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Abstract— This letter investigates a two-way mobile relaying
strategy where a relay mounted on a unmanned aerial vehicle
(UAV) helps bidirectional communication of a pair of ground
nodes (GNs). In order to deal with the minimum average
rate maximization problem between two GNs, UAV trajectory,
transmit power, and bandwidth are jointly optimized by fully
utilizing the mobility of UAV and communication resources. To
solve this problem, we apply a successive convex approximation
technique for non-convex constraints by introducing new surrogate functions. Since all variables are jointly updated at the same
iteration, we can yield a Karush-Kuhn-Tucker (KKT) point at the
convergence point from the proposed algorithm. The effectiveness
of the proposed algorithm is demonstrated in numerical results.
Index Terms— UAV communication, trajectory optimization,
throughput maximization, two-way relay.

I. I NTRODUCTION

A

S A new means for wireless communication networks,
unmanned aerial vehicles (UAVs) have emerged [1].
Compared to traditional terrestrial base stations (BSs), a more
flexible and cost-effective deployment is possible for UAVmounted BSs [2]–[4]. Owing to high mobility, UAVs can
effectively reduce the access distance to ground nodes (GNs)
by traveling above the target area. Furthermore, UAVs tend to
serve line-of-sight (LoS) channel links with GNs [5].
In order to leverage these benefits, the feasibility of
UAV-aided communications has been recently studied in various scenarios. First, UAV can be used to help existing
terrestrial BS-based networks for improving the quality of
service (QoS) of edge users [6]. Next, as a communication
relay, UAV can play an important role for GNs which do
not have direct links due to obstacles, e.g., mountains and
buildings. For this scenario, one-way mobile relaying protocols
were introduced in [7]–[14]. In [7], trajectory of the UAV
and transmit power of the UAV and GN are optimized to
minimize the outage probability. The sum-power consumption
of UAV and GN is minimized in [8]. The joint optimization
of the transmit power and the trajectory are investigated in
[9] for the rate maximization problem. Also, [10] and [11]
considered a secrecy rate maximization problem for the UAV
relay. In [12], sum-rate of multiple GN pairs is maximized
by jointly optimizing communication resources and UAV’s
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position. The minimum secrecy rate is maximized in [13] via
jointly optimizing the UAV trajectory and time schedule. In
addition, overall throughput of GNs are maximized in [14]
by jointly optimizing transmit duration and power at BS and
UAV relay.
For relay communications, the two-way relay protocol was
designed to exchange information between GNs. The two
GNs first transmit their on information to a relay at the same
time. Then, the relay forwards the received data to both GNs
simultaneously [15], [16]. Thus, compared to an one-way
relay, the two-way relaying method is more effective as it
requires only two time slots for bidirectional communications.
The UAV-enabled two-way relay system was studied in [17],
where the fixed UAV position and the transmission power are
optimized to maximize the sum-rate.
In this letter, we propose a UAV-aided two-way mobile
relaying communication system where two GNs wish to
exchange information with each other through a UAV relay.
A decode-and-forward (DF) strategy is adopted at the UAV
relay in a frequency division duplex (FDD) mode, where the
UAV decodes the uplink data collected from the GNs and
transmits to the GNs through downlink which is orthogonal to
the uplink channels utilized by the GNs. The transmit power,
the UAV trajectory, and the bandwidth are jointly optimized in
order to deal with the maximization of the minimum average
rate between two GNs. Due to the difference in the one-way
and the two-way relaying protocols, it is difficult to apply
the solution for the one-way UAV relay network [7]–[14] to
our scenario. For two-way UAV relay case [17], only UAV
position is considered under the amplify-and-forward (AF)
relay protocol, which cannot be applied to our scenario.
To tackle this difficulty, we utilize the successive convex
approximation (SCA) technique [18]. By introducing new
convex approximations for non-convex constraints, the optimization variables can be jointly updated at each iteration
of SCA. Although the SCA framework has also been adopted
in [9] and [10] to solve the problems, the optimality of such
methods are not guaranteed in general, since they were based
on alternating optimization for the trajectory and the power.
In contrast, our proposed scheme achieves a Karush-KuhnTucker (KKT) stationary point even though the bandwidth
has been added as an additional optimization variable. By the
proposed derivations, an efficient algorithm is presented, and
numerical results show that the performance improvement over
the baseline schemes can be achieved.
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
As presented in Fig. 1, a two-way relaying system is
considered which is aided by a UAV while two GNs exchange
information with each other. With the assumption that the
direct link between the GNs is not available due to ground
blockages, the communication between the GNs can only be
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transmit data. Thus, the downlink transmission rate RDk [n] at
time slot n from the UAV to GN k is denoted by [15]


pD [n]hk [n]
RDk [n] = αD [n] log2 1 + k
, ∀k ∈ K, (6)
αD [n]

Schematic diagram for UAV-aided two-way relaying systems.

achieved with the aid of the UAV relay. The locations of the
GNs are assumed to be fixed, and we denote the horizontal
position of GN k ∈ K  {1, 2} by wk ∈ R2×1 .
The time period T can be discretized into N evenly divided
T
[9]. Let us define the
slots, where each duration is δt = N
position, velocity, as well as acceleration of the UAV at time
slot n ∈ N  {1, · · · , N } as q[n] ∈ R2×1 , v[n] ∈ R2×1 , and
a[n] ∈ R2×1 , respectively. Then, it follows [9]
v[n + 1] = v[n] + a[n]δt , ∀n ∈ N ,
1
q[n + 1] = q[n] + v[n]δt + a[n]δt2 , ∀n ∈ N .
2

(1)
(2)

Also, denoting Vmax and amax as the maximum speed
in m/sec and the maximum acceleration in m/sec2 , respectively, the practical UAV movement constraints can be
defined as
v[n] ≤ Vmax , a[n] ≤ amax , ∀n ∈ N .

(3)

Under these constraints, it is assumed that the UAV travels from a starting position q0  q[0] to a final position
qF  q[N ] at a constant altitude H within T seconds.
Assuming that the Doppler effect resulted from the movement of the UAV is well handled at the GNs and the UAV,
the channel gain hk [n] between GN k and the UAV at time
slot n is represented as the free-space pathloss model [8]–[11]
hk [n] =

γ0
, ∀k ∈ K, ∀n ∈ N ,
q[n] − wk 2 + H 2

(4)

where γ0  β0 /(Bσ 2 ) equals the signal-to-noise ratio (SNR)
at 1 m as a reference. Here, β0 , B, and σ 2 indicate the channel
gain at 1 m, the total bandwidth, and the power of white
Gaussian noise, respectively.
Next, we explain the two-way relaying protocol for the
proposed UAV communication system. The UAV employs DF
relaying strategy which first decodes the data transmitted from
the GNs in uplink. The decoded data is stored in a buffer
at the UAV and then delivered to the GNs via the downlink
channels. FDD operation is considered for uplink transmission
of the GNs and downlink relaying of the UAV.
At time slot n, let us denote αU [n] ≥ 0 and αD [n] ≥ 0
with αU [n] + αD [n] ≤ 1 as the portion of the uplink and the
downlink bandwidth allocation, respectively. Then, we have
the uplink transmission rate RUk [n] in bps/Hz from GN k to
the UAV as


pUk [n]hk [n]
RUk [n] = αU [n] log2 1 +
, (5)
pUk̄ [n]hk̄ [n] + αU [n]
where we define k̄ = 1 for k = 2 and k̄ = 2 for k = 1, and
pUk [n] equals the uplink transmit power of GN k.
We assume that each GN can perform self-interference
cancellation [15] to remove interference induced by its own

where pDk [n] is the transmitting power from the UAV for GN
k during the downlink.
In data relaying, the information causality implies that at
each slot n, the relay is able to only transmit the information
which has already been collected from the GNs [9]. When
the processing delay at the UAV is assumed smaller than the
duration of the time slot δt , the information causality constraint
can be expressed as
n


RDk [i] ≤

n−1


i=2

RUk̄ [i], n = 2, . . . , N.

(7)

i=1

We consider the average and the peak power constraints
both at the UAV and the GNs. Denoting PU,avg and PD,avg
as the average power budgets for the GNs and the UAV,
respectively, we have
1 N −1
pUk [n] ≤ PU,avg , ∀k ∈ K,
(8)
n=1
N


N
1
pDk [n] ≤ PD,avg .
(9)
n=2
N
k∈K

Also, when PU,peak and PD,peak represent the peak power
constraints at the GNs and the UAV, respectively, the peak
power constraints can be written by
0 ≤ pUk [n] ≤ PU,peak , ∀k ∈ K, ∀n ∈ N ,

pDk [n] ≤ PD,peak , ∀n ∈ N .
0≤
k∈K

(10)
(11)

In this letter, the transmit power at the UAV and the GNs
P  {pm [n], m ∈ M, ∀n}, where M  {U1 , U2 , D1 , D2 },
the trajectory of the UAV Q  {q[n], v[n], a[n], ∀n}, and
the bandwidth allocation A  {αU [n], αD [n], ∀n} are jointly
optimized to solve the minimum average rate maximization
problem between the GNs. Denoting O  {P, Q, A} as all
optimization variables, the formulated problem is denoted as
(P 1) : max min
O

k∈K

s.t.

N
1 
RDk [n]
N n=2

(12a)

(1)−(3), (7)−(11).

Because of the object and constraint in (7), (P1) is a nonconvex problem. Since we consider the bandwidth allocation
for the two-way relaying protocols, the existing methods in [9]
and [10] for the one-way relay channels with equally allocated
frequency band cannot be directly applied to our problem.
Therefore, it is not straightforward to solve (P1) optimally.
III. P ROPOSED A LGORITHM
In this section, we derive new convex surrogate functions
for non-convex constraint and propose an efficient algorithm
for solving (P1) based on the SCA technique, which iteratively
solves the approximated problem of (P1). For tractable analysis, by introducing an auxiliary optimization variable Rmin
which indicates the minimum rate of the GNs, an equivalent
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epigraph formulation of the minimum rate maximization problem (P1) is written as
(P 1.1) : max Rmin

(13a)

O,Rmin

s.t.

N
1 
RDk [n] ≥ Rmin , ∀k ∈ K, (13b)
N n=2

(1) − (3), (7) − (11).

Then, we introduce a change of variable Xmk [n] 
pm [n]hk [n]. The following lemmas present convex approximations for the new variable Xmk [n], which are useful for
determining the surrogate functions of (5) and (6).
Lemma 1: Let x(l) be a variable x at the l-th itera(l)
tion. Then, a concave lower surrogate function X̂mk [n] for
(l)
(l)
(l)
(l−1)
Xmk [n]  pm [n]hk [n] at a given local point Xmk [n] can
be expressed as
(l)

(l−1)

(l−1)

(l)

(l−1)

X̂mk [n]  Xmk [n]+(1 + Xmk [n])(Zmk [n] − Ymk

[n]),
(14)

where
(l)



γ0
(l−1)
hk
[n]

(l−1)

+

H 2 +q(l) [n]−wk 2 −γ0 /hk

[n]

By using (14)-(16), the surrogate functions of (5) and (6)
(l−1)
(l−1)
(l−1)
with given local points αU [n], αD [n], and Xmk [n] can
be obtained as
(l)
RUk [n]

≥



(l)
αU [n] log2
(l)

(l)
(l)

X̂Uk k [n] + X̂U k̄ [n] 
k̄
1+
(l)
αU [n]
(l−1)

(l)



(l)

(l)

Also, rewriting Ymk [n] as Ymk [n] = log(γ0 /hk [n] +
(l)
(l)
pm [n]γ0 )− log(γ0 /hk [n]) and employing the first order Tay(l)
lor approximation about q(l) [n] and pm [n], the global lower
(l)
(l)
(l)
bound Ymk,lb [n] of Ymk [n] can be calculated as Ymk,lb [n] 
(l)
(l)
(l)
Zmk [n]. Since Ymk,ub [n] ≥ Ymk,lb [n] always holds, it is easy
(l)
(l)
(l)
to prove Xmk [n] ≥ X̂mk [n], which implies that X̂mk [n] is a
(l)
(l)
global lower bound of Xmk [n]. Note that X̂mk [n] is a concave
(l)
function of the variables q(l) [n] and pm [n]. In addition, we can
(l)
show that X̂mk [n] satisfies other conditions of the surrogate
function [18] since the first order Taylor approximated function
is tight at the given local point. This completes the proof.
(l)
Lemma 2: A convex upper surrogate function X̌mk [n] for
(l)
the variable Xmk [n] is calculated by

γ0
(l)
X̌mk [n]  exp log( (l−1)
[n]γ0 )+
+ p(l−1)
m
hk
[n]

(l−1)
H 2 + q(l) [n] − wk 2 − γ0 /hk
[n] + γ0 (p(l)
m [n] −


γ0
(l−1)
(l)
(l−1)
+ Sk [n]) −1, (15)
pm [n]) /Jmk [n]−log( (l−1)
hk
[n]

(l)

RDk [n] ≥ R̂Dk [n]  αD [n] log2
(l)
RDk [n]

(l)

(l)
R̂Uk [n]

(l)

(l−1)
γ0 /hk
[n]

(l)

(l)

− f (αU [n], X̌U k̄ [n]|αU
k̄


with Sk [n]  2(q(l−1) [n] − wk )T (q(l) [n] − q(l−1) [n]).
(l)
Proof: We first find upper and lower bounds for Ymk [n].
(l)
(l)
Since Ymk [n] is a concave function of Xmk [n], its global upper
(l)
bound Ymk,ub [n] can be obtained by applying the first order
Taylor approximation as

 X (l) [n] − X (l−1) [n]
(l)
(l−1)
mk
Ymk,ub [n]  log 1 + Xmk [n] + mk
.
(l−1)
1 + Xmk [n]
(l)

(l)



 

z̃
z̃
f (c, z|c̃, z̃)  c̃ log2 1 +
+ log2 1 +
c̃
c̃

log e z̃
log2 e c̃
(z − z̃). (16)
− 2
(c − c̃) +
c̃ + z̃
c̃ + z̃

(l)

Ymk [n]  log(1 + Xmk [n]),
γ0
(l)
(l)
Zmk [n]  log( (l−1)
+ Sk [n] + p(l)
m [n]γ0 ) −
hk
[n]
log

(l)

where Jmk [n]  γ0 /hk [n] + γ0 pm [n].
Proof: The proof is similar to that of Lemma 1, and thus
is omitted for brevity.
Now, we calculate the surrogate functions of (5) and (6)
based on Lemmas 1 and 2 in order to deal with nonconvex constraint (7) and (13b). One can verify that a convex
upper surrogate function of c log2 1 + zc with given local
point c̃ and z̃ can be computed by

≤

(l)
αD [n] log2

(l)

(l)

(l)

(l)

X̂Dk k [n]

1+

(l)

(l−1)



(l)



(l)
X̌Dk k [n]
1 + (l)
αD [n]

≤ ŘDk [n]  f (αD [n], X̌Dk k [n]|αD

(l−1)
[n]),
k̄ k̄

[n], XU

αD [n]

,

(17)
(18)

(l−1)

[n], XDk k [n]), (19)

(l)

where R̂Uk [n] and R̂Dk [n] are a concave lower surrogate
(l)
(l)
(l)
function of RUk [n] and RDk [n], respectively, and ŘDk [n]
(l)
denotes a convex upper surrogate function of RDk [n]. Notice
that since the function f (c, z|c̃, z̃) is affine over c and z, we can
(l)
preserve the the convexity of X̌mk [n].
From the above results, with the obtained solutions O(l−1)
at the (l − 1)-th iteration, we have an approximated convex
problem for (P1) at the l-th iteration as
(P 1.2) :

max

O(l) ,Rmin

s.t.

Rmin

(20a)

N
1  (l)
R̂ [n] ≥ Rmin , ∀k ∈ K,
N n=2 Dk
n

i=2

(l)

ŘDk [i] ≤

n−1

i=1

(20b)

(l)

R̂Uk̄ [i], n = 2, . . . , N, (20c)

(1) − (3), (8) − (11),
where Rmin denotes a lower bound of Rmin in problem (P1.1).
By utilizing convex optimization solvers such as CVX, we can
optimally solve a convex optimization problem (P1.2).
In summary, a solution of the original problem (P1) can be
obtained by iteratively solving the problem (P1.2) until convergence. For the convergence analysis of the proposed algorithm,
let us define the object values of (P1.1) and (P1.2) with
given local point O(l−1) as Rmin (O(l) ) and Rmin (O(l) |O(l−1) ),
respectively. Then we can express the relationship
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Optimized UAV trajectory, bandwidth, and power.

Rmin (O(l−1) ) = Rmin (O(l−1) |O(l−1) )
≤ Rmin (O(l) |O(l−1) ) ≤ Rmin (O(l) ),

(21)

where the first equation holds because the surrogate functions
in (14)-(19) are tight at the given local points, the second
inequality is derived from the non-decreasing property of the
optimal solution of (P1.2), and the third inequality follows
from the fact that the approximation problem (P1.2) is a lower
bound of the original problem (P1.1). From (21), the objective
value Rmin in (P1.1) is non-decreasing for every iterations,
and as the objective value has a finite upper bound, we can
guarantee the convergence of the proposed algorithm.
Also, since the surrogate functions in (14)-(19) satisfy the
conditions of the surrogate function of SCA [18] and the
proposed algorithm simultaneously updates all the variables
at each iteration of the SCA process, the proposed algorithm
converges to at least a KKT point for (P1) [18], which
means a convergence point of the proposed algorithm satisfies
the necessary conditions for the globally optimal solution.
This implies that the convergence point could be one of the
candidates of the globally optimal solution.
The complexity analysis of the proposed algorithm can be
derived as follows: Since it can be verified that (P1.2) fulfills
Slater’s condition, the approximated convex problem (P1.2)
can be solved by applying the Lagrange duality. Then, the dual
problem can be solved by using the ellipsoid method. The
complexity for updating the dual variables by the ellipsoid
method is O(N 2 ) and for convergence, it takes O(N 2 ), where
N stands for the number of time slots. So, the complexity
for solving (P1.2) is O(N 4 ) [19], which accounts for the
complexity of one iteration in the SCA process. Thus, denoting
L as the number of iterations for convergence of the proposed
algorithm, the total complexity can be expressed as O(LN 4 ).
IV. N UMERICAL R ESULTS
In this section, numerical results are shown in order to evaluate the proposed algorithm. For simulation settings, we fix the
locations of the GNs as w1 = [0 0]T and w2 = [2000 0]T [9],
and the UAV’s starting position and the final destination are
set to q0 = [1000 500]T and qF = [1000 -500]T , respectively.
The power constraints are given by PU,avg = PD,avg = 0.01 W
[9] and PU,peak = PD,peak = 0.04 W [3], and we consider
the total bandwidth B = 20 MHz at the carrier frequency
of 5 GHz and the reference SNR γ0 = 80 dB [9]. The

altitude of the UAV, the maximum velocity, and the maximum
acceleration are determined as H = 100 m, Vmax = 50 m/sec
[9], and amax = 5 m/sec2 , respectively.
We apply the trajectory initialization method in [9] and [10]
where a straight line connecting the starting and ending points.
Also, the bandwidth variables are initialized as αU [n] = αD [n]
= 0.5, ∀n. To find a feasible power allocation initialization for
constraint in (7), the uplink power pUk [n] is set to PU,avg ,
whereas the feasible downlink power is numerically found as
pDk [n] = 0.3PD,avg .
In Fig. 2(a), the optimized trajectories of the UAV for
various conditions are illustrated. It can be noted in Fig. 2(a)
that for all T , the UAV makes an effort to move closer to
each GN to effectively help bidirectional communication of
the GNs. In the case of T = 50 sec, the time is not long
enough, so the UAV can be close to each node only one
time. On the other hand, when a sufficient time is given
(T = 100, 150 sec), an additional change in direction occurs.
This result comes from the algorithm which works in a way
that the data of GN 1 is first harvested and handed over
to GN 2, and after that, the data of GN 2 is collected and
transmitted to GN 1. In Fig. 2(b) and (c), the bandwidth and
power allocation for T = 100 sec are presented, respectively.
It can be seen from Fig. 2(b) that the uplink transmission
from GNs is dominant for the first 30 sec to collect data
from GNs. After 30 sec, the downlink transmission is carried
out for relaying the information received from the GNs. Such a
phenomenon can also be observed from Fig. 2(c). For the first
30 sec, the GNs transmit data to the UAV with positive power
levels pU1 and pU2 . On the other hand, as the UAV moves
toward GN 2 during 30 ∼ 50 sec, the UAV forwards the data
to GN 2 with αD > 0 and pD2 > 0. Another interesting
observation is that the uplink communication is performed in
an orthogonal manner to avoid multi-user interference. This
can be explained through the optimized trajectory and power
allocation in Fig. 2(a) and (c). We can see that the UAV first
gets closer to GN 1 until 25 sec, and the channel gain between
GN 1 becomes better than GN 2. Thus, GN 1 dominates
the uplink transmission by utilizing pU1 . After that, the data
is mainly transmitted from GN 2 to the UAV as the UAV
approaches GN 2. After 60 sec, the downlink transmission
from the UAV is dominant to relay the received data from
GNs, which can be seen in Fig. 2(b) as αD > αU . Unlike the
uplink communication, a non-orthogonal transmission strategy
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Max-min rate with respect to period T .

is observed in the downlink case, i.e., pD1 and pD2 is generally
overlapped in Fig. 2(c), thanks to self-interference cancellation
at each GN.
The maximized minimum (max-min) rate of the proposed
algorithm is plotted in Fig. 3 as T varies. In fact, it is not
possible to directly compare the proposed algorithm with
existing methods [9] and [17]. Thus, we have modified the
methods in [9] and [17] to be applicable to our mobile twoway relaying systems. The following schemes are considered
for the comparison.
- Fixed A: The bandwidth for the uplink and the downlink
is equally allocated, i.e., αU [n] = αD [n] = 0.5, ∀n. With
a fixed A, the joint optimization of the trajectory and the
power is computed via the proposed algorithm.
- Method in [9]: A time-division modification of the oneway relaying protocol [9] is taken into account such that
the UAV forwards data of GN 1 to GN 2 for the first T2
duration, and then helps the one-way relaying from GN
2 to GN 1 in the remaining T2 duration.
- Fixed Q [17]: The UAV performs relaying at the fixed
2
position q̂  w1 +w
computed from [17]. The UAV
2
first moves from its initial position q0 to the optimized
location q̂. After relaying at q̂ during T̂ , the UAV moves
to the final position qF . The time duration T̂ during
which the UAV stays at the optimized location q̂ is set
to its maximum value, and the bandwidth and the power
is jointly optimized at q̂ via the proposed algorithm.
From the figure, it is shown that the proposed scheme
performs better than the baseline schemes for all T . Compared
to the ‘Fixed Q’ scheme, the proposed solution approach
is crucial for the mobility-aware design aspects of the UAV
networks. A performance gain of the proposed algorithm gets
larger as T grows. Because the longer T , the degree of the freedom of design for the trajectory optimization becomes larger.
Thus, the UAV is able to spend more time around the GNs.
Also, we can see that the proposed algorithm outperforms
‘Method in [9]’. Such a performance gain implies that the
proposed two-way relaying protocol is important for the data
exchange application. Notice that similar results have been
already observed in conventional terrestrial relays which are
fixed at given locations [15]. In addition, the proposed algorithm exhibits a remarkable performance gain over ‘Fixed A’
scheme, meaning that the joint optimization of the bandwidth
allocation is also a crucial issue for the mobile relay design.

V. C ONCLUSION
In this letter, we have investigated the UAV-aided two-way
relaying systems. The minimum rate maximization problem
has been considered by addressing a joint optimization of the
trajectory, the transmit power, and the bandwidth allocation.
An effective SCA based algorithm which converges to a KKT
point has been proposed. From the numerical results, we have
demonstrated that the proposed algorithm achieves significant
gains over the baseline schemes. As future works, extension to
AF relay or multi-antenna at the UAV is worth pursuing. Also,
multiple UAVs or GN pairs could be an important research
direction.
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