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ABSTRACT

The expected growth of the unmanned aerial vehicle (UAV) in-
dustry brings along new challenges and spectrum management
is one of them. The application domains include agriculture,
exploration, transportation, and entertainment. Whereas UAV
flight operation control signalling requires low throughput, and
spectrum will likely be allocated for this purpose, the data rates
for transmitting the information content that the UAV sensors
gather can be significant and will grow with technology ad-
vancements. Hence, a third dimension to the terrestrial spec-
trum sharing approaches needs to be added and different sce-
narios are discussed in this paper. Based on our UAV growth
prediction models and interference analysis, we conclude that
dynamic spectrum management is feasible and necessary along
with advances in communications technology. Fundamental and
practical research is needed to ensure a natural evolution of com-
munications systems in line with the deployment of commercial
UAVs. Low range and low altitude small and micro UAVs will
most likely dominate the airspace and are the target of our anal-
ysis.

1. INTRODUCTION

In military, unmanned aerial systems (UAS) already outnum-
ber traditional manned aircraft systems. The physical aircraft
is referred to as unmanned aerial vehicle (UAV) or, simply, un-
manned aircraft (UA). UAVs tend to be small and light. UAV
technology is already fairly well-developed and development as
well as maintenance costs are significantly lower than that of tra-
ditional manned aircraft systems [1]. Not only are UAVs cost-
effective, but the applications for government and commercial
purposes are versatile: transportation, communications infras-
tructure, humanitarian and public safety deployments, among
others [2]. For instance, as part of Google Project Loon, high
altitude and large-scale UAV eNode-Bs were proposed as alter-
natives for terrestrial eNode-Bs [3].

Small and micro UAVs (SUAV/MAV) are low-altitude UA al-
ternatives for dense urban scenarios and can be used for mo-
bile relaying, for instance. Recognizing the potential of SUAV,
several companies, including GoogleX and Amazon Prime Air,
have formed the small UAV coalition [4]. AeroVironment, for
example, is examining the applicability of SUAVs to quickly re-
establish critical communications infrastructure after a natural
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or man-made disaster [5]. Recent predictions, conducted by the
US National Transportation Center, reveal that the number of
UAVs for commercial purposes will outnumber UAVs owned by
DoD by a factor of 10 or more by 2035. SUAVs and MAVs of
less then 10 feet and under 55 pounds will likely dominate the
airspace. The radio communications links of SUAVs and MAVs
will mostly be line of sight (LoS) for typical deployments be-
cause of their limited range.

The goal is to safely integrate these types of UAVs into the ex-
isting airspace, in particular Class E and G of controlled and un-
controlled airspace [6]. It is expected that the advances in UAS
technology and benefits of UAS for commercial and other civil-
ian operations will bring along new challenges: safety of opera-
tion and real-time exchange of throughput-intensive data that is
captured by the UAV sensors. Both challenges reduce to the fun-
damental problem in wireless communications: spectrum man-
agement. UAV spectrum in the 1755 MHz band is considered
for relocation in the US and worldwide spectrum allocation for
future UASs will be discussed in the upcoming World Radio-
communications Conference (WRC) in 2015. The exchange of
rich content data or streaming high-definition video, for exam-
ple, requires a significant amount of spectrum, proportional to
the desired throughput and quality. When the air becomes more
congested, more bandwidth will be needed to accommodate the
desired communication needs.

Bandwidth calculations done by the ITU are rather pessimistic
because they only account for time-sparse video data exchange
for S&A (sense and avoid) applications in environments with
relatively low UAV densities. We believe that future air-to-
ground (ATG) links will be throughput-intensive and enough
dedicated spectrum will not be available. New ways of spec-
trum management thus need to be considered. Spectrum sharing
is an efficient concept to satisfy bandwidth demand in an oppor-
tunistic way, when and where needed. Future spectrum sharing
might occur between UAS and terrestrial communications sys-
tems, such as 4G cellular.

Little research on UAS spectrum sharing has been published.
In reference [7, 8], the authors suggest the deployment of a
policy-based cognitive radio for UAV spectrum sharing. Fur-
thermore, [7] talks about adaptation of policy-based radios. In
[9], Dynamic Spectrum Access (DSA) is proposed as solution
to address the problem of (static) UAS spectrum scarcity in mil-
itary scenarios. The paper identifies system benefits of using the
DSA approach over a static frequency allocation.

This paper will analyze to what extent spectrum sharing is
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(b) Projection of commercial UAV quantities.

Figure 1: Projection of UAV numbers.

needed and how it can be effectively applied in the context of
UASs. Without loss of generality, our analysis focuses on di-
rect ATG LoS links. First we develop new predictive models
for the growth of the UAS sector to estimate the bandwidth re-
quirements (Section 2). Then we analyze to what extent UAV to
ground control station (GCS) communications would interfere
with existing ground communications networks and vice versa
(Section 3). This interference analysis will be the main reference
here for discussing the viability of spectrum sharing. We dis-
cuss three spectrum sharing scenarios (Section 4) and conclude
that different spectrum sharing opportunities exist and will be
the topic of research along with spectrally-efficient waveforms
(Section 5).

2. PROJECTION OF UAS GROWTH AND SPECTRUM
REQUIREMENTS

Predicting the numbers of UAVs is an important step to deter-
mine spectrum requirements. A UAS consist of a ground con-
trol station (GCS) and one or several UAVs. To address the spec-
trum requirements for control and non-payload communications
(CNPC), ITU and NASA have conducted projections on the evo-
Iution of UAVs [2, 10]. We believe that the figures are rather
conservative (cf. [11]) and use [11, 12] to quantify the national
UAV-type specific numbers from 2015 until 2035. We classify
UAVs based on Table 8 of [11] into Nano UAVs, Micro UAVs
(MAV), Small UAVs, Ultralight Aircrafts (AC), Light Sport Air-
crafts, Small Aircrafts and Medium Aircrafts. The aforemen-
tioned reference predicts future demand of UAVs for DoD, pub-
lic safety and the commercial sectors. Reference [11] suggests
an s-curve shaped functional relationship for characterizing the
number of UAVs between 2015 and 2035 for the commercial and
public sectors. Hence, we estimate the number of UAV between
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2015 and 2035 by
(p2 - p1)
1 + 10pa(pz—=)’ M

where & = tycq — 2015. The curve fitting results for commer-
cial UASs and total public agencies (including DoD) are shown
in Table 1.

f(z)=p1 +

Table 1: Modeling parameters for (1) based on [11] (2 digit precision)

P1 p2 p3 P4
Commmercial 487.95 2.03-10° 15.75 | 0.18
Federal Agencies 207.22 1.02-10% 9.73 0.18
State and Local Agencies | 1.87-10° | 4.64-10% | 12.49 | 0.19

We can differentiate among different types of UAVs. Figure
1 shows the evolution of UAV numbers per type distinguishing
between public agency owned (1a) and commercial UAVs (1b).
The subfigures show that the commercial UAVs will outnum-
ber public agency UAVs. (The DoD expects a linear increase
of their UAV fleets, which will be outnumbered by commercial
UAVs within the next 10 years.) We use the total numbers for
each type (including estimates for DoD-owned UAVs) to deter-
mine the probability mass function (pmf) of UAV types. The
time-dependent pmf for 2015-2035 can be seen in Figure 2. It
shows that SUAVs and MAVs are expected to dominate the UAV
market. Because of their low cost, around 22% and 67% will be
of type MAV and SUAV by 2035. This results in higher airspace
densities for controlled airspace of Class E and uncontrolled
airspace of Class G, where they will likely operate.

To estimate the bandwidth requirement for CNPC in 2030,
we use ITU’s methodology 1, which was proposed in [2]. Ta-
ble 2 of [2] specifies the data rate requirements in bps for com-
mand & control, air traffic control (ATC) relay, S&A (including
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Table 2: Estimation of average UAV densities in 2030.

UAV
Small | Medium | Large
Effective Number of UAVs in operation by 2030 7,229 8,919 760
Low Altitude < 1500 m 7.33 - -
UAV Density [UAV/10000km?] | Medium Altitude | > 1500 m and < 6000 m - 9.05 -
High Altitude > 6000 m - - 0.77
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Figure 2: Probability mass function of UAV types over time.

video and weather radar data) based on the current altitudes of
the UAVs. Command & control links include navigational in-
formation and telecommands in the uplink and telemetry and
navigational display data in the downlink. In the presence of
ATC, i.e. in controlled airspace classes A, B, C, D and E, infor-
mation between GCS and ATC can be relayed through the UAV.
S&A data mainly consists of target tracking (3D position, veloc-
ity, timestamp, etc.), weather radar and non-payload video data
for temporary awareness of the environment.

We use the estimates for commercial and public agency UAVs
for 2030 due to Figure 1a and 1b to determine the CNPC band-
width requirements for LoS communication. We assume that
around 88% of commercial UAVs in Figure 1b belong to the
agricultural sector [11]. This percentage is not considered for
CNPC bandwidth computation. Furthermore, we assume that
about 15% of all public UAVs will be used on regular basis.
Using the probability of Figure 2 and the typical altitude of
operation of small, medium and large UAV, we can calculate
the altitude-specific UAV densities (using the US total area of
around 9.8 Mio. km?) based on [2]. The results are shown in
Table 2. Note that small, medium and large in Table 2 is used
to classify the altitude of operation and should not be confused
with the UAV type definitions. For further details see Table 33
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of [2]. The UAV densities we have computed differ from ITU’s
results by a factor of approximately 1.2 for the small and large
cases and by a factor of 5.8 for the medium case.

The determined densities are used to compute the number of
UAVs per cell. ITU defines cell types A, B, C and D (see pp. 64—
65 in [2]) for terrestrial communication to accommodate UAV's
with different operational altitudes. Using the exact same link
and cell configurations as [2], our CNPC bandwidth estimates
are 69.5 MHz for a terrestrial communications infrastructure
with video and weather radar data and 39.5 MHz without video
and weather radar data. For comparison, ITU’s values are 33.9
and 15.9 MHz, respectively. It is interesting to mention that [2]
considers a spectral efficiency of 0.75 bps/Hz for all CNPC links.

In order to cover the CNPC bandwidth requirement (including
video and weather radar data) according to our estimates with the
designated bandwidth of 34 MHz only, the spectral efficiency
needs to improve to about 1.53 bps/Hz. The CNPC links are
not supposed to carry throughput-intensive videos of 1-2 Mbps
[13] and neither would the designated 34 MHz be sufficient to
consider video data transmission. As a result we conclude that
future UAS communications systems need to be more spectrally
efficient. In addition, a more effective spectrum management is
needed to enable real-time video streaming, among others, from
UAVs to GCSs.

3. UAV-TO-GROUND COMMUNICATIONS CHANNEL
AND INTERFERENCE MODEL

Feng et al. [14] determine probabilities for LoS, obstructed LoS
(OLoS) and non-LoS (NLoS) as a function of the UAV transmit
elevation angle 6. All three links are short-range links, where
LoS has a strong direct path component, OLoS has an attenuated
direct path component, and NLoS contains dominant reflected
paths. The authors conclude that path-loss and shadowing also
depend on 6 (see Figure 3). Their finding are based on a large-
scale measurement campaign for frequencies from 200 MHz up
to 5 GHz in a central region of Bristol, UK.

References [15, 16] use experimental results from [14] to pro-
vide LoS/NLoS probabilities p(€|d) (¢ = {LoS, NLoS}) charac-
terizing UAV-to-ground propagation as a function of the eleva-
tion angle 6 ranging from O to 90°. These two sources do not
account for foliage attenuation by OLoS propagation. For a par-
ticular angle 6y, we know that p(e = NLoS|0 = 0y) = 1—p(e =
LoS|6 = 6)). The equation that Al-Hourani et al. [15] provide
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where the coefficients a and b differ for different ground environ-
ments. The authors determine a functional relationship between
a, b and statistical ground environment parameters «, 3 and ~y
(see also [17]). Intuitively, it is obvious that having a LoS com-
ponent for small 6 is very unlikely. For that reason p(LoS|0) is
monotonously increasing. The general rule is that ground en-
vironments with a high density of building and high variability
of building heights make LoS propagation less likely. For in-
stance, for 8y = 40°, p(LoS|fy) corresponds to approximately
100% for suburban and 20% for urban high-rise environments.

The path loss PL. is given by the sum of a free-space path
loss (FSPL) model and an excessive path loss component . (cf.
Figure 3) [16], i.e.

4
PL, = 20logio(d) + 20logio(fc) + 20log1o (C—W) +Xe, (3)
0

P LrspL

where xe = N (pe(6),0(0)). Holis et al. [16] specify s (6)
and o (0). It is intuitive that the effect of shadowing gains more
weight for lower LoS p(LoS|@) probabilities and higher carrier
frequencies f.. Hence, p(0) and o.(6) are decreasing func-
tions in 6. As an example, a vertically-polarized 5.5 GHz car-
rier has a mean of u.(6g) =11 (7) dB and a standard deviation
of 0.(6p) =32 (15) dB for 6, =10° (85°).

The received power at the j-th GCS from the i-th UAV for
both LoS and NLoS is based on the simple link-budget equation

Prx ;= Prx,+ Grx(0i,¢:i) + Grx(0j,¢;) — PLe. (4)

This equation is also applicable for UAV-to-UAV links, where
Xe 0. The ITU-R M.2238 report [18] proposes an an-
tenna gain pattern for small unmanned aircrafts of Grx (6, ¢) =
Grx(0) and the corresponding GCS (omnidirectional in az-
imuth) antenna pattern as a function of the off-axis angle. Table
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7 in [18] indicates that the main relative 3dB antenna gain is
between —50° and 7.5°. A negative angle here means that the
transmissions points in upward direction. The maximum UAV
antenna gain at 6,,,,, = —10° equals 3 dBi.

Based on (4), it is possible to determine the interference power
level at the ground (caused by UAV5s) for a pre-defined elevation
angle range [0, 05]. This power level would be of importance
for spectrum sharing scenario 3, which is introduced in the next
section.

4. SPECTRUM SHARING ANALYSIS AND
SCENARIOS

UAV missions can be either of individual or cooperative nature.
Routes are either pre-planned (point-to-point or aerial-based) or
unplanned [2]. Reference [19] suggests using an adaptive chan-
nel assignment approach that maximizes the overall throughput
for cooperative UAVs in a master-slave topology. Due to spec-
trum scarcity, UAVs with throughput intensive (TI) communi-
cations demands (TI-UAVs) may need to access spectrum al-
located to CNPC on secondary basis. We distinguish between
spectrum sharing for individually and cooperatively operating
UAVs (cf. Figure 4 and 5).

We discuss three spectrum sharing scenarios: The first case
considers using CNPC spectrum that is availably form higher-
tier UAVs, i.e. UAVs operating at higher altitudes than TI-UAVs.
In the second case, spectrum sharing happens at the same tier or
altitude either between individually operating or cooperatively
operating UAVs. In the third case, unused spectrum from ter-
restrial communications systems can be opportunistically used
for the UAV downlink.
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Figure 4: Spectrum sharing use case for individual UAV missions.

The spectrum access system for the first scenario needs to
be highly reliable since CNPC information is of highest im-
portance for operational safety and must not be interfered with.
This means that the location of the UAV in Layer II needs to be
known by TI-UAVs. To avoid interference, we suggest getting
information about neighborhood from a database. The obtained
location information can be supported through spectrum sens-
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Figure 5: Spectrum sharing use case for cooperative UAV missions.

ing. In this case, if a spectrum hole exists or the higher layer
UAV is far away, the individual TI-UAV or the master TI-UAV
would use channel f5 of the higher layer UAV. If the UAV of the
higher layer is in the phase of take-off or landing, spectrum shar-
ing should not be encouraged. Hence, defining UAS-specific
airspace classes can support spectrum sharing. Although the
CNPC has limited resources (35-54 MHz [2]), it is still attrac-
tive because being within the UAS management domain.

The second scenario builds around the concept of frequency
reuse. It might also be possible to reuse channel f; for direct
master-slave (or slave-master) communications. By adjusting
the power levels, the interference levels among distant UAV's or
UAV groups can be limited. If the UAV fleet can operate truly
autonomously, information caching and time-multiplexed spec-
trum sharing can be applied for the different UAV-to-GCS links
in a given area.

The third spectrum sharing scenario makes use of the high
NLoS probability and the augmented shadowing effect for low
elevation angles. Channels with frequencies f¢ can for instance
be reused for master-slave or slave-master links if cooperative
UAVs are located at similar altitudes leading to low elevation
angles. In this case, the antenna pattern has to be narrow around
# = 0° and the deployed power low enough to avoid interference
with terrestrial communications systems. A database is needed
to inform about channel usage. This database needs to be fre-
quently updated and accessible to the GCSs, which would signal
the available frequency and transmission time slot to the UAV.

Except of scenario 3, all other scenarios consider reusing des-
ignated CNPC spectrum. In scenario 3, ground communications
frequencies are carefully reused by UASs.

We believe that spectrum sharing based on sensing is not suit-
able for the UAS context. Rather, sensing can support DSA.
Knowledge about neighboring UAVs (location, pre-determined
route, phase of flight, etc.) needs to be available to make accu-
rate decisions about opportunistic spectrum access. If we go one
step further, we may plan missions based on a-priori knowledge
of spectrum availability. In other words, we suggest specifying
the spectral requirements, when possible, and making reserva-
tions along with the flight route planning.
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5. CONCLUSION

This paper has provided new predictive figures for the evolu-
tion of UAV:s as a basis for deriving future bandwidth demands.
In contrast to ITU’s predictions, we believe that more spectrum
and more spectrally-efficient resource use and management are
needed for accommodating CNPC and throughput intensive data
links. That is, to overcome the problem of spectral scarcity, we
identify two lines of research: (1) development of spectrally effi-
cient and agile UAV waveforms and (2) more effective spectrum
management based on spectrum sharing principles.

Based on the presented interference analysis, we have intro-
duced three spectrum sharing scenarios. These scenarios are
mutually exclusive and can be applied together. Further research
is needed to quantify the gain in spectrum occupation for each
scenario. The interference analysis also needs to be refined to
develop multiple levels of spectrum sharing. We need to collect
spectrum occupation statistics for the bands that are considered
for sharing and quantify the UAV densities for spectrally con-
gested urban areas.
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