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Abstract—Intelligent spectrum sharing is one of the key
enablers of upcoming sixth generation (6G) communications.
Unmanned aerial vehicles (UAVs) have emerged as an attractive
low altitude aerial base station (BS), providing on demand capac-
ity especially in urban areas. This work aims to demonstrate the
feasibility of coexisting UAV to UAV communication based adhoc
network over digital television (DTV) bands governed through
latest ATSC 3.0 standards. We propose an adaptive modula-
tion and dynamic subcarrier (AMDS) allocation framework to
intelligently allocate the resources at the UAV network through
adaptive bit loading and frequency allocations. The work aims to
maximize the capacity of the coexisting UAV network in addition
to protecting the performance of the TV-receiver from the
resultant coexisting network interference. A rate maximization
problem is formulated and solved using a low computation
complexity based bi-section method. Extensive simulation results
indicate that the connected UAV link can achieve up to 40 Mbps
capacity when 1 km apart, while coexisting and guaranteeing
the performance of the DTV network.

Index Terms—Coexistence, UAV, DTV, adaptive modulation,
ATSC 3.0, spectrum sharing

I. INTRODUCTION

Efficient spectrum usage has emerged as a key requirement
in designing future networks with continually growing data
requirements towards sixth generation (6G) communications
[1]. While higher frequency bands in mmWave and tera-hertz
frequencies are being proposed to cater to increasing user
quality of service (QoS) requirements, these bands are prone
to much higher path loss. Coexisting the cellular communica-
tion on digital television (DTV) bands has been an interesting
prospect towards improving the spectral efficiency [2]. Fur-
thermore, 6G technologies include deployment of unmanned
aerial vehicles (UAV) based adhoc communication networks
facilitating on-demand additional capacity injection in the
network. The UAV act as low altitude aerial base stations
(BS) and are extremely useful in providing telecommunication
access in disaster scenarios, utility applications like automated
delivery service in urban cities, and industrial areas [3].

There have been ongoing efforts towards coexisting the
traditional cellular network with DTV bands as in [4]-[8].
With television going digital, Advanced Television Systems
Committee (ATSC) has proposed ATSC 3.0 standards for
enhancing user experience in DTV [9]. In this paper we
explore coexistence of UAV swarm, i.e., a group of UAVs,
in ATSC 3.0 based DTV bands. The aim of the paper is to
maximize the capacity of the coexisting UAV network while
also guaranteeing the QoS of DTV network. An adaptive
modulation and dynamic subcarrier (AMDS) framework is
proposed to intelligently allocate resources to the UAV net-
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Figure 1: Proposed system model.

work while protecting the TV receiver performance from the
resulting interference. The key contributions are as follows.

A. Contributions

(1) We present an analytical framework demonstrating the
feasibility of UAV network coexistence in ATSC 3.0 based
DTV frequency bands. (2) The primary aim is to maximize
the UAV network data rate, while protecting the performance
of TV-receiver from the interference arising from coexistence.
(3) An AMDS framework is proposed to intelligently allo-
cate the UAV transmission parameters namely, modulation
constellation and frequency subcarriers, through adaptive bit
loading and dynamic frequency allocation. With the average
SINR denoting QoS of TV-receiver, the AMDS framework
ensures protection of the TV receiver from spectrum sharing
interference. (4) A rate maximization problem is formulated
and solved using bi-section method, having much lower
complexity than the traditional exhaustive search method. (5)
Our results demonstrate that the connected UAVs can achieve
up to 40 Mbps capacity when 1 km apart, while coexisting
and maintaining the DTV network performance.

II. SYSTEM MODEL

In this work, we analyze a UAV to UAV communication
network coexisting together with a TV-trasmitter (TV-Tx.)
and its corresponding TV-receiver (TV-Rx.). The TV-Tx is
assumed to be located at the center of the TV coverage area.
A TV-Rx is assumed to be within the TV coverage area,
receiving the TV signals. The paper assumes a swarm of
UAVs operating in the TV coverage area. While the analysis
can be generalized for any number of UAVs, this paper
performs the coexistence study in a two UAV scenario. The



UAV communicate with each other such that the UAV-cluster
head (or UAV-Transmitter, UAV-TX.) communicates with the
UAV-receiver (UAV-Rx.), interfering with the DTV network.
It may be noted that the UAV-Tx and cluster head are used
interchangeably in the paper.

The swarm of UAVs are controlled by a BS through the
cluster head. The backhaul between the cluster head and the
other BS is assumed to be out-of-band and not in the DTV
bands, hence not interfering with the UAV communication or
TV-Rx signal reception. The UAV cluster head communicates
with the other UAVs in the TV broadcast band, coexisting
with the TV-Rx signals as shown in Fig. 1. The UAV channel
is modelled as per 3GPP standards, with the average path loss
given by PL(Y) = (prosPLros + PNLosPLNLos). Here,
Pros, PNLos, PLos, and pr,.s respectively represent the Line-
of-sight (LoS) and non-LoS path loss components and their
corresponding probabilities [10].

Let hy, and d;, represent the height of UAV-Tx, and the
distance between the TV-Tx and the UAV-Tx, respectively.
The UAV-Rx is present at a distance of d,., from the TV-Tx
and flying at the height of h,, from the ground. Let d; =
dryv — dy and do = d,, — dry, respectively denote the
distance between UAV-Tx and UAV-Rx with the TV-Rx. In the
upcoming section, we present the signaling model of the DTV
and UAV network in addition to the receiver signal models.

III. SIGNAL MODELLING AND INTERFERENCE ANALYSIS
A. DTV signalling model

The upcoming TV technologies like ATSC 3.0 uses an
orthogonal frequency division multiplexing (OFDM) based
waveform to broadcast its data. Let TéD), Tg(D), TD) =
T,SD) +T£§D), and A f D) = (1 / TéD)) , respectively, represent
the useful part, guard duration, total symbol duration, and
subcarrier spacing of the OFDM waveform used by the TV
transmitter. The number of active TV subcarriers is denoted
by NP)_ It is assumed that the TV-Tx is transmitting with
uniform transmit power of P(P) per subcarrier. The signal
transmitted by the TV-Tx is given as,
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Here, the variable k' represents the subcarrier index, [’ de-
notes the OFDM symbol index, X ,Ef)) represents the digitally
modulated symbol transmitted by the TV transmitter on the
k’-th subcarrier. The modulated symbols are assumed to be of
unit energy i.e., IEHX,EP)P} =1Vk €{0,1,..., NP} —1}.
Here E denotes the statistical expectation operator and II(¢)
represents the pulse shaping function, such that II(¢t) = 1
for 0 < ¢t < 1 and 0 otherwise. Assuming the TV signal
passes through a multipath channel with L’ taps, the TV signal
received by the TV-Rx is given as, s(P)(t) = VI(PO)z(P) (1) %

Zi:zl 5(t — T(D)), with (%) denoting linear convolution
(D)

2D) (¢

operator. hn, , T, andl (DY) represent the complex gaussian
channel gain, path delay of the n’-th path of the multipath

channel, and path loss experienced by the TV signal between
TV-Tx and TV-Rx, respectively.

B. UAV signalling model

The transmit waveform of UAV-Tx is also assumed to be an
OFDM:-based waveform. T."), T\), 7@) = 1) + 7{V,
and AfY) = (1 /TqEU)), respectively, denote the same
set of parameters for UAV OFDM waveform, as in DTV
signal model. The UAV communicate with each other using
frequency division duplexing (FDD). The UAV-Tx utilizes the
DTV band for transmitting its data to the UAV-Rx, while the
UAV-Rx to UAV-Tx communication occurs over a different,
non-overlapping frequency band. The UAV-Tx transmitted
signal is given by,
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Here, k represents the subcarrier index, and F €
{1,2,..., N} denotes the number of allocated subcarriers.
N represents the maximum number of subcarriers avail-
able at the UAV-Tx. P(U) and X}[I] respectively represent the
power and digital symbol transmitted by UAV-Tx over its k-th
subcarrier. The variable | denotes the OFDM symbol index.
The digital symbols X}, each of unit power, are selected from
the set, 6 = {QPSK, 16 — QAM, 64 — QAM, 256 — QAM}.
The number of bits per symbol (bit loading per symbol) for
an M-QAM symbol is, b = log, M. Thus, the set of bit
loadings available at UAV-Tx for data transmission is y =
{2,4,6,8}. The UAV-Tx signal received by UAV-Rx is given
by, s (t) = VIO 2O (1)« L (¢ — 75V, Here, h,
T,SU), L and (V") respectively represent the complex gaussian
channel coefficient, path delay, total multipath components,
and the path loss experienced by the UAV signal.

C. DTV receiver model

2pt

Let B(D)() = |e T(D) /T(D) H(t*}’(ﬁm) repre-

sent the OFDM basis function of the p’-th subcarrier at
the TV-Rx. The signal received at the TV—Rx, after per-
forming the FFT operation over the p/-th subcarrier, is

given by Y = vPWD) H(D )+ Up. Here, Hy =
7]27\'}7/7'( )
Zi:zl hgf)) " > denotes the channel frequency re-

sponse over the p’-th subcarrier. U, = fs(U)(t)Bé,D)(t)dt
denotes the interference received from the UAV transmission
over the p’-th TV subcarrier. The interference power received
on the p’ subcarrier of TV-Rx is given by,
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Here, $U) represents the power spectral density (PSD) of the
UAV transmitted signal [11], which is given as

F—1 2
)y _ Wy ((sin(w(f — kAFO)T G))>
o0 =2 POT ( =7 —kapenr@ ) @

AVASS




Denoting Ny to represent the PSD of the additive white
gaussian noise (AWGN) and 1(U*) to represent the path loss
between UAV and TV-Rx link, the resultant SINR over the
p’-th TV subcarrier of the TV-Rx is given by, 71(,{3) =

D
PONPHE[HP )/ (10D L, + NoA D).
D. UAV receiver model

The UAV-Rx is assumed to be equipped with an interfer-
ence cancellation (IC) module to cancel the interference from
the TV-Tx. The IC module first decodes the TV signal by
assuming the UAV signal as additive noise and then cancels it
from the received signal. The residual signal is then processed
for decoding the UAV-Tx data. Therefore, the UAV-Tx signal
acts as interference to the IC module. Denoting the 71(;] to
represent the SINR of the TV signal over the p’-th subcarrier
in the IC module,
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Here, the [(P") and 1(U") respectively represent the path
loss between the TV-Tx and UAV receiver link and the
UAV transmitter and UAV receiver link. Assuming per-
fect interference cancellation at the IC module, the SINR
of the UAV signal over the p-th subcarrier after per-
forming the interference cancellation step is given by,

) = (POICIENH /Ny AF©) . Here, HYY =

Sy i exp (<
response experlenced by the UAV-Tx signal at the p-th subcar-
rier of the UAV-Rx. It may be noted that we have not assumed
any IC module in the TV-Rx and hence the UAV has to adjust
its transmission parameters to control the interference at the
TV-Rx. In the upcoming section, we explain the problem
formulation and the proposed AMDS based solution.

) denotes the channel frequency

IV. PROBLEM FORMULATION

The resource allocation problem (P1) aims to determine
the UAV transmission parameters namely the modulation for-
mat/bit loading (z), number of subcarriers (F'), and transmit
power P(Y), to maximize the UAV link throughput, while
also protecting the QoS of the TV-Rx. The QoS of the TV-
Rx is given by the mean SINR of the TV signal at the TV-
Rx e, 7P = w55 32, ,(DO) Y4(P) > 4t Here, v* denotes
the SINR threshold requlred for successful demodulatlon of
the TV signal. Similarly, 7V = 25 SN0 =100 > 41
represents mean SINR of TV signal at the IC module of
UAV-Rx [12]. The proposed AMDS framework is based on
the UAV-Tx dynamically adapting the level of modulation
format (bit loading (z € X)) and number of subcarriers
(F ¢ {1,2,...,NW}) to maximize the throughput in
addition to controlling the interference over the TV-Rx. The
transmit power is selected to ensure that the channel averaged
bit error probability (ABEP) of the UAV signal (M-QAM
symbol transmitted at bit loading of = = log, M), denoted as

p(DW), 2(#)) received at the UAV-Rx with average SINR of
FpU , remains below a predefined threshold e.

0

s.t., (01) FP) > At (C2) : 3 > 4t
(€3): F-PY < p&@
(C4): p(TV) 2"y <eVaey,p={01,... F—1}
(C5):Fe{l1,2,...,N G)},(CG).xEx.

Here, The objective of the problem (P1) represents the
throughput of the UAV network over TU) duration. The
constraint (C'1) protects the QoS of the TV-Rx, as the UAV
network coexists with the DTV network. Constraint (C2)
ensures perfect IC at the UAV receiver. (C3) constraints the
UAV power budget. Constraint (C'4) ensures that the UAV
transmit power (P(V)) and bit loading z are chosen such that
the ABEP of the received symbol is less than threshold e.
For M-QAM modulation formats, the ABEP expression in the
Rayleigh fading channel is provided in [13, Eq. (8.111)]. The
constraint (C5) restricts the UAV subcarriers to the feasible
set, while constraint (C6) ensures the bit loading is selected
from the available set only. The constraint (C1), (C2), and
(C4) are non-linear in terms of the optimization variables, and
the variables F' and z are integral constraints. Therefore, the
problem (P1) is an integer non-linear program. We discuss
the solution of problem (P1) in the upcoming subsection.

A. Proposed solution

We present an adaptive modulation and dynamic subcar-
rier (AMDS) framework to solve the problem (P1). The
constraint (C'4) can be relaxed by pre-computing P(U) for
each available modulation format by solving the equation
(p(TW) 2(b)) = ¢). This is a non-linear equation that can
be solved using the trust-region-dogleg algorithm [14] in
MATLAB. Let P(Y)[i] denote the power obtained for loading
b; bits per symbol obtained in the previous step. For fixed x
the objective of problem (P1) is monotonically increasing
in variable F'. Therefore, for a fixed bit loading the optimal
number of subcarriers can be determined by solving equation
F(F) > ~' where v(F) = min[3?),5()]. Due to the
monotonically decreasing nature of the equation in variable
F, the equation can be solved using the bisection search
algorithm. The overall steps for solving problem (P1) are
present in the AMDS algorithm 1. The worst-case complexity
of the overall algorithm is given by |x|-O(log(N())), where
|x| denote the cardinality of the set.

V. RESULTS AND DISCUSSION

The parameters used for simulations are shown in Table
I. For the simulations, we have considered TV-Tx, UAV-Tx,
TV-Rx, and UAV-Rx to be co-linear as shown in Fig. 1. We
have assumed typical urban 6 (TU-6) multipath channel for
TV signal. For simulations, the OFDM waveforms of UAV-Tx
are assumed similar to ATSC 3.0 waveform. The heights of
TV-Tx (h,gD)) and TV-Rx (h,S.D)) are assumed to be fixed at



Algorithm 1: Proposed adaptive modulation and dy-
namic subcarrier framework

1 for ¢ € |x| do
PW)[i] + solve(p(T(W), 20y = ¢);

2
3 LW < 1, UP «+ 1,
4 | i (LW) =~") - (3(UP) —~*) < 0 then
5 while LW +1 < UP do
6 t= (LW +UP)/2];
7 if y(t) >~ then
8 | LW+t
9 else
10 | UP«+t;
11 end
12 end
13 if v(LW) > 0 then
14 | Fli] « LW
15 else
16 | Fli]«<UP
17 end
18 else
19 if Y(LW) —~t) - (3(UP) —~%) > 0 then
20 if ¥(LW) < ~! then
21 | Fli]=0;
22 else
23 | Fl=UP;
24 end
25 L
26 end
27 end
28 end

29 imae = argmax(F) and Return F = Flimaz], ¢ = blimac];

Table I: Simulation Parameters

ATSC 3.0 UAV-Tx
Bandwidth 6 MHz 6 MHz
Transmit power 4 kW 10 W
Sub-carrier spacing 843 Hz 843 kHz
OFDM Useful symbol duration 1186 us 1186 us
OFDM guard 148.15 ps 148.15 ps
Active Subcarriers 6913 6913
Path loss exponent Urban Hata | 3GPP rel. 18

350 m and 5 m, respectively. The values of carrier frequency,
noise PSD (Ny), and ABEP threshold (¢) are 605 MHz,
—166dBm/Hz, and and 1073, respectively.

A. Effect of UAV-Rx motion on the throughput of the UAV link

The scenario considers a fixed horizontal distance of 500 m
between the UAV-Tx and the TV-Rx (d;), with the UAVs
operating at a height of 10 m above the ground. Fig 2 (a)
shows the variation of UAV throughput with the distance
between the TV-Rx and UAV-Rx (dz). It is observed that
for dry = 10 km, as ds increases, the throughput of the
UAV link decreases. This is due to increasing path loss
with increasing ds, requiring more power to satisfy the BER
constraint. Consequently, the UAV-Tx reduces the subcarrier
allocations to compensate for the increased interference at the
TV-Rx as inferred from Fig 2 (a). However, the UAV-Tx does
not change the modulation scheme as can be observed from
Fig 2 (b). At dry = 35 km, the throughput decreases with
increasing do. In this case, till do < 750 m, the proposed
AMDS scheme compensates for the increase in interference
by reducing the allocated subcarriers as seen in Fig 2 (a).
Beyond ds > 750 m, the proposed AMDS scheme compen-
sates the interference by reducing the modulation format level

to 64-QAM as can be seen in Fig 2 (b), thereby causing
less interference to the TV-Rx. Lowering the modulation
scheme provides room to the AMDS scheme to allocate more
subcarriers which explains the increase in the number of
assigned subcarriers at do = 1 km in the Fig 2 (a).

The effect of variation of the UAV-Rx height on the
throughput of the UAV link is depicted in Fig 2 (c). The
scenario considers d; = do = 500 m. The UAV transmitter is
flying at a height of 10 m above the ground while the height
of the UAV receiver is variable. Similar to the observations
made in the horizontal motion case, the throughput of the
UAV link decreases as the height of the UAV-Rx increases due
to the increasing distance between the UAV-Tx and UAV-Rx.
This degradation in throughput is caused by the same factors
discussed in the previous paragraph.

B. Effect of UAV-Tx motion on UAV link throughput

The scenario considers a fixed horizontal distance of 500 m
between the UAV-Rx and TV-Rx (dz). Fig 3 (a) shows the
variation of UAV throughput with the distance between the
TV-Tx and the UAV receiver (d;). It can be seen that the
UAV link throughput increases as distance d; increases. This
is because of the increased physical distance between the
UAV-Tx and the TV-Rx (thus the TV-Rx is less prone to
interference), resulting in the UAV-TX to transmit data with
more subcarriers and higher modulation format as depicted in
Figs 3 (a) and (b), respectively.

The variation of UAV link throughput with variation in the
height of the UAV-Tx is shown in Fig 3 (c). The simulation
is performed at d; = do = 500m. The UAV-Rx is flying at
a fixed height of 10 m above the ground while the height of
UAV-Tx is variable. It can be seen that the throughput of the
UAV link increases as the height of UAV-Tx increases this is
due to the increase in distance between UAV-Tx and TV-Rx.
This improvement in throughput is caused by the same factors
discussed in the previous paragraph.

For the same relative distances between UAV-Tx, TV-Rx,
and UAV-Rx, the throughput of UAV link decreases as the TV-
Rx moves away from the TV-Tx. This is due to the reduced
TV signal strength, consequently lowering the interference
margin at the TV-Rx. Therefore, the proposed AMDS strategy
reduces the UAV throughput to maintain the QoS of TV-Rx,
as observed from Figs. 2 (a), (c) and Figs. 3 (a), (c).

Remark 1. The proposed AMDS framework is highly effective
in coexisting the UAV network in DTV bands. The coexisting
UAVs can achieve a capacity of around 40 Mbps, when they
are up to 1 km apart from each other, in addition to protecting
the performance of TV receiver.

Remark 2. It is inferred that the UAV network capacity
increases when the UAV-Tx moves away (horizontally or
vertically) from UAV-Rx. On the contrary, the UAV network
capacity decreases when the UAV-Rx. moves away from UAV-
Tx. This asymmetric behaviour is due to the presence of TV
receiver and the proposed AMDS framework protecting its
QoS from the resulting coexisting interference.
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Figure 2: Variation of (a) UAV link throughput and the number of allocated subcarriers with the horizontal motion of UAV-Rx. (b) modulation scheme
assignment with the horizontal motion of UAV-Rx. (c¢) UAV link throughput with the vertical motion of the UAV-Rx.
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Figure 3: Variation of (a) UAV link throughput and the number of allocated subcarriers with the horizontal motion of UAV-Tx. (b) modulation scheme
assignment with the horizontal motion of UAV-Tx. (c) UAV link throughput with the vertical motion of the UAV-Tx.

VI. CONCLUSION

This work has studied and demonstrated the feasibility of
coexisting UAV based communication networks over DTV
bands. The resource allocation of the UAV network has been
performed intelligently through the proposed adaptive bit
loading and frequency allocations based AMDS framework.
In this regard, a network rate maximization problem has been
formulated. The problem has been solved using bi-section
method, which has been observed to have lower computation
complexity over the traditional exhaustive search method. The
proposed method is expected to aid in developing spectrum
sharing techniques for designing upcoming future networks.
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