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Resource Allocation for URLLC-Oriented Two-Way
UAV Relaying

Abstract—Due to the high altitude and deployment flexibility,
unmanned aerial vehicles (UAVs) can be used as relays to avoid
obstacles and extend the coverage of wireless networks. On
the other hand, ultra-reliable and low-latency communication
(URLLC) is often required to deliver the information reliably and
timely for many emerging applications. In this correspondence,
we combine the advantages of both UAV and URLLC to investi-
gate the resource allocation for a URLLC-enabled two-way UAV
relaying system. Our goal is to maximize the transmission rate of
the backward link with the constraint of URLLC requirement for
the forward link. The optimization is non-convex and difficult to
solve. Therefore, the optimization variables are divided to several
blocks, and three sub-problems are formulated and solved.
Finally, an iterative algorithm is proposed to solve these sub-
problems alternately. Simulation results show that the proposed
joint optimization scheme can achieve excellent performance for
the URLLC-enabled two-way UAV relaying system.

Index Terms—Resource allocation, two-way relay, UAV, URLL-
C.

I. INTRODUCTION

Unmanned aerial vehicle (UAV)-assisted communication
has received widespread attention because of its flexibility
and excellent channel condition [1]. Specifically, UAVs can
fly flexibly to avoid obstacles and achieve better air-to-ground
channels than the terrestrial ones. In emergency scenarios, such
as disaster rescue, the terrestrial infrastructure may not be
available for providing reliable wireless service. Fortunately,
UAVs can be deployed under complex environment and avoid
obstacles to provide wireless coverage due to the mobility [2].

In future UAV networks, full coverage, strong reliability,
low latency and high security are needed to satisfy the re-
quirements of various applications [3], [4]. Ultra-reliable and
low-latency communication (URLLC) is one of the three main
applications of the fifth generation (5G) network. In some

mission-critical applications, the packet delay should be no
more than 1 ms, and the decoding error should be less than
1075 [5]. Since UAVs are wirelessly controlled, URLLC is
also one of the essential requirements of air-to-ground com-
munications to ensure safe flight. This was investigated in [6]
and [7], where the communication performance was enhanced
by optimizing the blocklength. In addition, in many critical
applications, remote devices are required to transmit essential
information through UAVs with constraints on latency and re-
liability. For instance, in a safety alarm system, ground devices
need to send alarms to UAVs under the URLLC requirement
[8]. For an energy-limited ground device, its uplink transmit
power was minimized under the constraints of URLLC by
Chan et al. via jointly optimizing the device scheduling, power
allocation and UAV deployment [9]. For UAVs equipped
with directional antennas, optimizing the beamwidth is also
beneficial for the URLLC performance [10]. In addition to
remote control of UAV and devices, data transmission is
another key requirement for various UAV applications, such
as monitoring and data collecting. Thus, jointly considering
the URLLC and data transmission is a promising direction. In
[11], the network slicing problem was investigated by Yang
et al. to provide efficient broadband communication while
satisfying the URLLC requirement. Similar scenario was also
investigated by Yang et al. in [12], where power control
was employed to enhance the URLLC performance under the
broadband transmission requirements.

One of the most important applications of UAV com-
munication is relaying [13]. As is known, relaying is an
effective way to achieve ubiquitous wireless coverage in harsh
environments [14], [15]. Thus, the URLLC of UAV relaying
networks has been investigated in literature. In UAV-enabled
relaying networks, the ground station can control the remote
devices through the UAV relay. Due to the latency require-
ment, a URLLC relaying link should be established. With
the given latency requirement, optimizing the UAV location
and blocklength is an effective way to reduce the block error
probability [16], [17]. This work was then extended to multiple
UAV relays in [18]. In [19], the URLLC control of multiple
UAVs and the broadband UAV-enabled relaying were jointly
optimized by Xi et al..

In this correspondence, we combine URLLC with data
transmission, and propose a two-way UAV-enabled relaying
scheme. Due to the obstacle between the base station (BS)
and the remote device, a UAV is deployed as a two-way relay
to connect them. We maximize the backward transmission rate
via resource allocation under the URLLC of the forward link.
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Fig. 1: URLLC-enabled two-way UAV relaying system.

To tackle this optimization, we first solve three sub-problems
alternately and then propose an efficient iterative algorithm to
obtain the approximate solution. Simulation results show the
effectiveness of the proposed scheme.

II. SYSTEM MODEL

As shown in Fig. 1, a remote device is performing the
delay-sensitive mission under the control of a BS. At the same
time, the data collected by the device are uploaded to the BS.
The direct link between the device and the BS is blocked.
Therefore, a UAV is deployed for two-way relaying between
the BS and device. We denote the BS-UAV-device link as the
forward link, where the control command is transmitted. In
the forward link, the latency and decoding error probability are
strictly constrained to maneuver the device timely and reliably.
Similarly, the device-UAV-BS link is denoted as the backward
link, where a large amount of data collected by the device are
sent to the BS efficiently. The aim of the two-way relaying
system is to increase the transmission rate of backward link
when the URLLC is satisfied in the forward link.

As shown in Fig. 1, similar to [17], we assume that the BS,
the UAV and the device are on a two-dimensional plane, and
the UAV is hovering at a fixed height H. The locations of
the BS and the device are (0,0) and (L, 0) respectively, and
the location of the UAV is (x, H), where 0 < z < L. The
distance from the BS to the UAV and that from the UAV to
the device can be calculated as

dy = /a2 + 12, (1)

dy = /(L —2)* + H2. )

The channel power gain from the BS to the UAV, and that from
the UAV to the device are denoted as i1 and ho, respectively.
When the UAV is flying high enough, the line-of-sight (LoS)
is achieved in the air-to-ground channel. Thus, h; and hs can
be represented as

B
hlezij, 3)
Bo
hy = ———— 4
2 (L—$)2+H27 ()

where Jy is channel power gain at the reference of dy = 1.
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Fig. 2: Transmission diagram of forward and backward links.

III. URLLC-ENABLED TWO-WAY UAV RELAYING

We introduce the transmission process of the forward and
backward links, and then present the optimization problem.

A. Forward Link

In the forward link, URLLC is required to control the
device effectively. The maximum delay of the forward link
is 7. Considering the decode-and-forward (DF) relaying, the
transmission duration for the BS-UAV link and the UAV-
device link can be denoted as 7y and 7, respectively. We have
71 + 7o < 7. The bandwidth and decoding error probability of
the BS-UAV link are W; and €3, respectively. Likewise, the
bandwidth and decoding error probability of the UAV-device
link are W5 and €9, respectively.

In the forward link, the received signal-to-noise ratio (SNR)
at the UAV and the device can be expressed as

P,hy
= 5
g4l W1 NO ) ( )
P, ho
= 6
2 W2N0 ) ( )

where N is the noise power spectral density, P, is the transmit
power of BS, and P, is the transmit power of UAV.

To perform the remote control successfully, at least Cj bits
of data need to be transmitted under the URLLC requirement.
According to [7] and [20], the constraints can be expressed as

7-1W1<10g2 (1+71)—\/ I/Izln log, (e)Q " (61)> > Co, (7)
72W2<10g2 (1+72)—\/%10g2 (e)Q! (62)> > Co, (8)

where

Vi=1-1/(1+47), 9)
Vo=1-1/(1+13), (10)

are the channel dispersions.
Since the DF relaying is carried out at the UAV, the total
decoding error probability can be denoted as

e=1—(1—€1)(1—€) =€1 + e — €160 11

To achieve high reliability, €¢; and €2 are usually very small.
Therefore, the total decoding error probability can be approx-
imated as

12)

€ €] + €9.



From (7) and (8), we can see that ¢; and €5 are in the inverse
of the Q function, which are difficult to optimize. For ease of
analysis, assume that the decoding error probabilities €; and
€9 are fixed. Then, we have € < €; +e€2, i.e., the total decoding
error probability is no more than €; + €s.

B. Backward Link

In the backward link, the device needs to send its collected
data back to the BS. As shown in Fig. 2, the transmission
duration for the device-UAV link and the UAV-BS link can
be denoted as 75 and 7, respectively. Similar to the forward
link, the UAV works in the DF mode. The received SNR at
the UAV and the BS can be denoted as

Py h2

= 13
3 Wiy’ (13)
P,hy
= 14
V4 Wiy’ (14)

where P, is the transmit power of the device, and W3 and
W, are the bandwidth of the device-UAV link and the UAV-
BS link, respectively. Note that the forward link and the
backward link work in the frequency-division mode, with a
total bandwidth W. Thus, we have W; + W, < W and
Wa 4+ W3 < W for the durations 7; and 79, respectively.

Since the backward link is delay-tolerant, its average trans-
mission rate can be expressed as

1 1 1 1
Ro:min{T2W3 085 ( +73), i Walog, ( +’Y4)}. (15)

T T

C. Problem Formulation

In this paper, we aim at maximizing the average transmis-
sion rate of the backward link under the URLLC constraint
of the forward link, with respect to the transmission duration,
the bandwidth and the UAV location. For ease of analysis, we
introduce the slack variable 7, and the optimization problem
can be formulated as

a1 (16a)
st. W3 (logy (1 +73)) > 1, (16b)
T1Wy (logy (1 +74)) >, (16¢)

Wi +Wy < W, (16d)

Wa + W3 < W, (16¢)

T1+71 T, (16f)

(7) and (8), (16g)

where T £ {Tl,TQ} and W £ {Wl,WQ,W37W4}. (16d)
and (16e) are the bandwidth constraints. (16f) is the duration
constraint. (16g) are the URLLC constraints of the forward
link. The problem (16) is difficult to solve due to the non-
convex constraints. Thus, in the following section, it is divided
into several sub-problems and solved separately.

IV. PROBLEM TRANSFORMATION AND SOLUTION

In this section, (16) is divided into three sub-problems,
i.e., the duration allocation problem, the bandwidth alloca-
tion problem and the location optimization problem. Then,
the three sub-problems are transformed into tractable forms
and solved approximately. Finally, an iterative algorithm is
proposed to solve the original problem (16) alternately.

A. Transmission Duration Allocation

With fixed bandwidth and location, the optimization prob-
lem (16) can be transformed as

max 17 (17a)
n,T
s.t. (7), (8), (16b), (16¢) and (16f). (17b)

In the problem (17), only the constraints (7) and (8) are
not convex. Define the left hand side of (7) and (8) as f1(71)
and f>(72), respectively. It can be easily verified that they are
convex with respect to 7; and 7,. Thus, their lower bounds

LB(7y) and fFB(7) at given points 719 and 73y can be
obtained by their first-order Taylor series as

fi(m1) > fi(mi0) + fi(T10) (11 — T10) = fEP(m1),  (18)

f2(2) > fa(T20) + f5(720) (72 — T20) = f2B(12), (19

where

1 Vi
[ (T10) =Wilogy (14y1)—5 -

-1
5 77_10W1 log,(e)Q™ " (e1), (20)

£ (ra0) =W logy (1472) o122 logy(e)@ ()

21
2 7'20W2 ( )

With any feasible points 719 and 799, the solution to the
following optimization problem is a feasible solution to (17),
i.e., (17) can be approximately solved via the following convex
problem as

max 7 (22a)

n,T

st f{P(m) > Co, (22b)
3P (12) > Co, (22¢)
(16b), (16¢) and (16f). (224)

(22) is convex and can be solved by using optimization
toolboxes such as CVX.

It is worth noting that the solution to the problem (22) is a
feasible solution to the problem (17), and the solution to (17)
is a feasible solution to the original problem (16). Thus, the
proposed approximation can obtain a sub-optimal solution for
the original problem.



B. Bandwidth Allocation

With the duration and location fixed, the optimization prob-
lem (16) can be rewritten as

m&)}( n (23a)
m,
s.t. (7), (8), (16b), (16¢), (16d) and (16e). (23b)

It can be easily verified that in the problem (23), only
(7) and (8) are not convex with respect to W. Following
the analysis in [10], V4 and V5, can be approximated as 1
when the SNR exceeds 5 dB, which is almost true in URLLC
constrained systems. Therefore, we assume V; = Vo = 1.
After approximation, the problem (23) can be rewritten as

max 1) (24a)
1
s.t. 7‘1W1<10g2 (1+’}/1)7 W 10g2 (€)Q71 (61)) ZO(),
171
(24b)
1
7'2W2<10g2 (14+92)— o loga ()@ (62)) >Cy,
272
(24¢)
(16b), (16c), (16d) and (16e). (24d)
The left hand side of (24b) can be written as
Pahl
1 1 — B 2
Wi ng( + W1N0> VvWhB, (25)

where B = /71 log, (€)Q ! (e1). The first term of (25) is
concave and the second term is convex. At the given point

Wo, the lower bound1 of the second term can be given by

—VWiB > —1W,® (Wi — Wyp). Using the above lower
bound, the problem (24) can be approximated by the following
convex problem as

g 1 (26a)
s.t. 1 Wilog, (1 + VIP;LIL?\;O) +CLB > ¢y, (26b)

5 Wa log, (1 + I;Z?\?o) +CEB >y, (26c)

(16b), (16¢), (16d) and (16¢), (26d)

where CFP = —%W;O% (Wy —Wy) and CIB =

1
—3Woo? (Wa — Wa) .

It can be seen that problem (26)is convex. In addition, the
optimal object value of (26) for that of (23). Therefore, CVX
can be used to solve (26) approximately to obtain a sub-
optimal the solution of (23).

C. UAV Location Optimization

With fixed duration and bandwidth, the problem (16) can
be transformed as

max 7 (27a)
n,x
s.t. (7), (8), (16b) and (16c¢). (27b)

With ¢t = 22 + H?, the left hand side of (5) can be denoted as

FPafo \ | N
WlNot WlTl

Ci(t)=nW Qogz <1+ logy (€)@ (51)>-(28)

Following [10], we know that the value of v; is large in the
URLLC scenario, and V7 can be approximated as 1. Then, we
can approximate C(t) as

C1(t) = Wy (logy (14 A1 /t) + Ag) = Ci(t),
Paﬁ(}

i and Ap = ﬁ log, (e)Q ™! (e1). Note

that V; < 1, and we have Cy(t) > C’l(t).
Since C (t) is convex with ¢, at any given point ¢ its lower
bound can be expressed by its first-order Taylor expansion as

Ci(t) > Cy (to) — Ay (t — to) /(2 4+ Art) = CEB(t). (30)

Similarly, denoting the left hand side of (6) as Cs(s), its
lower bound can be given as

Ca(s) > Cy (so) = Bi (s — 50) /(s° + Bis) = C3P(s), (31)

where s= (L —x)*+H?, Cs(s) =W (logy (1+B1/s)+ B>),
By = 222, and By = \/jpi—log, ()Q " (e2).

W5 Ng°
Similarly, denote the left hand side of (16b) and (16¢) as
C3(s) and C4(t), respectively. At given points sg and tg, their

lower bounds can be given by

(29)

where A; =

Dy LB
C3(s) > C5(sp) — o Dls(s —s0) =C57(s), (32)
E, LB
> _——_—_— — =
Ca(t) 2 Calto) — 53 +E1t(t to) =Cy7(t),  (33)
where D = ‘2?\;’0 and F; = V‘;Zi]‘i?.

Using the above lower bounds,othe problem (27) can be
approximated by the following convex problem as

max 7 (34a)
n,w
sit. CEB(t) > Cy, (34b)
CEB(t) > Cy, (34c)
CiB(t) >, (34d)
CrP(t) =, (34e)

which can be approximately solved by CVX.

D. Iterative Algorithm

To solve the problem (16), we propose an iterative algorithm
by solving these sub-problems alternately, which is summa-
rized in Algorithm 1. Since the three sub-problems are convex
in Algorithm 1, its computational complexity is polynomial.

In Algorithm 1, three convex optimization problems are
solved in each iteration with given initial values, and we have

17(7_71,7 Wn, wn)SU(Tn'+1, W’r‘7 wn)gn(Tn-&-l, W”+1, wn
< n (Tn-&-l’ Wn+1, wn-i—l) .

235)

Thus, the objective value of (16) is non-decreasing in each
iteration, and the optimal solution to (16) can be considered as
its upper bound. Thus, the proposed Algorithm 1 is guaranteed
to converge.



Algorithm 1 Iterative Algorithm for Problem (16)

1: Initialization: Set the feasible initial values {70, W z°}
for the problem (16), and set the maximum number of
iterations as N. n denotes the index of iterations.
2: repeat
3:  Solve the problem (34) by CVX, and obtain the optimal
solution as {7, W", 2"}

4:  Solve the problem (22) for given {T”, wn gntl }, and
obtain the optimal solution as {7" !, W" 2"}

5: Solve the problem (24) for given {7"*! W™ z"*1},

and denote the optimal solution as
{Tn—i-l W7l+1 xn+1 }
) ) .
6: Update: n =n + 1.
7: until n = N or convergence.
8: Output: {7, W, z}.
5
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Fig. 3: The average transmission rate of the backward link
under different forward link URLLC constraints.

V. SIMULATION RESULTS AND DISCUSSION

The simulation parameters are set as W = 200 kHz,
L = 2000 m, H = 300 m, P, = 27 dBm, P, = 27
dBm, Ny = —169 dBm/Hz, the carrier frequency f = 5

2
GHz. Consequently, 3y can be calculated as fy = ( i ) ~

2.2797 x 107>, where c is the light speed.

The average transmission rate of the backward link is
shown in Fig. 3, under different duration and decoding error
probability constraints, when P, = 23 dBm and Cy = 200
bits. The result with only bandwidth optimization is also
provided as a benchmark for comparison, which is denoted as
partial optimization. In the partial optimization, the position
of the UAV is x = 1000 m, and the transmission duration
is m = 19 = 7/2. From the result, we can see that when
the decoding error probability requirement of the forward link
decreases, the average transmission rate of the backward link
increases. In addition, when the delay constraint in the forward
link increases, the backward link average rate also increases.
Therefore, the proposed joint optimization algorithm is effec-
tive and can outperform the partial optimization scheme. In the

simulation, the range of the decoding error probability is from
1075 to 102, which contains most of the cases for remote
control. In practical systems, the decoding error probability
needs to be chosen according to the specific situation.

The average transmission rate of the backward link under
different throughput constraints of the forward link is shown
in Fig. 4. The partial optimization scheme is also provided
for comparison. The decoding error probability constraint is
€1 = €3 = 1075, and the UAV transmit power is P, = 23
dBm. From the result, it can be seen that, the proposed
algorithm achieves higher average transmission rate than the
partial optimization scheme. With the URLLC throughput
requirement of the forward link increasing, the average trans-
mission rate of the backward link decreases. This is because
more resource is allocated to the forward link to meet the
URLLC requirement. In addition, the decreasing delay of
the forward link also leads to the decrease of the average
transmission rate of the backward link. In practice, the BS can
have fixed power supply and the device is an isolated mobile
device. Thus, the BS may have higher transmit power than
the device. The case that P, = 36 dBm is shown in Fig. 4(b).
The increasing of the BS transmit power leads to a significant
increase of the average transmission rate of the backward link.

Fig. 5 plots the average transmission rate of the backward
link under different UAV transmit power. From the result we
can see that the average transmission rate of the backward link
increases when the UAV transmit power increases. Besides,
when the forward link can tolerate more delay, higher average
transmission rate of the backward link can be achieved.
Therefore, the proposed joint optimization algorithm also
outperforms the partial optimization scheme in this case.

VI. CONCLUSIONS

This correspondence has studied the joint optimization of
time, bandwidth and UAV location in a two-way UAV relaying
system with the URLLC requirements. The average commu-
nication rate of the backward link has been maximized under
the URLLC constraint of the forward link. An effective low-
complexity iterative algorithm has been proposed to solve the
optimization problem alternately for the URLLC-enabled two-
way UAV relaying system. Simulation results have shown that
significant performance gain can be obtained by the proposed
joint resource optimization scheme.
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