (1) : min
tinfo,tmn

t2info +

nrb+1∑
n=1

nrb+1∑
m=1

(t2mn) (27)

s.t. (1); tmn ≥ 0,∀ tmn; 0 < tinfo ≤ ∆t;
nrb+1∑
n=1
n6=m

tmn +

nrb∑
n=1
n6=m

tnm ≤ tinfo,∀ m ≤ nrb;

nrb∑
m=1

tmnrb+1
≤ tinfo; tnrb+1m = 0,∀ m.

The objective function (27) consists of two parts. We minimize
the first term in order to increase the time for WET since ∆t is
a constant. We minimize the second term in order to distribute
the network traffic to more paths to improve routing reliability
[25]. In this way, we can improve the received energy by using
the minimum time to transmit data and saving more time for
WET.

The above problem can be solved efficiently using existing
convex optimization tool CVX [55]. In [25], the robotic
network employs distributed algorithms to find the optimal
networking parameters tmn. However, since we have a power-
ful mobile wireless charger, which can provide energy as well
as high-performance computing, it can be used to find globally
optimal solutions to P (1). The mobile charger requires infor-

mation about AUVs’ locations to plan its motion to charge
them. This information can also be leveraged to solve the
problem P (1). First, mobile charger collects AUVs locations.
Then, it solves problem P (1) and broadcasts the updated
parameters to AUVs. One may argue that the scalability of
the solution is limited. However, note that a mobile charger
is not expected to charge a large scale AUV network. It can
only charge a limited number of AUVs. For a large scale AUV
network, multiple mobile chargers can be employed and they
have to allocate tasks and align their signals.

B. AUV Motion Controller

In this paper, we adopt a continuous motion control al-
gorithm by using a gradient controller. Next, we develop
navigation potential functions inspired by [25], [26], [56] and
the AUVs are point robots [25], [28], [42], [56]. First, to
accomplish the mth AUV’s task, we need to minimize the
following function

f1(pm) =
‖pm − xm‖22

η1 + ‖pm − xm‖22
, (28)

where η1 is a positive constant. The above equation is defined
to normalize its value to [0, 1). Since the design takes into
account various aspects with different units and ranges of
value, jointly optimizing them is not trivial. The results may
be affected by one component with extreme values. By using
the above function, we can normalize all of them to the same
range. For example, by using f1(pm) we can normalize the
distance to destination. To guarantee network integrity, the data
traffic of the mth AUV is

f2(pm) =
Lm(pm,pn)− Lom − em

η2 + Lm(pm,pn)− Lom − em
, (29)

where η2 is a positive constant to normalize the network in-
tegrity. A large f2(pm) can ensure network integrity. To avoid
intra-swarm collisions, the distance between two AUVs has
to be monitored. Since the communication signal is directly
related to AUVs’ distances, the AUV m only evaluates the
distance between itself and its communication neighbors. Also,
the distance information can be directly transmitted through
the wireless network without using relays. Thus, the potential
function to avoid collisions is

f3(pm) =
∏
n∈Pm

‖pm − pn‖22
η3 + ‖pm − pn‖22

, (30)

where Pm includes all the AUVs that are neighbors of the
AUV m in the network, and η3 is a positive scalar to adjust the
effect of AUV distances. When there is a collision, f3(pm) =
0. When the distance between AUVs are large, f3(pm) ≈ 1.
The navigation function strives to maximize f3(pm).

In this paper, we consider two policies for WET:
• Policy 1: WET is a service and the mobile charger does

not interrupt the AUVs, i.e., AUVs do not cooperate to
improve WET efficiency.

• Policy 2: AUVs move cooperatively with the mobile
charger to maintain high WET efficiency.
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In the first case, the AUVs’ navigation potential function is

φrb1m =
f1(pm)

[f1(pm)k + f2(pm)f3(pm)]
1
k

, (31)

where k is a positive constant, and the velocity is vm =
−αm∇pm

φrb1m /‖∇pm
φrb1m ‖2. where αm is a positive number

which scales AUVs’ velocity. As shown in [56], the potential
function is defined in this way to avoid infinitely large robot
velocity and satisfy the preceding requirements. The mobile
charger aims to provide the maximized energy to AUVs.
During the time slot twet, it is challenging to update AUVs’
location in real-time. The mobile charger uses the location
information that are collected during tinfo to create the
following potential function

f4(pnrb+1) =

∑
n∈B Pr(pnrb+1,pn)

η4 +
∑
n∈B Pr(pnrb+1,pn)

, (32)

where B is the set of AUVs that need to be charged and η4 is
a scalar to normalized the overall received power. The mobile
charger takes into account the overall received power by the
AUV swarm. Due to the limited space, we do not consider
fairness here. If an AUV’s battery is higher than a threshold,
it is removed from B. Then, the navigation potential for the
mobile charger is

φmc =
1

[1 + f2(pnrb+1)f3(pnrb+1)f4(pnrb+1)]
1
k

. (33)

The mobile charger does not have a destination and thus
its f1(pnrb+1) = 1. Its velocity can be obtained by us-
ing vnrb+1 = −αnrb+1∇pnrb+1

φmc/‖∇pnrb+1
φmc‖2, where

αnrb+1 is a positive number that scales the mobile charger’s
velocity.

In the first case, AUVs are mission-driven and cannot
cooperate with the mobile charger. In the second case, AUVs
navigate to their destinations and can adjust their path to
improve WET efficiency. For the mth AUV, the WET potential
is

f5(pm) =
Pr(pnrb+1,pm)

η5 + Pr(pnrb+1,pm)
, (34)

where η5 is a positive scalar, and its potential function is
updated as

φrb2m =
f1(pm)

[f1(pm)k + f2(pm)f3(pm)f5(pm)]
1
k

. (35)

An AUV moves to the location that can improve its received
power from the mobile charger while it is moving towards its
destination. The mobile charger’s potential function does not
change. The velocity of AUVs and the mobile charger can be
obtained in the same way as that in the first case.

C. Effect of Mobility on Network Integrity

The network parameters are updated every ∆t. If ∆t is
small, significant computations and communication overhead
are incurred, while if ∆t is large the network information
is outdated and the motion of AUVs may violate network
integrity, create collisions, and reduce WET efficiency. After

the mobile charger updates the networking parameters based
on AUVs’ locations, AUVs move based on their individual
navigation functions without communicating with each other.
Therefore, we need to ensure that after ∆t the network
integrity is still maintained. This is achieved by controlling
the AUVs’ velocity.

At time t, if all the AUVs can satisfy (1), then to maintain
network integrity at time t+ ∆t we need
nrb+1∑
n=1
n6=m

tmnR
′(pm,pn)−

nrb∑
n=1
n6=m

tnmR
′(pm,pn)− Lom ≥ 0,

(36)

where R′(pm,pn) is the data rate between AUV m and AUV
n at t+ ∆t. According to [25],

|R′(pm,pn)−R(pm,pn)| ≤
∫ t+∆t

t

|Ṙ(pm(τ),pn(τ))|dτ,

(37)

where Ṙ(pm(τ),pn(τ)) is the derivative of R(pm,pn) and
pm(τ) is the location of AUV m at time τ . Then, we have

|Ṙ(pm,pn)| =
∣∣∣∣dR(pm,pn)

d‖rmn‖2
d

dt
‖rmn‖2

∣∣∣∣
=

∣∣∣∣dR(pm,pn)

d‖rmn‖2
(rmn)T

‖rmn‖2

(
−αm∇pmφ

rb1
m

‖∇pm
φrb1m ‖2

+
αn∇pnφ

rb1
n

‖∇pn
φrb1n ‖2

)∣∣∣∣
≤
∣∣∣∣dR(pm,pn)

d‖rmn‖2

∣∣∣∣ (αm + αn) ≤ 2α′m

∣∣∣∣dR(pm,pn)

d‖rmn‖2

∣∣∣∣ , (38)

where rmn = pm − pn, α′m is the maximum AUV
velocity for AUV m and its neighbors and

∣∣∣dR(pm,pn)
d‖rmn‖2

∣∣∣
can be obtained by using (18). Next, we define ∆R =

maxpn
2α′m∆t

∣∣∣dR(pm,pn)
d‖dmn‖2

∣∣∣. Then, in the worst case the first
two terms in (36) can be updated as
nrb+1∑
n=1
n6=m

tmn [R(pm,pn)−∆R]−
nrb∑
n=1
n6=m

tnm [R(pm,pn) + ∆R]

≥ −∆Rtinfo + em + Lom. (39)

Therefore, in the worst case (36) can be simplified to
−∆Rtinfo + em ≥ 0 and thus

α′m ≤
em

2tinfo∆t

1∣∣∣dR(pm,pn)
d‖rmn‖2

∣∣∣ . (40)

From the above equation, we learn that if tinfo is large, which
means the AUV network spends long time to send current
data packets to their destinations, AUVs have to move slowly,
otherwise before data packets are sent, the network status
has changed significantly and data transmission through the
network becomes unreliable. When ∆t is small, the network
parameters are updated frequently and, thus, AUVs can move
fast. On the contrary, when ∆t is large, the network parameters
are updated slowly and AUVs have to move slowly to maintain
network integrity. Also, the AUVs’ maximum velocity is
modulated by the data transmission capacity. If the network
can accommodate more data transmission, i.e., a large em,
AUVs can move faster, while if em is small, which means
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the network is on the boundary of violating network integrity,
AUVs have to move slowly so that they can check network
status frequently. At time t+∆t, the AUV re-evaluates its em
and updates the maximum velocity. In addition, an optimal
initialization is necessary, i.e., when the AUVs start to move
at t = 0, their locations have to satisfy network integrity
requirements. Also, the AUV has a speed limit vmax which is
defined by its mechanical system. Thus, the maximum velocity
of an AUV is min(α′m, vmax).

D. Effect of Mobility on Received Energy

The received energy by an AUV varies due to their mobility.
Since the distance between an AUV and the mobile charger
is changing continuously, it is challenging, if not impossible,
to obtain the overall received energy by the AUV. To this
end, we derive an upper bound and a lower bound for the
received energy. The received energy by an AUV during twet
is Ehm =

∫ t+twet

t
Pr(pnrb+1(τ),pm(τ))dτ. We can rewrite

the above equation as

Ehm =

∫ t+twet

t

∫ τ

0

Ṗr(pnrb+1(τ ′),pm(τ ′))dτ ′dτ, (41)

where Ṗr(pnrb+1(τ ′),pm(τ ′)) is the derivative of
Pr(pnrb+1(τ),pm(τ)) assuming Pr(pnrb+1(0),pm(0)) = 0.
Similar to (37) and (38) we can obtain

|Ṗr(pnrb+1,pm)| ≤ 2α′m

∣∣∣∣dPr(pm,pn)

d‖rmn‖2

∣∣∣∣ . (42)

Then, we define ∆Pr = 2α′mtwet

∣∣∣dPr(pm,pn)
d‖rmn‖2

∣∣∣. Next, we have

Ehm ≤ twet [Pr(pnrb+1(t),pm(t)) + ∆Pr] , (43)

and

Ehm ≥ twet [Pr(pnrb+1(t),pm(t))−∆Pr] , (44)

which are the upper bound and lower bound of the received
energy of AUV m, respectively. In view of (43) and (44),
if the AUV velocity is zero, the upper bound and the lower
bound are equivalent. This indicates that the uncertainty of the
amount of received energy is caused by the AUV’s mobility.
Also, the AUV and the mobile charger with nonzero velocity
may move towards each other to increase the received energy,
or they may move away from each other and the received
energy decreases.

V. PERFORMANCE EVALUATION

In this section, we evaluate the proposed underwater MI
channel model for tri-axis coils, as well as the mobile WET
policies for swarm AUVs.

A. Reliable WET and WC using Tri-axis Coils

The received power models in Section III-B assume the
distance between the robots is far enough to neglect near field
effects. However, the distance between the two robots may be
small when they are moving. In this case, the received power
is larger than the transmission power, which cannot be true.
To consider the strong coupling in the near field, we consider

TABLE II
SIMULATION PARAMETERS.

Symbol Value Symbol Value Symbol Value

a 0.15 m Nc 50 Lo
m 10 kb

∆t 5 s Pwc
tmax 10 dBm Pwet

tmax 500 W

η1 104 η2 1 η3 0.001

η4 0.01 η5 0.005 vmax 1 m/s

fc 1 MHz B 1 kHz N0 -100 dBm

εw 81ε1 µ2 µ1 σ 0.005 S/m
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Fig. 5. Received power of using unidirectional coil with optimal orientation,
unidirectional coil with random orientation, tri-axis coil with water filling
algorithm, and tri-axis coil without water filling algorithm.

the received power as P gr = Pr

Ptmax+Pr
Ptmax, where Pr is the

received power models in Section III-B, including (4), (7), (8),
(13), and (15). In this way, we can ensure that when the coil
coupling is strong, we can achieve around 100% efficiency but
no more than that.

The simulation parameters are given in Table II, where
Pwct and Pwett are the transmission power for WC and WET,
respectively. The coils’ copper wire radius is 0.5 mm. We
consider the depth of the transmitter and the receiver are
2 m and 1 m, respectively. In Fig. 5, we randomly generate
coil orientations using the approach in [9] for 1000 times.
As we can see, by using unidirectional coils, the maximum
received power is much larger than the minimum received
power. The minimum received power is extremely small even
when the distance between the transmitter and the receiver is
small. Also, as predicted by the analytical model the maximum
received power of using unidirectional coil is the same as the
received power of using optimally orientated unidirectional
coils and the tri-axis coils with CSI. The gap between the
received power of using tri-axis coils without CSI and that of
using tri-axis coils with CSI is smaller than 3 times.

In Fig. 6, we show the wireless channel capacity using (18),
(19), and (20). To better show the worst and best cases, we
use the minimum and maximum capacity for the unidirectional
coils with random orientations. The transmission power is
fixed and we gradually increase the noise power to change
the SNR. The noise can come from thermal noise in wireless
radios or interference. The horizontal distance between the
transmitter and the receiver is 20 m. Similarly, we randomly
generate coil orientations for 1000 times. As shown in the
figure, using unidirectional coils is very unreliable since the
difference between the maximum and the minimum capacity
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Fig. 6. Channel capacity of using unidirectional coil with optimal orientation,
unidirectional coil with random orientation, tri-axis coil with water filling
algorithm, and tri-axis coil without water filling algorithm. The receiver is
20 m away from the transmitter and the transmission power is 10 dBm.
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Fig. 7. Comparison of the exact received power model and the approximated
received power model.

is very large. When noise power is small, using tri-axis coils
with and without CSI have the same performance since the
optimal strategy is equally allocating power to each coil.
The maximum capacity of using the unidirectional coil with
random orientation and the capacity of using an optimally
orientated unidirectional coil are about 3 times smaller than
that using tri-axis coils. This is due to the multiplexing gain
that is offered by a MIMO system. When the noise power is
high, the gain disappears and the optimal transmission strategy
is to allocate power to the optimally orientated unidirectional
coil. Thus, the capacity of using tri-axis coils without CSI
achieves lower capacity. The reliability of the tri-axis coil
without channel estimation was verified by experiments in
[57]; the orientation loss due to misalignment can be efficiently
reduced.

In Fig. 7, we compare the simplified received power model
in Section III-C with the exact model that is developed
in [9] by considering two different transceiver depth. The
transmission power is Pwct . As shown in the figure, when
the depth is comparable to their distance, the received power
of the shallower case is higher than the deeper case since
the direct path is shorter. However, as the distance increases,
the two cases converge to the same received power. This is
due to the lateral wave, which is dominant when the distance
between the transceivers is large. Compared with the exact
model, the simplified model is accurate enough and it can
provide a simple formula to relate the distance and the received

power.

B. Motion Control of Swarm AUVs

In this subsection, we evaluate the developed motion poli-
cies for swarm AUVs. We use time-driven simulations in
MATLAB. In each time slot, AUVs and the mobile charger
update their location, communication, and motion information.
We consider there are four AUVs in the swarm and there is
one mobile charger. The initial locations of the AUVs and
the mobile charger are defined as follows. pi = [i, 0,−1]T

for i = 1, · · · , 5, where the fifth is the mobile charger.
Here, we consider that the AUVs do not change their depth
to illustrate their path better. The AUVs are connected if
their communication link can support a 10 kbps data rate.
Particularly, we consider the following two cases:

1) Case 1: Destinations are distributed uniformly, i.e.,
xi = [i, 50,−1]T for i = 1, · · · , 4, with Policy 1 and
Policy 2. Note that, the mobile charger does not have a
destination.

2) Case 2: Destinations are distributed randomly, i.e.,
xi = [10 + i + nd, 50,−1]T for i = 1, · · · , 4, where
nd ∈ N (0, 1), with Policy 1 and Policy 2. Here, we
shift the destination in the x-direction by 10 m to show
the AUVs’ ability to adjust their motion towards their
destinations.

Note that, we only consider AUVs for about 100 m since
the longer path can be divided into multiple short segments
using algorithms such as RRT (Rapidly Exploring Random
Tree) [58]. Here, we do not consider the energy consumption
of AUVs since this is determined by specific tasks that are
performed by the AUVs.

In Fig. 8, we show the trajectory of AUVs and the mobile
charger using different policies with different destinations.
From the figure, we can see that both policy 1 and policy 2 can
guide the AUVs to their destinations. In Fig. 8a, the mobile
charger first moves towards the AUVs, then it gradually moves
a little behind the middle of the swarm to wirelessly charge
AUVs. Also, AUVs try to stay away from each other to avoid
collisions. In Fig. 8b, the mobile charger stays behind an AUV
in the middle of the swarm. Note that, in policy 1, AUVs do
not consider their WET efficiency. In Fig. 8c and Fig. 8d,
AUVs have to move to improve their WET efficiency while
they are moving towards their destinations. In the beginning,
AUVs move towards the mobile charger to improve their WET
efficiency and the mobile charger chases AUVs to find an
optimal position to charge the whole swarm. Thus, they are
striving to find a balance. Also, AUVs and the mobile charger
moves closer than that using policy 1 since in this way the
WET efficiency can be improved. There is a trade-off between
avoiding collisions and improving WET efficiency, which can
be adjusted by the constants η3, η4, and η5.

In Fig. 9, we show the received energy by each AUV
during the simulations. We notice that ∆Pr in (43) and
(44) is very small and the bounds are tight. Thus, we use
twetPr(pnrb+1(t),pm(t)) to estimate the received energy dur-
ing one ∆t. As we can see, by using policy 2 the received
energy of each AUV is much higher than that using policy 1.
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(d) Policy 2, case 2

Fig. 8. Paths of AUVs and the mobile charger using policy 1 and policy 2
with different destinations. The red stars are the destinations of AUVs.

This is because AUVs cooperate with the mobile charger
to improve WET efficiency. The state of the art AUV con-
sumes around 10 J energy per second, which is smaller than
AUVs’ received energy using policy 2. The received energy
is sufficient to recharge AUVs. Next, we define the effective
velocity as the distance between an AUV’s initial location and
its destination divided by the time it spends to travel. From
Fig. 10 we see that the effective velocity of using policy 2
is much smaller than that of using policy 1. This is because
AUVs have to adjust their location to receive more energy
which takes more time. Thus, if AUVs’ task requires a large
velocity, we can use policy 1, otherwise, we can adopt policy
2. There exists a tradeoff between the delay and charging
efficiency. If AUVs can maneuver themselves to find the
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Fig. 9. Received energy by AUVs using Policy 1 in Case 1 (P1, C1), Policy
1 in Case 2 (P1, C2), Policy 2 in Case 1 (P1, C1), and Policy 2 in Case 2
(P2, C2).
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Fig. 10. Effective velocity of AUVs using Policy 1 in Case 1 (P1, C1), Policy
1 in Case 2 (P1, C2), Policy 2 in Case 1 (P1, C1), and Policy 2 in Case 2
(P2, C2).

optimal charging locations, the efficiency can be significantly
improved. However, this increases the delay to accomplish
their missions. Also, although it is not shown here, the network
integrity is always guaranteed during our simulations which
is achieved by successfully solving the optimization problem
P(1).

In Fig. 11 and Fig. 12 we show the impact of η3 in (30),
which affects the collision avoidance performance, on the
distance between two AUVs and received energy. We only
show Policy 1 in Case 1 (P1, C1) and Policy 2 in Case 1 (P2,
C1) since the performances in Case 2 are similar which do
not affect the conclusions. As we can see from Fig. 11, for 4
AUVs and 1 mobile charger, from their initial locations to their
destinations, the mean distance increases as η3 increases for
both (P1, C1) and (P2, C1). Also, through simulation we notice
that as η3 increases to 0.1 the AUVs cannot move towards
their destinations within the given time. They have to stay
away from each other due to the large η3 while maintaining
network integrity which is hard to achieve. As a result, they
just move around to find optimal locations. Moreover, by using
(30) we can ensure that collisions (two AUVs have the same
location) can be avoided and the minimum distance is always
larger than 0. The minimum distance does not increase as η3

increases. This is due to the wireless energy transfer, which
drives AUVs and the mobile charger close.

In Fig. 12 we show the received energy associated with the
simulation in Fig. 11. As we can see, the received energy is
affected by the minimum distance in Fig. 11. For (P1, C1),
the minimum distance is almost a constant and the associated
received energy is also stable. For (P2, C1), when η3 = 0.0006
the minimum distance is the largest, and the received energy is
the smallest. Note that, the minimum distance and the received
energy depend on the motion policy, the initial locations, and
destinations.



14

10-4 10-3 10-2 10-1

3

0

2

4

6

8

Di
st

an
ce

 b
et

we
en

 tw
o 

AU
Vs

 (m
) mean P1, C1

min P1, C1
mean P2, C1
min P2, C1

Fig. 11. Effect of η3 on the mean distance and minimum distance between
any two AUVs in a swarm from initial locations to destinations using Policy
1 in Case 1 (P1, C1) and Policy 2 in Case 1 (P2, C1).
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Fig. 12. Effect of η3 on the received energy using Policy 1 in Case 1 (P1,
C1) and Policy 2 in Case 1 (P2, C1).

The impacts of AUV number in a swarm are shown in
Fig. 13 and Fig. 14. The standard deviation shows the variation
of received energy by different AUVs. The initial locations and
destinations are set following the same approach as that when
the number is 4. The effective velocity in Fig. 13 indicates that
using (P1, C1) the velocity is not affected by AUV number
since they do not cooperate with the mobile charger while
using (P2, C1) the velocity is affected by the AUV number.
The swarm moves fast when the AUV number is extremely
large or small. When the number is small, all AUVs are around
the mobile charger, it is easy to meet the network constraints,
while when the number is large since some of the AUVs are
far from the mobile charger, they cannot receive sufficient
energy and they move fast towards their destinations which
drives the whole swarm forward. When the AUV number
is in the middle, i.e., 6 in the figure, AUVs move around
the mobile charger to harvest more energy and the effective
velocity becomes smaller.

The received energy is shown in Fig. 14. As we can see, for
(P1, C1) the received energy monotonically decreases as the
number increases, while for (P2, C1) the standard deviation
is large which means the fairness is poor. But, generally, the
trend is the same, i.e., the more AUVs the smaller received
energy.
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Fig. 13. Effective velocity for AUV swarms with 2 to 12 AUVs using Policy
1 in Case 1 (P1, C1) and Policy 2 in Case 1 (P2, C1).
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Fig. 14. Received energy for AUV swarms with 2 to 12 AUVs using Policy
1 in Case 1 (P1, C1) and Policy 2 in Case 1 (P2, C1).

VI. CONCLUSION

Swarm AUVs is an important approach to explore and
monitor underwater environments. To provide a continuous
energy supply, we propose to use mobile chargers to wire-
lessly recharge AUVs. In this way, AUVs can conduct tasks
persistently. In this paper, we first prove that using tri-axis coils
we can obtain reliable wireless energy transfer and wireless
communication without experiencing orientation losses. We
develop optimal transmission and receiving algorithms. Then,
we derive a simple underwater magnetic induction channel
model by using tri-axis coils. The developed channel model
is used to design efficient and distributed motion potential
functions, upon which we find the optimal velocity for each
AUV. We provide two wireless energy transfer policies and
numerically evaluate their performances. Our results show that
it is feasible to adopt wireless mobile charging in underwater
and the proposed solutions are efficient to maintain wireless
network integrity and high wireless energy transfer efficiency
while accomplishing AUVs’ tasks.

APPENDIX A
MAGNETIC FIELDS IN CARTESIAN COORDINATES

The magnetic fields generated by x, y, and z orientated coils
in the underwater environment considering water-air interface
are expressed in Cylindrical Coordinates, which can be written
as H = [hx,hy,hz], where hi = [hiρ, h

i
φ, h

i
z]
T for i = x, y

and z and their expressions are given in [9] and the appendix
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in [1]. The model is derived by considering each transmitting
coil has a unit current. Thus, by using Humsm, we can
obtain the magnetic fields in Cylindrical Coordinates, which
are generated by a coil with orientation um and excitation
current sm. To transform the fields to Cartesian Coordinates,
we only need a transform matrix L which is given in [9].
Thus, we have D = LH .

APPENDIX B
SIMPLIFICATION OF (21) AND (24)

For the direct path, the magnetic fields generated by a mag-
netic dipole are given in [48, chap. 5]: hr = jk2a

2Ncs cos θ
2r2 [1+

1
jk2r

]ejk2r, hθ =
−k22a

2Ncs sin θ
4r [1 + 1

jk2r
− 1

(k2r)2
]ejk2r, and

hφ = 0. We consider the dominant terms when k2r � 1

and k2r � 1, which are hr = a2Ncs
2r3 ejk2r and hθ =

−k22a
2Ncs

4r ejk2r, respectively. Note that, the angle is neglected
since by using tri-axis coils, we can compensate the orientation
loss. Then, by using the two dominant terms, we can obtain
(21). For the lateral wave, a simplified model is given in [1]
and the assumption is that the distance between a transmitter
and a receiver is much larger than their depth. Similarly, we
can neglect angles by using tri-axis coils. Also, since the
absolute value of the propagation constant of water k2 is much
larger than that of air k1 due to the high permittivity and
conductivity of water, |k2/k1| � 1. By using this property, we
can find the dominant terms in ρ, φ, and z direction, which
are given in (24).
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