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Abstract

These days, unmanned aerial vehicle (UAV)-based millimeter wave (mmWave) commu-
nication systems have drawn a lot of attention due to the increasing demand for faster
data rates. Given the susceptibility of mmWave signals to obstacles and high propa-
gation loss of mmWaves, ensuring line-of-sight (LoS) connectivity is critical for main-
taining robust and efficient communication. Furthermore, UAVs have limited power
resource and limited capacity in terms of number of users it can serve. Most signif-
icantly different users have different delay requirements and they keep moving while
interacting with the UAVs. In this paper, first, we have provided an efficient solution
for the optimal movement of the UAVs, by taking into account the energy efficiency
of the UAVs as well as the mobility and delay priority of the users. Next, we have
proposed a greedy solution for the optimal user-UAV assignment. After that, the nu-
merical results show how well the suggested solution performs in comparison to the
current benchmarks in terms of delay suffered by the users, number of unserved users,

and energy efficiency of the UAVs.

Keywords: UAV, millimeter wave, UAV movement, user-UAV assignment, user pri-

ority, energy efficiency.
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Keywords and Their Significance

e UAV (Unmanned Aerial Vehicle): UAVs are aircraft systems that oper-
ate without a human pilot onboard and can be remotely controlled or fly au-
tonomously. In the context of wireless communication, UAVs are increasingly
employed as aerial base stations or relays due to their flexibility, mobility, and
ability to establish line-of-sight (LoS) links with users, especially in environments

where terrestrial infrastructure is insufficient or damaged.

e Millimeter Wave (mmWave): Millimeter wave refers to the band of spectrum
ranging from 30 GHz to 300 GHz, offering large bandwidths suitable for high-
speed data transmission. While mmWave communication enables ultra-fast data
rates essential for next-generation networks (e.g., 5G/6G), it is also sensitive to
blockage and path loss, requiring careful placement and mobility management of

transmitting platforms like UAVs.

e UAV Movement: UAV movement refers to the trajectory planning and mobility
control of aerial nodes. Efficient UAV mobility ensures optimal coverage, reduced
interference, and adaptive response to user mobility and demand variation. It is a
crucial aspect of aerial network design that directly impacts system throughput,

coverage reliability, and energy consumption.

e User-UAV Assignment: This involves the process of dynamically associat-
ing ground users with suitable UAVs based on various parameters such as user
demand, channel conditions, UAV capacity, and proximity. Optimal user-UAV as-
sociation improves network performance by balancing the load, reducing latency,

and enhancing connectivity in dense or heterogeneous environments.

e User Priority: User priority is a mechanism to classify users based on their ser-
vice requirements, such as latency sensitivity, data rate demand, or emergency sta-
tus. Incorporating user priority in resource allocation ensures that high-priority
users receive adequate quality of service (QoS), especially in resource-constrained

or time-critical scenarios.

e Energy Efficiency: Energy efficiency in UAV-enabled communication networks
focuses on minimizing the total energy consumption of UAVs while maintain-
ing service quality. Given the limited battery life of UAVs, energy-efficient op-
eration—including trajectory design, user assignment, and transmission power

control—is essential for prolonged mission duration and sustainable deployment.

viii



Chapter 1

Introduction

In today’s times, unmanned aerial vehicles (UAVs) appear to be a very promising
research direction due to their multitude of applications in fields such as military,
disaster management, and communications [13]. In this context, especially the low-
altitude UAVs offer several advantages such as easy deployment, cost-effectiveness,
and lightweight design. However, one major disadvantage of UAVs is that they are
battery-operated, i.e., they have limited energy resources. In recent years, millimeter
wave (mmWave) communications have also gained attention because of their higher
carrier frequencies and better transmission characteristics. However, due to shorter
wave length, it is susceptible to being easily blocked by obstacles and therefore has a
lower coverage area [17]. Thereafter, consideration of rotary-wing UAVs as flying base
stations can help in mitigating these challenges of mmWave communication [20]. This

paper is organized as follows:
e In Section 4, we discuss the system model and problem formulation.

e Section 5.1 presents the proposed UAV movement and user-UAV association al-

gorithms.

e Simulation results and comparisons with existing benchmarks are provided in
Section 6.1.

e Finally, concluding remarks are given in Section 7.1.



Chapter 2

Related Work

In UAV assisted mmWave communications systems, the key goal is to determine the
optimal movement of the UAVs and establish the efficient user-UAV links. The work
in [4] implements the K-means algorithm by using distance as metric for user-UAV
assignment. The authors in [8] propose a modified K-means algorithm by using path-
loss as the metric. Note that, both [4] and [8] assume that the users are static and
that an UAV can serve any number of users. However, in practical scenario there is
always a limitation on serving capacity of the UAVs and users are often mobile and
not static. The work in [8] considers both LoS and NLoS links, but due to higher
path-loss in mmWave communications, the NLoS links are almost infeasible [11]. Also,
to avoid interference among the co-existing users, the use of orthogonal frequency divi-
sion multiple access (OFDMA) is a very effective and practical approach for subcarrier
assignment [16], [15], where the number of subcarrier frequencies is limited. Because of
this limitation of OFDMA, distributing the users over all UAVs becomes a real chal-
lenge. Accordingly, the work in [14] considers this aspect to propose efficient resource
allocation schemes to enhance the overall system performance. The work in [5] propose
a balanced K-means clustering method by using the Hungarian algorithm [6] and the
authors in [7] propose a greedy approach for balancing the cluster sizes. But all the
works assume that any user can be assigned to any cluster, i.e., any user is serviceable
by all the UAVs. But, because of the infeasibility of NLoS in mmWave-based scenario,
that may not be the case. Moreover, [8] and [9] propose user-UAV assignment solely
based on their respective throughput performances. But, due to limited capacity of
the UAVs and NLoS scenario, these approaches can result in multiple users not getting
served and also higher imbalance of cluster sizes. The work in [19] proposed UAV tra-

jectory planning and resource allocation schemes considering the delay requirements of



the users without considering the capacity of the UAVs. [18] proposed resource allo-
cation and user-UAV assignment considering user delay taking distance as the metric.

However none of them has taken the user mobility into consideration.

Hence, by considering all these aspects of an UAV assisted mmWave-based system, in
this work, for a multi-UAV multi-user network, we propose computationally efficient
algorithms for obtaining balanced clusters, energy-efficient movement of UAVs, and
capacity-constrained user-UAV assignment by taking into account both the delay pri-
ority and mobilty of the users. Specifically, we propose a priority aware K-means based
algorithm for the initial clustering while maximizing throughput, capturing user mobil-
ity, and also, keeping the cluster size below a pre-defined limit. Moreover, we take into
account the aspect of energy-efficiency, while considering the movement of the UAVs.
Furthermore, we also propose a greedy capacity-constrained algorithm for user-UAV
assignment while considering both delay priority and mobility of users with taking care
of throughput maximization, without repositioning the UAVs. Finally, we discuss the
computational complexity of the proposed solution and the numerical results support
the superiority of the same in terms of delay suffered by the users, number of unserved
users, and energy efficiency of the UAVs in comparison to BT-kmeans [8] and balanced

K-means [5] algorithms.



Chapter 3

Some Well Known problems

3.1 Generalized assignment problem

In applied mathematics, the maximum generalized assignment problem is a problem in
combinatorial optimization. This problem is a generalization of the assignment problem
in which both tasks and agents have a size. Moreover, the size of each task might vary
from one agent to the other. This problem in its most general form is as follows: There

are a number of agents and a number of tasks.

Any agent can be assigned to perform any task, incurring some cost and profit that
may vary depending on the agent-task assignment. Moreover, each agent has a budget
and the sum of the costs of tasks assigned to it cannot exceed this budget. It is required
to find an assignment in which all agents do not exceed their budget and total profit of
the assignment is maximized. In the following, we have n kinds of items, a; through a,,
and m kinds of bins, b; through b,,. Each bin b; is associated with a budget ¢;. For a
bin b;, each item a; has a profit p;; and a weight w;;. A solution is an assignment from
items to bins. A feasible solution is one in which for each bin b;, the total weight of
assigned items is at most ¢;. The solution’s profit is the sum of profits for each item-bin

assignment. The goal is to find a maximum profit feasible solution.

Mathematically, the generalized assignment problem can be formulated as an integer

program:



m n
maximize E g DijTij

i=1 j=1
n
subject to Zwijxij <t i=1,...,m
j=1
m
PETES! j=1,...,n
i=1
ZL‘l'jG{O,l} t=1,....m, j=1,....n

But one of the main problems is that the generalized assignment problem is known to
be NP-hard[10].

3.2 Bipartite Matching

A bipartite weighted matching problem involves a bipartite graph G = (U, V, E),
where the vertex set is divided into two disjoint sets U and V, and each edge (u,v) € E
is assigned a non-negative weight w(u,v). The goal is to find a matching (i.e., a set of
pairwise non-adjacent edges) that maximizes (or minimizes) the total sum of weights

of the selected edges.

One of the most well-known algorithms for solving the maximum weight bipartite
matching problem is the Hungarian Algorithm, which computes an optimal match-

ing in polynomial time.

Computational Complexity

The Hungarian algorithm solves the problem in O(n?®) time, where n is the number
of vertices on each side of the bipartite graph. This makes it efficient and suitable for
moderately sized graphs. However, for very large graphs, more scalable approximate

algorithms may be considered, trading off optimality for speed.

The bipartite matching problem (without weights) can be solved in O(y/nm) time using
the Hopcroft—Karp algorithm, where m is the number of edges. When edge weights are
included, exact algorithms like the Hungarian method remain a standard due to their

deterministic guarantees.



3.3 Balanced Clustering

Balanced clustering is a special case of clustering where, in the strictest sense, cluster
sizes are constrained to L%J or {%], where n is the number of data points and k is the

number of clusters [5].

A typical algorithm in this category is balanced k-means, which minimizes the mean
square error (MSE) while enforcing balanced cluster sizes. Another approach, called
balance-driven clustering, employs a two-objective cost function that simultaneously
minimizes the imbalance and the MSE. Balanced clustering finds practical applications
in scenarios like freight delivery, where goods must be delivered to n locations using k
vehicles. In such cases, it is preferable that each vehicle services an equal number of

delivery points to ensure workload fairness.



Chapter 4

System Model

Here we discuss both the considered network topology as well as the mathematical

construction of the problem.

4.1 Network Topology

As can be seen in Fig. 4.1, here we consider a multi-user multi-UAV scenario. Specif-
ically, we have a system of M UAVs and K users, where K and M denote the set of
users and UAVs, respectively. Here we follow a time-slotted synchronous communica-
tion framework [11] with slot duration ¢; and N consecutive slots constitute a “macro”

slot. In other words, the macro slot can be expressed as

Noy =6 460 4 40D =¥ 50, (4.1)

where 5§i) corresponds to the i-th slot of a particular macro slot. Here, the user-UAV
assignment is determined at the beginning of each slot, while the position of the UAVs
change at the beginning of each macro slot. Accordingly, we introduce an indicator

variable i, j as follows.

) 1, if the UAV m serves the user k,
Im,k = (4.2)
0, otherwise.

Also, each UAV m € M has a limitation of how many users it can serve, i.e., each
UAV can serve at most n,, users. At the beginning of an arbitrary macro slot, the
position of the UAVs is x,, = (%&?,yﬁ?, 27(2)) :m € M and if ¢, is the UAV location
in the previous macro slot, the distance traveled by the UAV m € M with velocity V,,

is dy, = ||pm — Xml|| and the corresponding energy consumption is [20]
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Figure 4.1: Considered system model.
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where Py, P; are the blade profile power and induced power in hovering status respec-
tively. Utip is the speed of the rotor tip, vg is the mean rotor induced velocity in hover,
d, and s is known as the fuselage drag ratio and rotor solidity respectively. A, p are
the air density and rotor disc area, respectively|[20].

At the beginning of a macro slot, to provide enhanced service to the users, we move the
UAVs in such a way that net system energy consumption is minimum and also each
UAV needs to move to their new positions within a desired amount of time, say t, so
that there is not much delay in establishing the communication. In this context, we
construct a bipartite graph G,, with the two independent sets x{xm : m € M} and
¢{¢p; : j € M}. An edge from x,, to ¢; exists iff the location is reachable by the UAV
within time ¢ and the weight of the edge is defined as the total energy consumed by an
UAV for traveling from ¢; to x,, and this distance is denoted by d,, ;. Hence, we need
to find the minimum weight matching for G,, and for this, we introduce an indicator

variable
1, if UAV at ¢; moves to xm,

Cxmbj = (4.4)
0, otherwise.

4.2 Throughput Calculation

With respect to 5§i) Vi=0,...,N —1 of an arbitrary macro slot, the received signal
at the UAV m € M from the user k£ € K is

Srm,k = \/ Pm,k.gm,kst,m,k + 1o, (45)

where P, . is the path loss dependent received power, g, is the complex channel
coefficient, s, 1. is the transmitted signal, and n, denotes the additive white Gaussian

noise (AWGN) with power Ny. Here, |gm k| is a Rician or Rayleigh random variable



depending on whether it corresponds to the LoS or NLoS channel, respectively [12].
Moreover, d,, , is the Euclidean distance between UAV m and user k and P, ;,, which
depends on the 73 GHz path loss model (PL) considered [1], is characterized in terms
of dy, . as
Pm7k[dBm] =P+ G+ Gy — PLm,k(dm,k)a (4.6)
where Py, is the transmit power of user k, Gi(G,,) is the gain of the transmit (receive)
antenna, and
PLmJg(dm’k)[dB] = o+ 10ﬁ IOglo(dm,k)- (47)
Here, a and 3 are parameters of the LoS and NLoS models respectively. Therefore, the

corresponding throughput for user k at UAV m is

Tk = By logg (1 + N,

where B,, is the channel bandwidth.

4.3 User mobility model

The initial positions of the users at the beginning of 5§i) Vi=0,...,N—1 are denoted

by 5,5302 = (x,ioz , y,gog , Z](§02) ) : k € K. As we consider a mobile scenario here [2], the

user k € K moves with a velocity vi; € [0, Vk,(max)] and at the end of 5t(i), it can be
anywhere inside the uncertainty circle (j; of radius ry; = (vg, - 0¢) centered at §,(€03
We divide (j; into ny, = 27/6), sectors of central angle 6, each. Also, we consider a set
Iii ={vk1 1 <1< qp;} of concentric circles centered at 512?2, where 7, ; has radius
sl and q; = 71/, s is our step size such that s is a divisor of ry; and 1 <1 < g ;.
Hence, the total g ;nj points are our possible search points, which are obtained by
the intersection of the concentric circles and the sides of the sectors. Accordingly, the
coordinates of these search points for the k-th user are f,(j Z) = (:rgz,y,(fz,z,g] 2 ) where

1 < j < qing. During the continuing slot, the user can be at any of these points with

probability py; = 1/(qk,ink)-

4.4 LoS Detection Based on the Distribution of the Build-
ings

As demonstrated in [8], the z — y plane is divided into grids of equal size. Thereafter,
the intersection points of these grids and projection of the line joining an UAV m

at xm and user k at §,(€j2.) denoted by Cfg)k, is examined. If at any intersection point

cg)k € Cg)k, the building height Hc(j> is greater than the projected height Z (5 then
’ ’ m,k m,k

the link is NLoS. Accordingly we introduce an indicator variable b ) dendting if
ki

Xm & i



there is a Los link between UAV m and user &k as follows.

1, ifv cg?k € Cfi)k crzm >He o,
m,k m,k

b (4.9)

(G = j j
Xmo&x 0, if3 o) € Cfi)k 20 < Hc<j>
3 m,k m,k

m,k

4.5 User Mobility Based Throughput Modeling

Suppose user k is connected to UAV m’ and m” during the slots 5t(i) and 5?71), re-
spectively. In case we have m’ # m”, the UAV requires a finite amount of time e,
at the beginning of 5§i), to disconnect from m’ and connect with m”. This is why
there is a possibility, that in spite of obtaining a higher throughput with the UAV m/,
the total transferred data can be lesser than if user k is kept assigned with UAV m”.
Consequently, we introduce an indicator variable as follows.

o JO =t (4.10)

m/,m .
1, otherwise.

In this work, we are considering a 73 GHz pathloss model, where the NLoS links are
nearly infeasible due to high frequency. Therefore, we consider only the LoS links
between the UAVs and the users. Since the user k can be in any of g ;n; coordinates
inside (;, that is, the uncertainty circle, by using (4.8) and (4.10), we formulate an
expected throughput definition. Accordingly, the throughput between UAV m and user

k during slot 5§i) depending on the LoS status as

() (7) _ )
anm,k(X””” 5kj,i ) mevfiff) = me@(j;zTni,k, (4.11)

where Y, from (4.8) is the throughput of user k at & Igj Z) , which is associated with the

m,k
UAV m at x,, during slot 5,51). Hence, the total expected transferred data for user k, by
considering all the search points inside uncertainty circle during current time interval,

is formulated as qK,ink

Rge(xm) = > (pri - RY,). (4.12)

J
(4)

Now, as discussed before, during the current slot ¢, ’, it may be advantageous if the
user is still connected with the UAV, to which it was assigned during 6,5(1_1). By using
(4.10) and (4.12), the overall transferred data during current time slot is

R(total) _ (5t _ a(k) - E) . Rm,k- (4‘13)

m,k m,m

10



4.6 Problem Formulation

Here, our entire problem can be broken down into two distinct optimization problems:
(1) Movement of UAVs in each macro slot, and (2) user-UAV assignment in each slot.
By using (4.3) and (4.4), the first optimization problem can be formulated as a minimum

weighted matching problem (P1) for the bipartite graph G,,, i.e.,

E(V)) - dm
P min 3y X ‘(/‘J) d (4.14)
i m J

Cxm,d;

subject to

_ _ cXma¢jdm7j
D s = 1=Zcxm,¢j =1, and ) 7 st
m j m

Next, the second optimization problem regarding the user-UAV assignment issue is
formulated by using (4.2) and (4.13) as

K M
(P2):  max i = 9 imk Rk (Xm) (4.15)

(l(k) (2
m,m’’ m,k k=1 m=1

M K
subject to Z Imk < 1 and szk < Ny,
m=1 k=1

for all m € M and k € K, respectively. It is evident that (4.15) is a generalized
assignment problem (GAP), which has been proven NP-hard in [10].

11



Chapter 5

Proposed Strategy

5.1 Proposed Strategy

In this section, we propose strategies for solving (P1) and (P2), as stated above. Note
that the location of the UAVs change at the beginning of each macro slot, whereas the
user-UAV assignment is decided in each slot. Algorithm 2 finds the energy efficient
movement of the UAVs. To do this, the users must first be clustered, and we propose
the Algorithm 1 for this purpose. The user-UAV assignment for the remaining slots in
the current macro slot without repositioning the UAVs is obtained by Algorithm 3. We
use the notion of ‘priority’ for doing the user-UAV assignment, where user k can wait
for a maximum of time ¢;. At the beginning of 5§i), if the user k has already waited for
time t,,, its priority is defined as

t

pr = t—w (5.1)
k

5.1.1 Initial Clustering of the UAVs after Each Macro Slot

Initially we use a modified version of K-Means clustering algorithm [3] to determine the
balanced user cluster and the UAV positions. Conventional K-Means clustering is done
by using the distance between the users and the clusters centroids. However, as the LoS
plays a crucial role in mmWave communications, we use throughput as the metric to
cluster the users. Note that, always assigning the users to their best choices can make
the clusters highly imbalanced and hence, to mitigate this problem, we consider the
user’s priorities as defined in (5.1). Let A,(g) be the set of all users assigned to UAV m
during the n-th iteration. At each iteration of the proposed Algorithm 1, we iteratively

select the user with the maximum priority and assign it to the UAV which has not

12



Algorithm 1 Proposed Algorithm for optimal UAV movement

1: Initialize random locations (Z,, ym) for UAVs, set iteration number n = 0;
2: Set pry, : priority of user k using (5.1);

3: Sort pry’s in decreasing order and let Pr be this order ;

4: repeat

5: n:n+1,A$Q): ;

6: Freeyay = M,
7 gk =0,Vk € K,Vm € M;
8: for each pry in Pr do
9: if Freeyay = (0 then
10: Break;
11: end if
12: m = argmax Rg‘ftgl);
m/EFreeyay ’
. (total)
13: if R, "’ >0 then
14: Set ik = 1;
15: Al = AWy {k};
16: end if
17 if [A%)| > n,, then
18: Freeyay = Freeyay \ {m};
19: end if
20: end for
21: for m € M do
22: update (:c,(ﬁ),yﬁ,?)) using (5.2);
23: end for

24: until convergence or maximum iterations is reached
25: for k € K do
26: if ¢, =0, Vm € M then

2T pre =pri + ?Ti;
28: end if
29: end for

30: return iy, , Xﬁ,’f) = (m%’»}),y,%),zw);

exceeded its capacity and gives the user its best non-zero throughput. If no such UAV
is found, the user will remain unattended and during each iteration, we update the 2D
co-ordinates of the UAVs as
(total) ) (0
ZkeAﬁﬁ) Rm?ka * (xk,oa yk,o)

(x5, yw)) = — , (5.2)
ZkeAw an,k )

where Rﬁio,ial) is calculated by (4.13). The process will continue until the positions
of the UAVs do not change or maximum number of iteration is reached. After the
algorithm stops, the priority of each user is updated, such that all the users have a fair

chance of getting served in the upcoming slots.

13



Algorithm 2 Energy efficient movement of UAVs

1: Get the new cluster centroids {xy, : m € M} using Algorithm 1;

2: Define: {¢; : j € M}, locations of UAV in the previous macro slot;

Define: ¢; ; £ energy consumption for the UAV j movement from ¢j to x; using
equation (4.3).;

W

4: Construct the cost matrix Cpyxm = (¢ij);

5: if x; is reachable from ¢; by UAV j within time ¢ then
6: Ci,j = €4 j;

7: else

8: Cij = O

9: end if

10: Solve assignment problem (P1) using Hungarian method;
11: return Assignment matrix and total energy consumption;

5.1.2 Energy Efficient Movement of the UAVs

After the clustering of the users is done by using Algorithm 1, we get the new assigned
centroids for the m UAVs. Now, as we need to solve (P1), we employ the well-known
Hungarian method [6]. For assigning m jobs (M cluster centroids) to m machines (M
UAVs), time complexity for the Hungarian method is O(M?3)[6]. Let Cprx s denote the
M x M cost matrix, where the (i, j)-th entry ¢; ; is the energy consumption for moving
the UAV j from ¢; to x;. If the time taken for this movement is higher than ¢, ¢; ; will
be considered as co. Finally, by solving (P1) using Algorithm 2, we get the assignment

matrix for optimal UAV movement and the total energy consumption for the same.

5.1.3 Capacity-constrained user-UAV Assignment

During the entire macro slot, the position of the UAVs remain unchanged. As the
GAP (4.15) is NP-hard, we propose a greedy algorithm (Algorithm 3), which takes
care of both the capacity-constrained scenario as well as the aspect of throughput
maximization. Initially, by using (4.13), each user is assigned to the UAV which gives
it best throughput, hence resulting in high imbalance. To take care of this problem,
we define three sets, namely, Full, Free, and Assign for keeping track of the limit-
exceeded UAVs, the UAVs with available slots, and the unassigned users, respectively.
We iteratively select the UAV m € Full and retain the top n,, users based on their
priority and the remaining users are included in Assign for further assignment. For
each user k € Assign and each UAV m € Free, we first calculate its sacrifice value
Sk, defined as the reduction in throughput for not being allocated to its best choice,
say UAV my,. That is, Sy = Rgile) — Rfffzal). We select the user k € Assign with
the least sacrifice, assign it to the corresponding UAV, and remove it from Assign. If

in this process, some UAV reaches its limit, we remove it from Free and repeat the
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process with remaining users in Assign and remaining UAVs in F'ree

update the priorities of the users.

. Accordingly, we

Algorithm 3 User-UAV assignment

o e S e S e S e
@ g w2

17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:

. Define A,, £ the set of users assigned to UAV m;
: for k € K do
mE = argmaxme m R,
A, = Am, U{k}
end for
Full={m: |An| > nm} , Free ={m: |An| < nm};
Assign = 0;
for m € Full do
Sort A,, by decreasing order of pri, Vk € Apy;
Let X, be the top n,, users in the sorted order;
Assign = Assign U (Am \ Xm);
Set imp =1V keX,,;
: end for
: Sk = Rg::zzl) — Rglolzal) Vk € Assign,Vm € Free;
. while Assign # () do

(m*, k*) = argmin Sy, k;
mé&Free, k€ Assign

(total) .
m,k

if R"") =0 then
e =0 Vm € M;
else
Set e gr = 1;
Apr = Ap» U{E* ]
end if
Assign = Assign \ {k*};
if |A;+| > nyy, then
Free = Free\ {m*};
end if
end while
for k € K do
if iy, 1, =0, Vm € M then
pry =pri + %;
end if
end for
return i,, ; Ym € M, Vk € K;

5.

1.4 Discussion on the Computational Complexity

1. Algorithm 1: Lines 2 and 3 requires O(K) and O(K log(K)) respectively. Each
iteration of the loop from lines 4-24 require O(K M). If I denotes the maximum
iteration, then lines 4-24 require O(I K M). Lines 25-29 requires O(K M). Hence

the total complexity of this algorithm is O(IKM + K log(K

15



2. Algorithm 2: Algorithm 2 calls Algotrithm 1 to obtain the initial clustering
which has complexity O(IKM + K log(K)) and subsequently uses Hungarian
method for solving (P1), which has complexity O(M?3). Hence, the total com-
plexity is OIKM + K log(K)) + O(M3).

3. Algorithm 3: Lines 2-5 and 6 require O(K M) and O(M) respectively. Lines
8-13 require O(K M). Line 14 requires O(KM). Lines 15-27 and 28-31 require
O(K2?M) and O(K M) respectively. Hence the total complexity of this algorithm
is O(K2M).

Table 5.1: Simulation Parameters.

Parameters Values
Communication region 300m x300m
Number of Users |IC| = 400
Number of UAVs M| =6
Number of orthogonal frequencies Ny, = 62
Altitude of User receivers 1.5m[8]
Flight altitude of the UAVs [22m,150m)|[8]
Carrier Frequency 73GHz][1]
Parameters for LoS links a=69.8,8 =2[1]
Transmission power(F) 30 dBm|[11]
Gain of Transmit antenna(Gy) 24.5 dBi[11]
Gain of recive antenna(G,,) 24.5 dBi[11]
Slot duration(d;) 10 sec
Bandwidth(By,) 100 MHz
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Chapter 6

NUMERICAL RESULTS

6.1 Numerical Results

35 T T T

% of Unserved Users

—A— Proposed
—o—[5] L
—=—[10]

10 15 20
Slot Number

1
0 5

Figure 6.1

In this section, we discuss the performance of the proposed framework and also compare
it with respect to the existing benchmark schemes. While the simulation parameters are
given in Table 5.1, the performance is evaluated in terms of the percentage of unserved
users, the standard deviation (SD) of the user delay, and the energy efficiency of the
system. Note that, for the purpose of generation of results, we have considered 10

time slots in a single macro slot, a transmission power of 30 dBm, and a Rician fading

scenario with K = 2.

Fig. 6.1 investigates the impact of our proposed framework on the percentage of the

unserved users for each slot. It is interesting to observe, that unlike [8] and [5], the
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proposed algorithm results in a significantly smaller percentage of unserved users.

Further, Fig. 6.2 illustrates the impact of our strategy on the SD of the user delay.
Specifically, this metric emphasizes on the aspect of whether all the users in the system
are getting access to the UAVs and not only a handful of them, where it is desirable to

have a smaller SD, i.e., the lesser, the better. In this context, we observe that, for all

7000
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Figure 6.3

the schemes, SD monotonically increases with the slot number. However, for any fixed
slot number, our framework results in a significantly lower SD with respect to the other
benchmark schemes. The reason for this is that, as explained earlier, our scheme results

in a smaller % of unserved users and also, in each slot, the previously unserved users
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are always getting a fair chance of accessing a UAV for their communication purpose.

Finally, Fig. 6.3 demonstrates the impact of our scheme on the system energy efficiency,
which is defined as the ratio of total throughput and total energy consumption. We
observe that our framework significantly outperforms the existing schemes. This is
based on the use of a Hungarian algorithm-based framework along with the fact that
we are taking into account the existence/absence of LoS user-UAV links and not only
the pathloss as the absolute measure for the UAV assignment problem. Moreover, by
considering the user mobility-based scenario, we avoid frequent UAV movement in each
slot but only once in each macro slot. Furthermore, after each macro slot, we provide
a set of locations, where the UAVs are needed to be moved. Note that, we do not
emphasize on having a particular UAV at any particular location. But, by considering
minimum UAV energy consumption and the location of the UAVs in the previous macro
slot, we decide which UAV needs to be relocated to which of the suggested locations.
This also enhances the system energy efficiency, as we guarantee a minimum UAV

displacement scenario.
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Chapter 7

CONCLUSION

7.1 Conclusion

In this work, we have investigated the aspect of energy-efficient movement of UAVs
and capacity-constrained user-UAV assignment in a multi-user multi-UAV framework.
By considering the priority of the users and the importance of having an LoS for
the user-UAV assignment, the proposed framework results in reduced per user delay
and enhanced system energy efficiency. We discussed the complexity of the proposed
algorithms and the numerical results demonstrated the enhanced performance of our
framework with respect to the existing benchmark schemes. We plan to investigate the
impact of channel state information acquisition mechanisms in our future study, which

currently assumes that they are known.
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