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UAV Assisted Video Multicasting in 6G Networks:
A Joint Caching and Trajectory Optimisation
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Abstract — In this paper, we design a joint caching and trajectory optimisation (CTO) solution for unmanned aerial vehicles (UAVs)
assisted video multicasting (UVM) in 6G networks. To do so, the mobile users (MUs), who have the same interest of videos, are grouped
into different clusters. We then formulate a CTO problem and solve it for the optimal number of videos to cache and the optimal set of
UAV’s stops to fly throughout, to serve the MUs in different clusters at maximum video delivery capacity. Simultaneously, a next shortest
hop problem and the travelling salesman problem are solved for optimal trajectories, and thus reducing the flying energy consumption of
the UAV. Simulation results are presented to analyse and demonstrate the benefits of the proposed CTO solution for the UVM in 6G
networks.
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1. Introduction transmission power of the UAVs. Other studies allow the UAVs flying
randomly, while optimising the caching placements to enhance the
Recently, we have witnessed the successful launch of 5G networks system capacity and energy efficiency [9], [10]. Interestingly, after
that provide significant benefits for all the involved entities including identifying the probabilistic cache placements, the UAV flies over a
mobile service providers, Internet service providers, content providers, minimum number of stops to maximise the system capacity while
and mobile users (MUs). However, to follow up with the proliferation satisfying a given coverage area [11]. However, these studies have not
of a massive number of MUs and a various amount of high data rate considered all the aspects of VASs including video popularity, UAV-
services and applications, 6G networks and technologies settle on MU association, storage and energy resources of UAVs, to find the
studying immediately. Some disruptive solutions that can be developed optimal stops and trajectory for serving the MUs the highest system
for 6G include frequency expand, digital twin, artificial intelligence, capacity.
big data, and especially the integration of a dynamic air platform, i.e., Motivated by the aforementioned discussions, we propose a joint
with satellites and unmanned aerial vehicles (UAVs) assisted, into the caching and trajectory optimisation (CTO) solution for UAVs assisted
conventional static ground one [1]. video multicasting (UVM) in 6G networks. In this solution, we first
In this paper, the benefits of UAVs with caching are exploited to group the MUs into different clusters, each cluster has the same video
provide the MUs with high data rate of video applications and services interest. The number of clusters requesting a particular video depends
(VASs). The UAVs by flying, as an important part of the dynamic air on the video’s popularity. Then, we formulate the CTO problem and
platform, have a higher opportunity to gain the line-of-sight (LoS) solve it for optimally selecting which videos to cache and where to stop
propagation for better communications. The UAVs can also flexibly based on the popularity pattern of videos, the request number of
catch up with the characteristics of MUs, i.e., mobility, density, clusters for each video, storage and energy resources of the UAV, and
common interest, and social relationship, to satisfy the MUs. In wireless channel characteristics between the UAV and the clusters. In
addition, the UAVs can play as a relay network to expand the coverage addition, we consider two trajectory modes by solving a next shortest
of 6G networks. Importantly, by caching, the UAVs can bring the hop (NSH) problem and the travelling salesman (TSM) problem. As a
videos closer to the MUs to provide a higher quality of service. result, the CTO provides the MUs in different clusters with the highest
In fact, caching techniques have been done at the static ground video delivery capacity while conserving the storage and energy
stations such as macro base stations (MBSs), small-cell base stations, resources of UAV.
and even mobile devices [2], [3]. Mostly at the same time, UAV The rest of this paper is organised as follows. In Section 2, we
caching has also drawn a significant attention from both the academic introduce the UVM system and describe how it works. The system is
and industrial communities [4], [5], but not completed yet [6]. formulated in Section 3. The formulations enable us to derive the CTO
Particularly, the authors in [7] proposed a UAV caching scheme to find problem and solution presented in Section 4. Section 5 is dedicated to
an optimal number of UAVs for caching a content. And then, an providing the simulation results, analysis, and evaluation. Finally,
optimal fixed number of positions of UAVs are chosen for flying to Section 6 concludes the paper with future research directions.
serve the MUs in the hotspot areas at maximum quality of experience.
More efficiently, the work in [8] further considered minimising the
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Fig. 1 A UVM system in 6G networks.
2. System Model

In this paper, we consider a UVM system in 6G networks as shown
in Fig. 1. The system consists of one MBS, one UAV, N clusters, and
I videos. The MBS is located at the origin of the horizontal coordinate.
The UAV is assumed to fly at the same vertical coordinate of zy = hy
over the horizontal coordinate of oy = (xy, yy). It has a limit energy
of E* (Joules) for flying, transmitting, and other related tasks, and a
limit storage of S* (Mbits) for caching the videos. In the cluster n,
n=1,2,...,N, the MUs in close proximity, which have the same
interest of video i, i = 1,2,...,1, are located around the horizontal
coordinate center of 0, = (X, ¥,,). In addition, the video i has a size
of s5; (Mbits) and a popularity/access rate of p;. The MBS always
listens the demand of the MUs, collaborates with the UAVs to cache
the potential requested videos, and then it performs the CTO solution
to serve the MUs by performing the following three steps.

1. Clustering: In this step, the MBS groups the MUs into N
clusters by using the device-to-device (D2D) clustering scheme
proposed in [12]. This scheme enables the MUs, who gather and share
their by D2D
communications, to request the same video from the MBS or the UAV.

works and entertainment with each other

2. Caching and flying for multicasting: In this step, depending on
the storage capacity of the UAV, the video popularity pattern, and the
request number of clusters for each video, the UAV selects a proper
number of videos to cache in advance. Then, based on the energy
resource of the UAV, the MBS formulates the CTO problem. Solving
this problem, the UAV is able to fly throughout the optimal stops and
follow the optimal trajectory to maximise the video delivery capacity,
while satisfying the constraints on storage and energy of the UAV for
resource savings.

3. Returning: In this step, at the last stop, the UAV keeps standstill
in a short time for the next assignment from the MBS if required.
Otherwise, it flies to the nearby charging station.

3. System Formulations

In this section, we formulate the system to derive the mathematical
models of requesting and caching, trajectory, video delivery capacity
and energy consumption. These formulations, which are used as the
objective function and the constraints in the CTO problem, are
presented below.

3.1. Requesting and Caching

Given the video popularity pattern, the number of clusters that
requests the video i is proportional to the popularity of this video,
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distribution [13] expressed as

i—a

Pi=<r —o

e @
here a > 0 is the skewed coefficient used to reflect the skewed
popularity pattern of a given video set. For example, @ = 0 means that
all videos have the same popularity. Meanwhile, the higher value of «
yields the higher skewed popularity between the first videos and the
rear ones.

In (1), because N; is an integer, without loss of generality, we
further adjust it to N; = [p;N|, where the round operator [. | is used
to round a given value to the nearest integer. In addition, we define 7,
as a request index to identify that the cluster n requests the video i
(rin = 1) ornot (r;, = 0) so that N; = YN_, r; ,. However, this may
cause YN_y Y1 1, <N . To deal with this problem, the first
smallest value of {N;} is increased by 1 until ¥N¥_; ¥!_, r;,, = N.

The UAV selects a number of videos which are mostly requested
by the MUs for caching, and thus we have

I
Z qisi <7,
=1
Tin=1,Yn

3)

where g; is the caching index to identify that if the video i is cached
in the UAV (gq; = 1) or not (q; = 0) and it is noted in (3) that because
Zipf-like distribution generates p; = p, =...2p; =...=2p;, the
UAV always takes priority on caching the videos with higher popularity.
However, this is the pre-caching decision making because the final
decision further depends on the remaining energy of the UAV. For
example, the UAV does not decide to cache a video even with very high
popularity if this video is requested by the MUs located too far from
the UAV’s location, meanwhile the remaining energy of the UAV is not
enough to transmit this video.

3.2. Average Video Delivery Capacity

Video delivery capacity is considered as the objective function of
the CTO problem. The UAV takes priority over the MBS to serve the
MUs in the clusters. The average video capacity delivered to the MUs,
which comes from the UAV based on the wireless channel model, is
computed below.

Assuming that the UAV utilises the inband frequency (licensed
band) for the backhaul link, but outband frequency (unlicensed band)
for communicating with the MUs. Furthermore, all the MUs in a cluster
have the same channel capacity, and thus the capacity to deliver the
video i from the UAV located at oy = 0;,, to the MUs in the cluster
n located at o, is given by

Cim = Blogo(1 + v, @)
where B is the system bandwidth and yli,":,l, which is the signal-to-
noise ratio of the channel between the UAV at o,,, and the cluster at
0y, is dominated by the LoS link [14], [15], expressed as

in _ qiri,nPTﬁ(gJ(d{,Lw)_z
Lw = g2 :

®

In (5), qirin is the UAV-cluster association index, Pr is the
transmission power of the UAV, B is the UAV-to-cluster channel
power gain at the reference distance of dy = 1m, o2 is the additive
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is the distance between the UAV
at 0y, and the cluster at 0, computed as

white Gaussian noise power, and dl'fw

Py = |3+ 0y — 0, 12, (6)
where ||. || is the Euclidean norm.

Finally, the average video capacity delivered from the UAV to all

I
z pif(ol,w)cli,ﬁ'
i=1

1

the cluster is given by
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where, f(o,y) is the stop index defined as a binary variable to
identify that the UAV decides to stop (f(0;,) = 1) or not to stop
(f (o) = 0) at 0y, so that X7 T2 f(o;,,) < N, My X My, is
the total number of stops located in a rectangular grid of length M,
stops and width My, stops. The CTO problem is solved to maximise
C by finding the optimal caching index g; and stop index f (ow) as
well as how to fly throughout the stops with minimum energy
consumption.

Stops L, M, stops
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Fig. 2 UAV trajectory.

Algorithm 1 Next Shortest Hop Trajectory

Input: o,,,, initial horizontal coordinate of UAV (x,,¥,)
Output: dy,, T
M={flow)=11=12,....M,w
. current_stop < (X,,Y,)

1 =1,2,...,My}
2

3: T = {current_stop}
4 dpin =0

5: while M # & do
6: next_stop = argmin{d(current_stop, M)}
7 T « T U next_stop

8 dpin= dmin + d(current_stop, next_stop)
9: M = M\next_stop

10: current_stop < next_stop

11: end while

3.3. Trajectory

For the ease of formulating the trajectory, the UAV plans to fly at a
fixed velocity V (m/s) within a smallest rectangular that covers all the
centers of the clusters. The rectangular is made up of a grid as shown
in Fig. 2. The cross point of each pair of straight lines is a stop in which
the UAV flies throughout or stays for a while if needed to multicast a
video. The rectangular has a length of L (m) and a width of W (m)
including M, stops and My, stops, respectively. The number of stops
estimated depends on the density of clusters.
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Because the stops have the same vertical coordinates with the UAV,
we only consider the horizontal coordinates of the stops which are
located at oy, = (X, Yw), 1=1,2,.... M, , w=1,2,..., My .
Therefore, to plan for flying from the initial coordinate (x,,y,) of the
UAV, the UAV has 2M:*Mw trajectories corresponding to the number
of combinations of the M; X My, binary matrix. Here, each matrix
includes a set of row stops and column stops valued by f(o;,,). After
caching, the best trajectory is selected to fly throughout the stops with
f(opw) =1 to serve the MUs in all clusters at maximum video
delivery capacity, while satisfying the constraint on energy
consumption. In addition, the best trajectory enables the UAV to fly
over the shortest path (d,in) to save the energy by finding the set T
of next stops in sequence by solving the well-known TSM problem
using exhaustive search (ES). However, the ES generates a very high
complexity. Therefore, we propose a simple next shortest hop (NSH)
method as described in Algorithm 1.

In Algorithm 1, the set of stops (M) with f(o0;,,) = 1 is given in
the line 1. The line 2, line 3, and line 4 identify that the initial set T is
the current stop of the UAV (x,,¥,) and the initial distance to fly is
din = 0. From the current stop, the next stop is the one in the set M
that has the minimum distance to the current stop (line 6). The next stop
in the trajectory is added to the set T in line 7. The distance is
prolonged to fly to the next stop (line 8). The line 9 and line 10 are to
update the current stop and the set M.

3.4. Energy Consumption

In this paper, we consider the three important types of energy
consumed by flight, transmission, and standstill. To compute the
energy consumption, we first derive the corresponding duration of
flight and transmission/standstill, here the standstill duration is for
transmission. Given the shortest path d,,; found by using the
Algorithm 1 and by solving the TSM problem, the flight duration is
computed as

tr = dmin/V. (®)
Furthermore, the standstill (or transmission) duration is given by
N M, My
Z Z Z z qlrlnfl(zl W)sl (9)
[0y

n=1 l=1 w=1 i=1
It is noted that if g;7;, = 0, the computation of (9) cannot be done
due to the division by zero, i.e., C; l’x = 0. To avoid this problem, we
further define an infinitesimal value € and rewrite (9) as below
N My My |

=222

n=1 l=1 w=1 i=1

Qiri,nf(ol,\y)si' (10)
max{e, C;}

By taking into account the flying power (Pg), standstill power (Ps),
and transmission power (Pr), the total energy consumption for a
particular trajectory, which is less than a given threshold E*, is
expressed as

E = Pptp + (Ps + Pr)ty < E™. (11)

The objective of (11), considered as the constraint in the CTO
problem, is to limit the trajectory of the UAV when serving the MUs in
different clusters.

4. CTO Problem and Solution

So far, we have derived the objective function (7) and the
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constraints on caching storage (3) and energy consumption (11).
Mathematically, the CTO problem is formulated as below

afosn” (123
st (3) (12b)
an
M, Mw
> fouy =N
=1 w=1
Algorithm 2 Exhaustive Search
Input: Initial system parameters
Output: C*, Q*, Fyy, xm,
I:C«o
2: for each vector Q in Q do
3:  for each matrix Fy, xp,, in F do
4 if (12b) holds then
5 C(Q. Fytyxa) = C
6: C < CUCQ,Fy,xmw)
7 end if
8:  end for
9: end for
10: C*=max C
11: {Q*, Fpy,xm, } = argmax €
Table 1 Parameters Setting
Symbols Specifications
N 10 clusters
1 5 videos
Si [300, 100, 200, 400, 900, 500, 700, 600, 750, 950] Mbits
S* 2x103 Mbits (2Gbits)
a 1
14 15 m/s
Pr 0.5W
Pr 50 W
Ps 0.25x Pr
E* 5000 Joules
B 10 MHz
Y 10°
lea 108w

Solving (12) for optimal caching index g; and stop index
f(oyw), the UAV knows which videos to cache, where to stop, and
how to fly throughout the stops, so as to serve the MUs in all clusters
the maximum average video delivery capacity, while satisfying the
constraints on caching storage and energy consumption. It is easy to
see that finding the optimal values of q; and f(0;,,) is equivalent to
finding the binary vector Q* of length I bits and the binary matrix
Fi,xmy,, Of M, rows and My, columns. Here, the searching space
0 ={Q%Q%....Q*} F=
{Fat, s F,E,LXMW,...,F,@T;;;:VW}. To solve (12), we simply apply
exhaustive search (ES) presented in Algorithm 2 for the exact solutions

respectively includes and

of Q* and Fy, xp,-

5. Performance Evaluation

To analyse and evaluate the performance of the proposed CTO
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solution, we deploy the system using the parameters listed in Table 1.
Furthermore, the clusters are uniformly randomly distributed within a
100-meter radius circle covered by the MBS. The UAV flies at the
vertical coordinate of hy = 50m starting at the upper right corner of
the rectangular plane.

NSH, d g = 141 (m)
E = 916 (Joules)

TSM.d , =141(01
100 E =916 (Joules)

80 *

60 *

20

meter
[=]

-50 o 50 100
meter

Fig. 3 UAV trajectory versus E* = 1000 Joules.
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NSH, d_, =446 (m)
E = 2531 (Joules)

TSM.d_, =430 (m'
E = 2479 (Joules)

¥ >

100

80

*

60
40

meter
=]

40
60

-80

-100

=50 0 50
meter

Fig. 4 UAV trajectory versus E* = 2500 Joules.

-150 =100

We first evaluate the TSM and the NSH by setting the energy
constraint E* to 1000 Joules, 2500 Joules, and 5000 Joules,
respectively shown in Fig. 3, Fig. 4, and Fig. 5. In Fig. 3, because
the shortest trajectory is too simple limited by the low value of
energy E* = 1000 Joules, the trajectories of TSM and NSH are
the same. However, when relaxing E*, the trajectories become
more complicated, it is clear that the TSM using ES yields the exact
shortest trajectory, and it consumes lower energy than the NSH
does (Fig. 4 and Fig. 5). Obviously, the energy consumption of TSM
is always less than or equal to E*, but it is not guaranteed by the
NSH (Fig. 4). We also observe that although the NSH provides
longer trajectory, the difference compared to the TSM is not
significant. In a large-scale system, the NSH can be applied to
finding the shortest trajectory thanks to its less time and memory
complexity.
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Fig. 5 UAV trajectory versus E* = 5000 Joules.
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Fig. 6 Average video delivery capacity versus a and E*.
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Fig. 7 Storage used to cache versus a and E*.

The performance of the proposed solution is then evaluated by
considering the average video delivery capacity versus a and E* as
shown in Fig. 6. The increase of E* enables the UAV to fly throughout
more stops to serve the MUs better, with higher video delivery capacity.
In addition, increasing a lets the UAV focus on caching the videos
with much higher popularity to efficiently multicast them to the MUs
in different clusters. This in turn provides the MUs with much higher
video delivery capacity when a increases, but lower storage is used
for caching as depicted in Fig. 7. The reason here is that the higher
value of a causes the higher skewed popularity between the first

videos and the rear ones. It results in the fact that more clusters request
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the first videos. Therefore, the UAV places a high priority on caching
the first videos with less storage used, but ensuring to serve the MUs
in all the clusters more efficiently. In addition, we can see that the
higher energy utilised enables the UAV to cache more videos to
enhance the video delivery capacity.

6. Conclusion

We have proposed the joint caching and trajectory optimisation
(CTO) solution for unmanned aerial vehicles (UAVs) to multicast the
videos in 6G networks. The CTO is able to provide the mobile users
(MUs) in different clusters with the highest video delivery capacity,
while conserving the storage and energy resources of the UAV. We
have also analysed some initial results and demonstrated the benefits
of the proposed CTO solution. In future works, we will design a
network of UAVs for caching, flying, and delivering the videos to serve
the MUs more efficiently.
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