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Robust 3D-Trajectory and Time Switching Optimization for
Dual-UAV-Enabled Secure Communications

Wei Wang, Member, IEEE, Xinrui Li, Rui Wang, Senior Member, IEEE,
Kanapathippillai Cumanan, Senior Member, IEEE, Wei Feng, Senior Member, IEEE,
Zhiguo Ding, Fellow, IEEE, and Octavia A. Dobre, Fellow, IEEE

Abstract—This paper investigates a dual-unmanned aerial
vehicle (UAV)-enabled secure communication system, in which,
a UAV moves around to send confidential messages to a mobile
user while another cooperative UAV transmits artificial noise
signals to confuse malicious eavesdroppers. Both UAVs have
energy constraints and the location information of eavesdroppers
is imperfect. We consider a worst-case secrecy rate maximization
problem of the mobile user over all time slots. This optimization
problem is solved by jointly designing the three-dimensional
(3D) trajectory of UAVs and the time allocation (recharging
and service or jamming) under practical constraints including
maximum UAV speed, UAV collision avoidance, UAV positioning
error, and UAV energy harvesting. Specifically, we adopt a more
practical UAV-ground channel model with both large-scale and
small-scale fading components. Due to the non-convex feasible
region constructed by the complicated constraints, directly find-
ing the optimal solution of the original problem is intractable. To
address this issue, we decouple the original optimization problem
into three subproblems and develop an iterative algorithm to
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find its suboptimal solution by using the block coordinate
descent technique. To solve each subproblem, certain advanced
optimization tools, such as integer relaxation, S-procedure, and
successive convex approximation techniques, are utilized. Numer-
ical simulation results are provided to corroborate the theoretical
derivations and to evaluate the performance of the proposed
algorithm. Additionally, the numerical results assist to draw new
insights on the 3D UAYV trajectory by comparing the performance
with conventional two-dimensional (2D) schemes.

Index Terms—Unmanned aerial vehicles (UAV) communi-
cations, robust 3D-trajectory design, physical layer security,
cooperative jamming, maritime communications.

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) have attracted sig-
nificant attention in recent years due to their various
potential applications, such as information broadcasting, re-
laying, and data collection [1]-[4]. This, in contrast to the
traditional terrestrial communications, is mainly attributed to
the more flexible deployment and agile mobility of UAVs,
as well as their line-of-sight (LoS) communication links with
the ground terminals at a moderate altitude [5]-[8]. Despite
the promising gains and benefits offered by UAVs, the open
nature of air-to-ground wireless channels makes the infor-
mation transfer more vulnerable and a challenging issue [9].
Hence, information security in UAV wireless communications
is extremely important and needs to be carefully addressed.
We note that conventional encryption techniques require
secret key generations, whose distributions and managements
may lead to security vulnerability in wireless systems. On
the contrary, physical layer security has recently drawn
significant attentions from different wireless communication
research communities because of its capability to realize
secure transmission by exploiting the inherent randomness
and dynamic characteristics of wireless channels [10]-[14].
Recently, different physical layer security techniques have
been proposed for providing information security in UAV-
assisted communication systems [9], [15]-[17]. Additionally,
the fully controllable mobility of UAVs can be exploited
to further enhance physical layer security via adjusting its
trajectory. This is due to the fact that the UAV can fly
close to the legitimate ground node and move away from
the eavesdroppers to avoid information interception. Thus,
UAV trajectory design has become an important research
topic for physical layer security provisioning. For example,



a secrecy rate maximization problem for an UAV-assisted
communication system was studied in [18], in which a new
trajectory design scheme was proposed by using the mobility
of UAV. Physical layer security techniques were extended to
both downlink and uplink of an UAV-ground communication
system in [19], where the average secrecy rate was maximized
by jointly optimizing the trajectory and transmit power of
UAV. In [20], a utility optimization problem was considered
to maximize the average secrecy rate in UAV-assisted mobile
jamming system by jointly designing the UAV’s trajectory
and jamming power. An average secrecy rate maximization
problem for an UAV-enabled secure communication system
was studied in [21], where a joint design of UAV trajectory,
transmit power levels and power splitting ratios was proposed.
Moreover, a UAV-assisted secure system in the presence of
multiple eavesdroppers was investigated in [22], where the
secrecy rate was maximized by jointly optimizing the trajec-
tory and transmit power of the UAV. However, the authors in
[18]-[22] assumed that the locations of eavesdroppers were
perfectly known, which is not a realistic assumption, and
thus, the results are not applicable to practical scenarios. To
deal with this issue, a secure UAV communication system
in the presence of multiple eavesdroppers was considered in
[23], where a joint robust trajectory design and power control
scheme was proposed to maximize the average worst-case
secrecy rate.

However, the aforementioned works only considered a
single UAV-assisted secure communication system [18]-[23],
which may not achieve a high-level security performance.
This is because it is generally difficult for an UAV-mounted
base station to keep far away from all the eavesdroppers
with imperfect knowledge of their locations, when it trans-
mits confidential information to the legitimate receiver. Thus,
a cooperative UAV jammer is highly appealing to further
improve the quality of secured transmission [24]-[26]. In
[24], a dual-UAV enabled secure communication system with
multiple eavesdroppers was investigated, where one UAV was
assumed to be a mobile base station while the other UAV was
considered as a jammer to assist the secure communications
of desired users. In [25], the authors considered an UAV-aided
secure communication system with a cooperative jamming
UAV, where the minimum secrecy rate was maximized by
jointly optimizing the trajectory and transmit power of the
UAVs as well as the user scheduling. Further, a max-min
secrecy rate optimization problem for a dual-UAV enabled
secure communication system was studied in [26], in which
a joint design of UAV trajectory and transmit power was
proposed. However, the authors in [24]-[26] assumed that
perfect knowledge of the eavesdroppers’ locations is available
for trajectory design, which is an impractical assumption. In
addition, the aforementioned works, e.g., [18]-[26], assumed
that the UAV flies at a fixed altitude and thus only the two-
dimensional (2D) UAV trajectory design was considered. In
fact, due to fully controllable three-dimensional (3D) mobility,
UAVs provide more degrees of freedom to either cruise

horizontally or ascend/descend vertically to a desired location,
depending on the requirements of communication security.
Therefore, designing the 3D trajectory of dual-UAV in the
presence of multiple eavesdroppers with imperfect locations
is of paramount importance to improve the overall secrecy
performance.

Recently, UAV’s 3D trajectory design has drawn signif-
icant research interests. For instance, in [27], the authors
investigated a UAV-enabled wireless sensor network, where
the average data collection rate from all sensor nodes was
maximized by jointly optimizing the UAV’s 3D trajectory
and communication scheduling. In [28], a multicarrier solar-
powered UAV communication system was considered, where
the system sum throughput was maximized by jointly de-
signing the 3D aerial trajectory and the wireless resource
allocation over a given time period. A max-min average rate
optimization problem for an energy-constrained UAV-assisted
downlink cellular network was studied in [29], in which a joint
design of resource allocation and 3D trajectory was proposed.
In [30], the authors considered a rotary-wing UAV-enabled
wireless power transfer system, where the harvested energy
at all energy receivers was maximized by jointly optimizing
the UAV’s 3D trajectory, beam pattern and charging time.
Furthermore, in [31], the authors investigated a UAV-assisted
cognitive communication network, where the average rate of
the secondary receivers was maximized by jointly optimizing
the UAV’s 3D trajectory and power allocation. Despite the
research efforts devoted to the UAV’s 3D trajectory design,
the existing designs, e.g., [27]-[31], may not be applicable for
the use-cases where information security is utmost important
in UAV communication systems. It is worth noting that there
have been some initial attempts to address the security issues
of UAV-assisted communication systems by designing the 3D
trajectory. For example, in [32], the authors investigated a
secure UAV communication system in the presence of multiple
ground nodes and colluding eavesdroppers, where the average
secrecy rate was maximized by jointly optimizing the UAV’s
3D trajectory and transmit power allocation. However, it was
assumed that the locations of eavesdroppers were perfectly
known, which is impractical. Furthermore, the works in [27]-
[32] only considered the case of a single UAV, which does not
provide much degrees of freedom to achieve a better physical
layer security performance.

Motivated by the aforementioned aspects, we consider
a dual-UAV-assisted secure communication system in this
paper, where a UAV base station (UAV-S) intends to send
confidential messages to the legitimate mobile user with the
help of a cooperative UAV jammer (UAV-J) in the pres-
ence of multiple eavesdroppers. In particular, the mobility
of both UAVs and user are taken into account. Furthermore,
we consider a practical scenario where the eavesdropper’s
locations are not perfectly known and the onboard energy



TABLE I
LIST OF FUNDAMENTAL VARIABLES.

Symbol Description
T Flight period of UAVs
dy Length of each time slot
aln] Time switching (TS) ratio
qa[n] Horizontal location of node a
ha[n] Vertical location of node a
dmin Minimum security distance of UAVs
Ou Positioning error at a reference distance
Oy Positioning error threshold of UAVs
Ex Continuous set of estimation errors
AQp Radius of maximum estimation error
gab[n] Large-scale channel coefficient between a and b
hap[n] Small-scale fading coefficient between a and b
0 Channel power gain at a reference distance
dap[n] Distance between a and b
v Maximum speed of node a
K[n] Rician factor
n Energy conversion efficiency
€ Interference cancellation factor
K Euler constant
Pq[n] Transmit power of node a
Ry[n] Achievable rate at the mobile user
Re, [n] Achievable rate at the eavesdroppers
R'P[n] Lower bound of R4[n|
Rgg [n] Upper bound of R, [n]
- Minimum EH requirement
Tja Upper bound of small-scale fading between UAV-J and D
ie Lower bound of small-scale fading between UAV-J and E},
Tld,e} Variance of the additive white Gaussian noise (AWGN)
Rwcsr Average worst-case secrecy rate

supply of UAVs is limited.! Different from most previous
works which considered the free space path loss model to
simplify the analysis, we adopt a more practical UAV-ground
channel model that includes both large-scale and small-scale
fading components. Our objective is to maximize the worst-
case secrecy rate among all time slots by jointly designing
the UAVs 3D trajectory and time switching (TS) (recharging
and service or jamming) under the UAV’s mobility, anti-
collision, positioning and energy harvesting (EH) constraints.
To the best of the authors’ knowledge, the robust joint design
for dual-UAV-assisted secure communications has not been
reported in the literature, and our contributions towards the
joint design are summarized as follows:

1) We propose a model for a dual-UAV-assisted secure
communication system and formulate an optimization problem
to maximize the worst-case secrecy rate of the mobile user by
taking into account the mobility of both UAVs and mobile
user. Additionally, we adopt a more practical UAV-ground
channel model with both large-scale and small-scale fading
components.

2) Then, we study the joint 3D trajectory and TS design
for solving the formulated optimization problem. In order
to deal with the non-convexity issue, we decompose the
original optimization problem into three subproblems and
utilize integer relaxation, S-procedure, and successive convex

I'These system settings can occur in emergency communications or ocean
scenarios, where the conventional terrestrial base stations are destroyed or
do not exist, and then, a mobile aerial base station should be employed to
provide the necessary communication infrastructure without the support from
a fixed site and power supply.
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Fig. 1. Illumination of an energy-constrained dual-UAV-assisted secure
communication system:a maritime example.

approximation (SCA) techniques to convert the challenging
subproblems into more tractable forms.

3) Next, we develop an iterative optimization algorithm
to alternately solve the equivalently converted subproblems
by using the block coordinate descent (BCD) method, and
then, a suboptimal solution of the original problem is obtained.
In each iteration, we derive numerical solutions of the TS
ratio, UAV-S and UAV-]J trajectories, which provide important
insights to incorporate in the efficient system design.

4) Finally, we analyze the convergence and the com-
plexity of the proposed algorithm, and evaluate the system
performance through numerical simulations. Furthermore, we
show that for the scenario of multiple eavesdroppers and
the mobile user, the proposed 3D dual-UAV trajectory can
realize a significant secrecy rate gain over the conventional
2D trajectory designs in the literature.

The remainder of the paper is organized as follows. The
system model and the problem formulation are presented
in Section II, whereas a three-step alternating algorithm is
developed in Section III to yield a suboptimal solution for the
original optimization problem. Section IV presents simulation
results to validate the effectiveness of the proposed design,
and finally, Section V concludes the paper.

Notations: Boldface lowercase and uppercase letters denote
vectors and matrices, respectively. For a vector a, al and
||a|| represents its transpose and Euclidean norm, respectively.
A = 0 indicates that A is a positive semidefinite matrix. | - |
and E(-) denote the absolute value and statistical expectation,
respectively. The distribution of a circular symmetric complex
Gaussian vector with mean vector x and covariance matrix
¥ is denoted by CN(x,X). The notation [m]* stands for
max(0,m). A list of variables used in this work is provided
in Table L.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a dual-UAV-assisted secure maritime commu-
nication system as shown in Fig. 1, where a UAV-S intends
to transmit confidential information to the legitimate mobile
user (a ship in the maritime example) D while another UAV-J
cooperatively transmits artificial noise (AN) signals to con-
fuse multiple independent eavesdroppers {Ey, Ea, -, Ey}.



In practice, the UAVs are connected to shore-based base
stations or satellites with wireless backhauls to obtain data
and instructions [24]. In this UAV network, it is assumed that
UAVs, the mobile user, and all eavesdroppers are equipped
with a single antenna [33], [34]. Furthermore, since the UAVs
are powered by the energy-limited onboard battery which
needs to harvest energy from surrounding environments [28],
[35]-[38], we assume that the UAV-S and UAV-J employ the
TS protocol to periodically harvest energy from the power-
supply D for rendering communication services and cooper-
ative jamming?. We consider a particular UAVs flight period
with duration 7T in second (s), which is discretized into N time
slots with equal duration d; = T/N, where N = {1,--- N}
denotes the set of slots. Note that the locations of the UAVs
can be assumed approximately the same during each time slot
when d; is chosen sufficiently small, as presented in [19],
[23], [25], [27]-[29]. Furthermore, let «[n] denote the TS
ratio at time slot n € N, ie., an] = 0 and a[n] = 1
represents UAVs recharging period and service or jamming
period, respectively. Without loss of generality, we consider
a 3D cartesian coordinate system, in which the UAVs exploit
the fully-controllable mobility to change their 3D locations
over time, in order to improve the quality of secrecy commu-
nications. The coordinate of the mobile user can be expressed
as (qa[n],0), where qq[n] = (z4[n], ya[n]) denotes the hori-
zontal coordinate in time slot n. The coordinates (qe, [7],0),
Qe [n] = (zx[n], yk[n]), represent the exact location of the
k-th eavesdropper, Ey, k € {1,2,--- , K}, which is not avail-
able at the legitimate system. However, we assume that the
UAVs have the capability to estimate the locations of EY, i.e.,
(e, (1], Yer [],0) [23], [38]. Furthermore, the time-varying
3D position of dual-UAV can be expressed as (qyu[n], hy[n]),
u € {s,7}, where qu[n| = (xy[n],yu[n]) and h,[n] denote
the UAV’s horizontal and vertical (or altitude) entries of
the 3D coordinate system, respectively. Additionally, suppose
that q,[0] = (2,[0],,[0]) and qu[N] = (2u[N],5.[N])
denote the UAV’s pre-determined initial and final horizontal
locations, and h,,[0] and h,[N] denote the corresponding al-
titudes, respectively. Based on these coordinates, the mobility
constraints of the UAVs can be expressed as

Hqu[n] - qu[n - 1]” S V»L,T}gzdta (la)

|huln] — hy[n —1]| < V0 dy, Vn, (1b)

where V"¢ and V"', u € {s,j}, denote the maximum
horizontal and vertical speed of UAVs, respectively. Further-
more, to avoid collision between the UAV-S and UAV-J, we

impose the following minimum security distance constraint:

VIas] = a2 + hafn] = hyfnl2 > dpin W (2)

2Since the propulsion energy consumption of the UAV is much larger than
that of the wireless transmission in practice, we assume that the onboard
battery supplies for the flight control of UAVs while the harvested energy
accounts only for its information transmission and cooperative jamming, as
commonly adopted in the literature [36]—[38]

where d,,,;,, 1s the minimum anti-collision safe distance. Since
the UAVs need to correct the positioning error to successfully
arrive at the final location in practical scenarios [39], [40], the
accumulated errors on the horizontal and vertical directions
need to meet the following constraints:

N
Z Sullqu[n] — qu[n — 1]|| < Oy p, (3a)
n=1

N
> " Sulhun] = huln — 1] < ©4,,Yn  (3b)
n=1

where d,, u € {s,j}, denotes the positioning error at a
reference distance of 1 m, and ©,,; and ©,,, represent the
horizontal and vertical positioning error thresholds of UAVs,
respectively.

As the locations of the eavesdroppers are imperfectly known
at the UAVs, the relationships between the actual and the
estimated x,y coordinates of Fj can be respectively defined
as

wg[n] = we [n] + Awg[n], (4a)

yr[n] = yer[n] + Ayg[n], (4b)

where Az [n] and Ayy[n] denote the estimation errors. These
errors are assumed to be bounded within a circle and satisfy
the following constraint [23], [38]:

(Azg[n], Ayk[n]) € &

2 {(Azpln], Aye[n])|Azg[n] + Ayiln] < AQRY,
where &, represents a continuous set of possible errors and
AQ? denotes the magnitude square of the maximum estima-

tion error. Additionally, it is assumed that the mobile user has
a fixed trajectory constraints, which can be defined as?

&)

zq[n] = wa[n—1],y4[n] = ya[n—1]+V,]"**ds,Yn € N, (6)

where V;"%" represents the maximum speed of the mobile
user.

In addition to these constraints, different from most pre-
vious works which used the free space path loss model to
simplify the analysis, a typical UAV-ocean channel model with
both large-scale and small-scale fading is employed [33], [34].
Thus, at time slot n, the channel power gains from UAVs to
ocean nodes can be defined respectively by

hya[n] = gua[n]hua[n]

. K[n) 1 ?
= (podz3 ) (\/ Tt ¢ o)
K|n]

huek[n] = guek[n]BuEk[n]
. L ’
= (pOduezk[n]) (\/K[n]—l—l + \/K[n] +1guek> )

3This is typical for maritime navigations [33], [34], where all ships have
fixed routes to avoid collision. The investigation of multiple mobile users
with arbitrary trajectories is an interesting topic for future work.

(7a)

(7b)




where {gua[n], Sue, [n]} and {hyuq[n], hye, [n]} represent
the large-scale and small-scale fading coefficients between
UAVs and D as well as Fj, respectively. The symbol
po denotes the channel power gain at a reference dis-
tance of 1 m [18]- [20] [22] [26], [29], [31], [32], and
dualn] = \/Ilqu a[nll[* +hiln] and dyey[n] =
Vau[n] — qe, [n]]? + h%[ ], uw € {s,j}, represent the dis-
tances between UAVs-to-D and UAVs-to-Ej, at slot n € N,
respectively. The symbols {gyd, Jue,} € CN(0,1) and K|n]
defines the Rician factor that corresponds to the ratio between
the LoS power and the scattering power*. Since the UAVs
are powered by an energy-limited onboard battery, it is as-
sumed that the UAVs need to harvest energy for rendering
communication services or cooperative jamming. In general,
the harvested energy is a nonlinear function with respect
to the received radio frequency power [41], [42]. However,
there is no generic EH model which can captures all practical
scenarios [43]. Therefore, for simplicity, we consider a linear
EH model which has been commonly adopted in the literature
[22], [28], [29], [38]. Due to gu,q € CN(0,1), the harvested
energy at the UAVs can be expressed as

N
Ejy =Y E{(1 - a[n))nPa[n]hualn]}
n=1 (8)

—Zl—a

where P;[n] denotes the transmit power of the mobile user
and n € (0,1] represents the energy conversion efficiency.
Under the above setting, at time slot n € A/, the signal-
to-interference plus-noise ratio (SINR) and the achievable
average rate at the mobile user can be defined respectively
as

)nPan]gualn],

- PS [n]hsd[n]
SINRq[n] = 02 + ePj[nlhjq[n]’ ®
and
R4[n] = E< a[n]log, | 1 + SINR4[n]
e ) "

~"Ps[n]gsa(n] lb

e e
where Pg[n] and P;[n] represent the transmit power by the
UAV-S and UAV-J, respectively. The symbols € and « denote
the interference cancellation factor and the Euler constant,
respectively. The symbol 03 represents the variance of the
additive white Gaussian noise (AWGN) at the mobile user, and
I'j4 denotes the upper bound of small-scale fading between
UAV-J and D, and R'[n] represents the lower bound of R4[n).
Similarly, the SINR and the achievable average rate of Ej, can
be expressed respectively as

P [n]hsek [n}
o2 + Pj[nlhje, [n]’

SINR,, [n] = (11)

“In general, K [n] is the function of the elevation angle between the UAVs
and ground nodes, but it is assumed constant in the current work for tractable
analysis, which has been already widely adopted in maritime communication
scenarios [33], [34].

and

R [n] —E{a[n]log2 (1 + SINR,, [n]> }

PS [n]gsek [n} _ U
“[”“%(1 T TP g tn]rj) = Reln,

where o2 represents the variance of the AWGN at the k-th
eavesdropper, and I';. denotes the lower bound of small-scale
fading between UAV-J and Ej, and R“’[n] represents the
upper bound of R., [n].

Our objective is to maximize the average worst-case secrecy
rate (Rycsr) among all time slots by jointly designing the
dual-UAV 3D trajectory, {qu[n], hy[n]}, u € {s,4}, and TS
ratio {a[n]}, Vn, subject to the UAV’s mobility, anti-collision,
positioning and EH constraints. This joint design problem can
be formulated as

12)

NZ|:RZZ7

{au[n } ul

n=1
\ +
B ke{{n2ax K} Amk[n]rg%/}:[n]egk{Rek (]}
s.t. C1: ||qu[n] — qu[n = 1)|| < V7 dy, u € {s, j}, Vn,
C2: |hy[n] — hy [n = 1] <V ds,u € {s,5},Vn,
csqu ][[2 + 1 [n] = Ay (]| > dpnin, Vi,
C4 :Z dullau[n] — quln — 1]|| < Oy, u € {s,j},Vn,
n=1
C5:Z§|h huln = 1] < Oy, u € {s,j},Vn,
n=1
N
C6: Z(l - a[n])nPd[n]gUd[n] > Eyue {S,j},V?L
n=1
C7: himin < hy[n] < hinaz,u € {s,7}, Vn,
C8:aln } {0,1},Vn,
(13)

where the constraints C1 and C2 refer to the UAV’s mobility
constraints and constraint C3 is the security distance constraint
between the UAV-S and UAV-J. The constraints C4 and
CS represent the horizontal and vertical positioning error
constraint of the UAVs, respectively. F, in constraint C6
denotes the minimum EH requirement of the UAVSs. h,,;,, and
hmaz represent the minimum and maximum allowed UAVs
flight altitudes, respectively.

Since the problem defined in (13) consists of binary discrete
variables (@[n]) and highly nonlinear objective function (both
numerator and denominator of RY[n] and R“’[n] depend on
the optimization variables {qy[n], h,[n]}); it is challenging to
obtain the global optimal solution. Furthermore, the imperfect
locations of the eavesdroppers (Axg[n], Ayg[n]) impose semi-
infinite number of constraints, which make the optimization
problem mathematically more intractable. In the following
section, we propose a computationally efficient iterative al-



gorithm to yield a feasible solution to the problem defined in
(13).

III. PROPOSED ITERATIVE ALGORITHM

In this section, we resort to the BCD technique through
decomposing problem (13) into three subproblems to obtain
a suboptimal solution, i.e., alternately optimizing different
groups of the TS ratio a[n|, UAV-S trajectory {qs[n], hs[n]},
and UAV-J trajectory {qj[n],h;[n]} while the rest of the
variables are fixed.

A. Optimization of the TS ratio a[n]

For given UAV-S and UAV-J 3D trajectories {qy[n], hy[n]},
u € {s,j}, by relaxing the binary variables in C8 into
continuous variables [27], [36], [44], [45], the problem defined
in (13) can be equivalently expressed as follows:

N
1;1[2:3]( Jb;a[n]M[n} (14a)
N

5.t ZAl[n]oz[n] < by, (14b)

n=1

N
Z As[nlaln] < by, (14¢)

n=1
0 < an] < 1,Vn, (144d)

where
M[TL] _ 10g2 (1 + e P, [n]gsd[n]

oi+¢eP; [n]gjd[n]rjd> -

ma 1 (1 Py[n]gse, [n] >
X max 0gs (1 +— ,
ke{1,2,....K} Axy[n],Ayr[n]€Ek oz + Pj [n]gjek [n]Fje

(15a)
Aq[n] = nPa[n]gsaln], Aa[n] = nPaln]gja[n],  (15b)
N N
bi=Y  nPalnlgs[n]—Es, b= _ nPanlg;aln]-E;. (15¢)
n=1 n=1

The problem defined in (14) is challenging to be directly
solved due to the estimation errors (Azy[n]|, Ayg[n]) con-
straints in (15a). Thus, we first define an upper bound for the
second term of the right hand side in (15a) as follows:

Py [n]gse, [1] )

O—g + Pj [n]gjek [n“-—‘je

max max log, <1 +
ke{1,2,..., K} Az [n],Ayk[n]€€k

Ps[n]gs.[n]
<log, (1 se
- Og2< T T P lng;, [T

(16)
where

8seln] 8sex [1]

= max max
ke{1,2,....K} Azy[n],Ayk[n]€€s

= ma * o In
e (X Bee 1]

(17a)

gi.ln] = e [1]

(17b)

3 *
pe A oy Bien):

and then, by substituting (5) and (7) into (17), the closed-form
solutions of g, [n] and g7, [n] can be derived as follows:

e ln] =
Rty dsex [n] < AQk, (18)
£ dse A bl
(Ve dnl=—ac n]) >y dn]—ye, [n])>—AQ)) >+h2[n] f[nI>AQk
and
8renn] =
Po (19)

(/@] =z, [n]) 2+ (ysIn] = ye,[n]) >+ AQx)2 +h3[n]
As aresult, the lower bound of M [n] in (152) can be derived
and the problem (14) can be reformulated as follows:

1N
r = max — Za[n]M*[n]

aln]

(20)

n=1

s.t. (14b) ~ (14d),

where M*[n] = log, (1 + (%) — log, (1 +
Ps[nlg?, [n]
o2+Pj[n]g;. [n]Tje
lem in (20) is a standard linear programming problem, which
can be efficiently solved by existing standard optimization
techniques such as the simplex method [36], [46]. Thus, the
optimal solution to the subproblem in (20) can be denoted as

. It is obvious that the reformulated prob-

aln] = argmax r. (21)
n

Remark: Note that the optimal TS ratio a[n] defined in
(21) is in general continuous, and can be reconstructed to the
binary solution {0, 1} using the binarization method in [45]
without compromising the optimality of the solution.

B. Optimization of the UAV-S Trajectory {qs[n], hs[n]}

With the fixed variables a[n] and {q;[n], h;[n]}, the prob-
lem defined in (13) can be reformulated as

1 & =" Py[nlgsaln]
max — aln]|lo 1+ & sd >
{a:lnlhafnl} N ,; g { gQ( g + ePj[nlgjaln|Tja
P [n] X Esep [”} )}

ma. max
ke{1,2,...K} Azg[n],Ayi[n]€€y
(22)

bQ@* o2 + Pyfnlgje[n]lje
s.t. Cl~C7,u=s.

Similar to the previous subproblem in (14), the above
problem is also challenging to optimally solve in polynomial
time due to its non-convex objective function. To deal with this
non-convexity issue, we first introduce a set of slack variables
t1 2 [t1[1],41[2], ..., t1[N]]T and to 2 [ta[1], t2[2], ..., t2[N]]T,

_ poe” " Ps[n] poPs[n] .
and let In = 0'§+6Pj[n]gjd,[n]l“jd 02+ Pj[n]gje[n]T e’

and p, =



then, the problem defined in (22) reduces to the following
problem:

— Y aln]|log, [ 1+
{zs[n],ys [n] n]} tito IV nz: |: g2< tl[ })

s+ )

(a5 [n]=wx[n])* + (ys[n] — yu[n])®

(23b)
—I—hi [n] >t2[n], Vn, k,

(23a)

s.t. min
Az [n],Ayi[n]€€y

(wn]=adn])*+(ydn]—ydn])*+hin]—t:[n] <0,Vn, (23c)

ta[n] > h . n, (23d)
Cl~CT7,u=s.

Note that the problem in (23) is still intractable due to the
non-convexity of (23a), (23b) and C6. Therefore, we can lever-
age the SCA technique to derive its convex approximation
[27], as follows. Firstly, by using the first-order Taylor series

expansions of log, (1 + , we have

log2<1+ i ]>

t1 [n]

gl = tr,. ) @Y

9n
> ] 1 —
%4*ﬁmw)zmﬁmw+%m4w’

where t1,,,[n] £ [t1,..[1],t1,..[2], .., t1,., [N]]T is the fea-
sible solution obtained at the (I — 1)th iteration. Then, by
introducing a slack variable &, £ [&x[1], (2], ..., &[N]]T,
based on the proof in Appendix A, (23b) can be equivalently
transformed to the following constraints:

T [n]7 Ys [TL], hs [TL], t2

Ts [n]7 Ys [’I’L], hs [’I’L], 1)
0 E[n] +1 Yei [0] = ysln] 1,
Yer[n] — ys[n]  —AQR&[n] + C[n]
Sfea [n] + 25, [n]zs[n] — 2@, [n]as[n] +
g [n] =2, [n] + 2y, [n]ys[n] — 2ye, [n]ys[n] + ye, [n]? —
h? eal] + 2R, [n]hs[n] — ta[n]. Similarly, the constraint
C6 in (23) can be equivalently rewritten as follows:

[n], §k[n]) = 0,VE,n, (25)
[n], &k [n]) =

Tey, [n] — Ts [n}

—X

>~ Bilnl(ll(as[n], hs[n]) = (aaln], 0)]1*

= (26)
~l(as[n]hs[n]) '~ = (qaln],0)|*) + Ba[n] > E;.
— npoPaln] —
where B; [n] = ﬁ\\(qs[n],hs[n])(g_l)*(qd[”ho)nzp and BQ[?’L] =
npoPa[n

[l(as[n],hs[n]) =1 —(qa[n],0)[]? .
Based on (24), (25) and (26), the problem defined in (23)

can be transformed into an approximated problem in the

following form:

- S plalblelto )
{zdnlydnlhdnl} b b0 2 N4 ln2(t%f€a[n] +gnt1,..[n])

RaGE0)l

s.t. &g[n] > 0,Vk,n,
Cl~C5,C7,u = s,
(23¢), (23d), (25), (26),

27)

where Z £ [£,,&5, ...,€k]. Note that the problem in (27) is
a standard semidefinite programming problem, which can be
optimally solved by using the interior-point methods [46].

C. Optimization of the UAV-J Trajectory {q;[n], h;[n]}
In this subsection, we solve the subproblem for optimizing
the 3D trajectory, {q,[ n], hj[n]}, of UAV-J while the variables
a[n] and {qs[n], hs[n|} are fixed. Accordingly, the problem

defined in (13) can be equivalently recast as

1 =" Py[n)gsaln]
max — nl||lo 1+ sd )
{ay[nl.h;ln]} an ol }{ g2< og + ePj[n]gjaln|Tja

P, [n]gsc[n] Srerln ]ﬂ

min
ke{1,2,...,K} Azy[n], Ayk [n]€e&k
s.t. C1~CT,u=3j.

—log,(1+
%(oumww

€

(28)
By introducing new slack variables
m; = [m1[1],m1[2], .. ml[N]]T and my 2

[ma[1], m2[2] ., ma[N]]T, and letting ¢,, = e " Ps[nlgsq[n]
and e, = Ps[n ]gse[ ], the problem defined in (28) can be
equivalently rewritten as

Cn
aln 10 +—
(], y][n] h,[n]} ml,mQNZ { gg( poePynlya g§>

m1[n]
En
_10g2 (1 + W)}
(292)
s.1. max i [nl—zn D2+ (y; n] —yp [n])2
Azi[n], Ayeln Jesk( j[nl=k[n])* + (y;[n] —yx[n]) o9

+ h?[n]

(lnl—wdn])*+(ys{n)—ydn])*+h3n)—

—mg[n] <0,VEk,n,

ma[n] >0,%, (29¢)

maln] > hl;,.Vn, (29d)
Cl~C7u=j.

The reformulated problem in (29) remains still challenging to
directly solve due to the non-convexity of (29a), (29b), (29¢)
and C6. Similar to the previous subproblem, we derive an
approximated solution to the problem in (29) by applying the



SCA technique. First, we define an upper bound for the term
logy | 1+ W as follows:

gl 1%

€n I—
b&(Hmmmmﬂ2>§<mﬂﬂmé”mocm1
T2 n] +0o¢

- (30)
enmy '[n]
+ log, (1 + =) . )
my ' [n]oZ + poPj[n]Lje
where
[n]= enpoPj[n]Te

n2(a2my =V nl+po P [n]T;e) ((ento2)ms ™ [n]+po P [n]T ;. )
[n] is the solution obtained for ms[n] at the (I —
1)th iteration.

Then, the constraint (29b) can be equivalently rewritten
based on the geometrical theory as [47]

(aj ()~ [n)) 2+ (y; ()~ [n]) > +-h2 (0] < maln] Vk,n, (1)

where

xg)[n]:xek[n]—AQk \/

(af' ™ Vln) =

(@' Vin]—ze, [n])

e, [n])2+ (S ™ V] —ye, [n])?
(y” Y [n]—ye, [n])
=Ye,[n]—AQg : .
)= V@ )=z, n)2 4 ) (] —ye, [n])?

Finally, similar to (26) and (37), by using the first-order
Taylor series expansions of z7[n], y7[n], h3[n] and B, the
constraints (29¢) and C6 can be respectively transformed into
the following form:

and

yn]=

ma[n]+ (@3 )2 +2(zaln] — 2V n])a;[n] - 23[n]
+(S V)2 +2(yaln] — oV )y In] —yaln] (32)
+(h{ V)2 —2n{ "V nhy[n] < 0,vn,
and
N
2: n](||(a;[n], hyln]) — (qaln], 0)]> .
~I(ay[n], hi[n]) =D~ (aq[n], 0)|[*)+Ban] > E;
where Baln] = e mre e S G oy and Balnl =
npoPaln

[I(aj[n],h;[n]) =1 —(qa[n],0)[] ) )
As a result, by substituting (30)—(33) into (29), we rewrite

the problem in (29) into an equivalent form as

Cn
max on 10 ].+—
(x;[n],y; [n];h; [n]},my,ma NZ { g2< pocPinlya Uczl>

ma[n]

— (ma[n]
s.t. C1 ~C5,C7,u=j,
(29d), (31) ~ (33).

-Vt

(34)

It is obvious that the above problem in (34) is a convex
optimization problem, which can be efficiently solved by
existing standard optimization solvers such as CVX [48].

TABLE 11
THE PROPOSED ITERATIVE ALGORITHM.

1:Set Iz = 100, 1 =0, v =107, R} =0, and le = 100;

2: Initialize a°, (2,42, hY), and (29,47, h9).

3: While R, >~ and | < lmaa do;

4 Letl=1+1, 25feq = a:l;l, ysfm = yS

5: Calculate o of (20) for given (25" Ly " Lhi™1) and (2! ,y; ! hl O F
6: Calculate (%, 3%, hL) of (27) based on & and (x ;71,y]71 nt= 1)
7

-1 ,and hgy mfhl L

g

:  Calculate (:pé, yé, hi) of (34) under given &' and (x4, ¢!, hL);
e AN TYO)) Ru®

8: Determine Ry csp = 7 2 (By '[n] — [n])

n=1

max
ke{1,2,...,

—t
and R} = |R} — Rwosrl:
9: Update RLFL = E;VCSR;
10: Output ET/VCSR

D. Overall Algorithm

In this subsection, based on the results presented in the
previous three subsections, we develop an iterative algorithm
for problem (13) by applying the BCD method. The proposed
algorithm is summarized in Table II and the convergence
analysis is given in Appendix B. Furthermore, the overall
computational complexity of the proposed algorithm in Table
Il is as follows. In each iteration of Table II, the problems
defined in (20), (27) and (34) in steps 5, 6 and 7 are
sequentially optimized using the existing standard convex
solvers, and thus their individual complexity can be repre-
sented by O[N35log(1/g9)], O[(BN + KN)35log(1/=0)],
and O[(5N)3log(1/z¢)], respectively. The symbol &y is a
given tolerance [14], [27], [49], and K and N denote the
numbers of eavesdroppers and time slots, respectively. Thus,
the total computation complexity of the proposed algorithm
in Table II is O[Nyze (5N + KN)3-5log(1/2¢)], where Ny is
the number of required iterations, which will be illustrated in
the following simulations.

IV. SIMULATION RESULTS

This section provides numerical simulation results to val-
idate the performance of the proposed scheme. The set-
ting of simulation is described in the following. The co-
ordinates of the initial and final locations of the UAVs
are set to be (z4[0],y.[0],hu[0]) = (—200,0,100) m
and (x4 [N], yu[N], he[N]) = (200,0,100) m, respectively.
The mobile user’s (ship) initial horizontal coordinate is
(za[n],ya[n]) = (0,200) m. It is assumed that there exist
two eavesdroppers, whose estimated horizontal coordinates
are (e, [1], Ye, [7]) = (=100, —200) m and (z¢, [1n], Ye, [1]) =
(100, —250) m, respectively. Furthermore, the channel power
gain py is 40 dBm [23], the Rician factor K[n] is 31.3,
and the upper and lower bounds of small-scale fading are
assumed to be I'j; = 1.35 and I';, = 0.65, respectively
[33]. Moreover, unless otherwise speciﬁed n = 0.8 is the
energy conversion efficiency, 02 = 02 = —30 dBm are the
noise variances, A@Q; = AQy = 20 m are the estimation
errors radii, Py[n] = 25 dBm is the transmit power at the
mobile user, P;[n] = Pj[n] = 20 dBm are the transmit



power at the UAV-S and UAV-J, respectively [24], [25].
Additionally, é; = ¢; = 0.01 are the positioning errors and
Oy, = Oy, = 20 are the horizontal and vertical positioning
error thresholds of UAVs. In addition, V;*** = 15 m/s is
the maximum speed of the mobile user, um,f”” =20 m/s and
Vmar = 20/v2m/s, u € {s, j}, are the maximum horizontal
and vertical speed of the UAV-S and UAV-J, A, = 20 m
and Nyqp = 120 m are the minimum and maximum UAVs
flight altitudes, respectively [27], [29], [32].

Fig. 2(a) and Fig. 2(b) depict the projections of the tra-
jectories of the UAVs onto the horizontal plane and the 3D
plane during different time durations 7', respectively. The
initial location of the mobile user D is marked by % and
the exact locations of the eavesdroppers F, are marked by
x. /A and vy denote the initial and final positions of the
UAV-S and UAV-], respectively. As can be seen in Fig. 2(a),
when 7" is small (e.g., T' = 21 s), both UAV-S (solid curves)
and UAV-J (dashed curves) almost directly fly to the final
location, since the minimum flight time 7' is required to fly
from the initial location to the final location. As 7" increases,
the UAV-S first flies in an arc path to keep away from the
eavesdropper E1, then it follows the mobile user as long as
possible, and finally flies to the final location along an arc
path bypassing the eavesdropper F,. Meanwhile, the UAV-J
first exploits its mobility to move closer to the eavesdroppers,
then it hovers over the center of the estimated locations of the
eavesdroppers as long as possible, and finally flies quickly to
the final location. The reason behind this behavior is that UAV-
S needs to follow the mobile user to harvest sufficient energy
and transmit more information while UAV-J moves closer
to the eavesdroppers to get the best position for jamming
accordingly.

In Fig. 2(b), for all given values of 7', both UAV-S and
UAV-] first fly to a lower altitude, then they cruise at the
altitude for a certain period of time, and subsequently climbs
up until reaching the final location. The reason is that the
UAVs reduce the altitude to simultaneously come closer to the
mobile user and the eavesdroppers, which leads to a smaller
path loss between the UAV-S and the mobile user as well as a
larger AN jamming between the UAV-J and the eavesdroppers,
and thereby improves the system secrecy rate performance.

Fig. 3(a) and Fig. 3(b) plot the projections of the trajectories
of the UAVs with the following four schemes, respectively:
1) The proposed robust 3D joint optimization (3D-joint.opt),
ie, AQ1 = AQ2 = 20 m; 2) The worst-robust 3D joint
optimization (WRob-3D-joint.opt), i.e., AQ; = 100 m and
AQR2 = 20 m; 3) The robust 2D joint optimization (2D-
joint.opt), ie., AQ; = AQ2 = 20 m and h, = 100
m, u € {s,5}; 4) The worst-robust 2D joint optimization
(WRob-2D-joint.opt), i.e., AQ; = 100 m and h, = 100
m. From the simulation results illustrated in Fig. 3(a), when
AQ1 = AQ2 = 20 m, the proposed 3D-joint.opt and 2D-
joint.opt schemes yield similar aerial trajectories which is
similar to Fig. 2(a). However, when the estimation error AQ
is sufficiently large, i.e., AQ1 = 100 m, the UAV-J in WRob-
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Fig. 2. Optimized UAVs trajectories during different time durations 7": (a)
Horizontal plane; (b) 3D plane

3D-joint.opt and WRob-2D-joint.opt schemes hover over the
left of the center location of the eavesdroppers for a longer
time duration compared to the above 3D-joint.opt and 2D-
joint.opt schemes. The reason behind this behavior is that the
eavesdropper £ can be closer to the mobile user with the
increasing estimation error, and thus, the UAV-J is required
to fly to the possible center location of the eavesdroppers to
effectively transmit AN.

As in Fig. 2(b), similar 3D trajectories can be observed in

Fig. 3(b). Nevertheless, different to the 2D schemes with the
fixed flight altitude, both UAV-S and UAV-J in the proposed
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Fig. 3. Optimized UAVs trajectory of different algorithms with 7' =30 s :
(a) Horizontal plane; (b) 3D plane

3D schemes can flexibly adjust their heights to obtain a
better system performance, which is discussed in the following
simulations.

Fig. 4 compares the performance of our proposed robust 3D
joint design with that of the other four benchmark schemes
with different flight time slots /N, where a fixed TS ratio
scheme (NTS-joint.opt) is considered, i.e., a[n] = 0.5. As
can be seen in Fig. 4, the average secrecy rate of all schemes
first increases and then decreases slowly as the number of the
flight time slots IV increases. This is because when N is small,
increasing the flight time slots would result in a higher SINR
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Fig. 4. Achieved average secrecy rates of different algorithms versus N.

at the mobile user and a lower SINR at the eavesdroppers
due to the UAVs position closer to them. However, when N
is large enough, the mobile user moves closer to the location
of the eavesdroppers, which results in more information
intercepted at the eavesdroppers. Furthermore, as expected,
the proposed robust 3D algorithm achieves a superior per-
formance compared to that of the 2D-joint.opt and NTS-
joint.opt schemes. The reason for this superior performance is
that the proposed 3D joint design can effectively exploit the
available more degrees of freedom of the UAV’s horizontal
and vertical locations as well as the TS ratio. Furthermore,
when the estimation error AQ); is large, it is obvious that the
achievable average secrecy rate performance of the WRob-3D-
joint.opt and WRob-2D-joint.opt schemes is worse than that
of the 3D-joint.opt and 2D-joint.opt schemes, respectively.
This is because the uncertainty of eavesdroppers’ locations is
larger for a larger AQ, and the trajectory design and resource
allocation, in turn, would be more conservative; this leads to
a less efficient utilization of the system resources.

Next, we show the achievable average secrecy rates of
the aforementioned five schemes versus different transmit
power Ps[n] = P;[n] with N = 30. From the simulation
results illustrated in Fig. 5, as expected, the achievable average
secrecy rate of all schemes increases as the transmit power at
UAV-S and UAV-J increases. The reason behind this behavior
is that increasing the transmit power Pi[n] = Pj[n] can
improve the instantancous SINR4 at the user and simul-
taneously deteriorate the corresponding SINR. quickly at
the eavesdroppers. Furthermore, as can be seen in Fig. 5,
the proposed robust 3D algorithm always shows significant
performance gain over the other four benchmark schemes for
any given value of Ps[n] = P;[n], which has been previously
explained in detail.

In Fig. 6, we investigate the convergence of the proposed
algorithm and the four benchmark algorithms with N = 30.
As can be seen in Fig. 6, the achievable average secrecy rates
of all algorithms first increase with the number of iterations in
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Table II, and then converge to a constant secrecy rate within
a few iterations. In addition, it is also observed that the speed
of convergence of the proposed 3D scheme is similar to that
of the other benchmark schemes. Furthermore, from Fig. 6,
it is noticed that the proposed algorithm converges within 20
iterations on average.

Fig. 7 illustrates the TS resource profile of UAVs versus
different flight time N and EH threshold E,, v € {s,j}.
As shown in Fig. 7, when E,, is small, ie., B, = E; = 0
J, the UAVs remain with the TS ratio o = 1 for different N
values. This implies that all time slots are used for information
transmission. As F, increases, ie., B = E; = 20 J and
E, = E; = 40 J, both UAV-S and UAV-J reduce the TS
ratio to zero for a certain period of time such that sufficient
energy can be harvested. Thus, the UAVs need to design the
optimal TS resource profile in an energy-constrained system
to achieve the best system performance. In addition, as can
be seen in Fig. 7, when the EH requirement at the UAVs is
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Fig. 7. TS resource profile of different EH thresholds versus N.

Fig. 8. Flight velocity of UAVs with different time durations against V.
large enough, i.e., B, = E; = 60 J, the UAVs will keep the
TS ratio a = 0 unchanged as N increases. This is because
both UAV-S and UAV-] need to harvest energy among all time
slots to meet the EH requirements.

Finally, we present the UAVs’ horizontal and vertical veloc-
ity, Vi, and V,, ., u € {s,j}, versus different time durations
N, respectively. As shown in Fig. 8 (top left), when 7" is small,
ie., T'= 21 s, the UAV-S flies to the final location with the
maximum horizontal speed S%ax = 20 m/s. However, when
T is large (e.g., T' = 30 and T = 40 s), the UAV-S first flies at
its maximum horizontal speed to get closer to the mobile user.
Then, it reduces the horizontal speed to 15 m/s to follow the
user (V]*** = 15 m/s) as long as possible, and finally flies to
the final location with maximum horizontal speed. From Fig.
8 (top right), for all considered T values, the UAV-S quickly
reduces the vertical speed to 0 and then cruises at the vertical
speed before reaching the final location. This is because a
large vertical speed may lead to a large vertical displacement



which causes a large path loss of the communication links and
a degradation of the system performance. Furthermore, as can
be seen in Fig. 8 (bottom left), the UAV-J first flies with the
maximum horizontal speed and then reduces the horizontal
speed to a lower value until reaches the final location as N
increases. The reason behind this behavior is that the UAV-J
needs to find its optimum position quickly and then hovers at
that position near the eavesdroppers as long as possible for
jamming purpose. In addition, from Fig. 8 (bottom right), the
UAV-J follows a vertical speed policy during all time slots N
similar to that of the UAV-S. This is because that the UAV-
J can cruise at lowest altitude with vertical speed V;, = 0
m/s, which results in a more effective AN jamming to the
eavesdroppers.

V. CONCLUSION

In this paper, we have investigated the jointly optimal 3D-
trajectory and TS allocation design for energy-constrained
dual-UAV-assisted secure communication systems with imper-
fect eavesdropper locations. We have formulated an optimiza-
tion problem to maximize the worst-case secrecy rate from
the UAVs to the mobile user among all time slots under the
UAV’s mobility, anti-collision, positioning and EH constraints.
Different from the most previous works which use the free
space path loss model to simplify the analysis, we have
adopted a typical UAV-ocean channel model with both large-
scale and small-scale fading components. In order to deal
with the non-convexity issue, we have first decomposed the
original optimization problem into three subproblems and then
transformed them into more tractable forms. Finally, we have
developed an iterative algorithm to determine a suboptimal
solution of the considered problem. Furthermore, we have
analyzed the convergence and the impact of different parame-
ters of the proposed algorithm. The simulation results have
demonstrated that the proposed 3D dual-UAV joint design
can achieve a significant improvement in average secrecy rate
compared to conventional 2D UAV-aided schemes.

APPENDIX A
TRANSFORMATION OF CONSTRAINT (23b)

Let us first substitute (4) and (5) into (23b) and rewrite it

as
Azi[n] + Ay,% [n] — AQ% <0,Vk,

- Amk[n])2_(ys [n] —Yey, [n] - Ayk[n])Q
— h2[n] + ta[n] < 0,Vk.

By exploiting the S-Procedure [23], [46], [47], the constraint
(23b) can be rewritten as follows:

@ (xs[n], ys[n], hslnl, t2[n], &k[n]) = 0,Vk, n,
®(x5[n],ys[n], hsln],

(35a)

_(1'5[”] —Tey, [n}

(35b)

(36)

where taln], &k [n)) =
Ekln] +1 0 Ze, [n] — xs[n]
0 Ekln] +1 Yei [0] = ys[n] 1,
Ten[n] =5[] ye,[n] —ysln]  —AQREIN] +culnl
and cx[n] = ailn] — 2ze,[nlasn] + 22 [n] + yn] -
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2y, [n]ys[n] + y2 [n] + h2[n] — tz[n]. Since the terms 22 [n],
y2[n] and h2[n] contained in cy[n] are non-linear, by using
the first-order Taylor series expansions of them, we have

22[n] > —a?

speal? £ 2255, [n]s[n],

ys[n] > —vz,., [n] + 2y, [n]ys[n], (37)
h2[n] > h2 . [n] +2hg,,, [n]hs[n],
where X5 fea = [Is,cea[l]vl"sfm [2];--~»17sfea [NW’
Ysjea = s e (1] Ysgea 2], o s [N]]T, - and
hy,.. £ [Pssea (1] Pspen [2]5 oy P [N]]T. Thus, the
constraint (36) can be equivalently converted as
®(w,[n], ys[n], hs[n], ta[n], &[n]) = 0,k, n, (38)
where ®(w,[n], ys[n], hs[n], ta[n], &k [n]) =
Skln] +1 0 Tey [n] — x5 [n]
0 $kln] + Yer[n] —ys[n] 1,
Te, 1] - n] —~AQ7&k[n] + ¢k [n]
Wt 2 el

— Ts [”} Yey, [”]
]

and ¢x[n] = —=x 2xe, [n)zs[n] +

Sfea[

a2, [n] —y2, (0] +2ys,.. [n]ys[n] — 2ye, [n]ys [n] +ye, [n]* —
h2 ..[n] + 2hg,, [n]hg[n] — ta[n]. This completes the proof.
APPENDIX B

THE CONVERGENCE ANALYSIS OF THE PROPOSED
ALGORITHM IN TABLE II

Suppose U{a!~! ul~ 1,u;71} denotes the objective value

of the problem in (13) in the (I — 1)-th iteration, where
ulh = (Yl R and T = (g R,
First, in step 5 of Table II, s1nce the optimal solution of
problem in (20) is obtained for given u,~! and 'u,l !, we have

\I/{al_l,u_l,ul-_l} < \I/{al u_l,'u,l-_l},

l
s J

(39)

1

where U{al ul~ ,uj } denotes the computed ob]ectlve

value of problem in (20). Second, for given o! and u L in
step 6 of Table II, it follows that

(@)

ol ul Y w ol ul

(b)
Wyl o0 1—1
< U, U }

(c)
S\I/{al7ul ul 1}’

(40)

where U represents the objective value of problem in (27),
(a) is due to the tightness of the first-order Taylor series
expansions at local points in the problem in (27), (b) holds
since the problem in (27) is solved optimally for given o' and
ué-fl, and (c) holds due to the fact that the optimal objective
value of problem in (27) is the lower bound of that of the
problem in (22). Similarly, for given o' and ! in step 7 of

Table II, we have

_15 (@) _
wiad it o) Ll )

(¢
<\I/”’{a ul,ul

» Wsy Mg
)
< Ufa' ul, uj}

(41)



Thus, combing (39)—(41), we can obtain that

o' ul Ul < U ul,ul ), (42)

which guarantees that the objective value of the problem in
(13) is non-decreasing over the iterations. Thus, the solution
obtained by the iterative algorithm in Table II can be guaran-
teed to converge to a suboptimal solution. This completes the
proof.
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