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Highlights

What are the main findings?

¢ Tractable mathematical derivations of UAV height-dependent spectrum occupancy
reveal the impact of different types of 3D antenna patterns.

¢ Ray tracing-based analysis with a real-world 3D map and realistic antenna setup verifies
the analytical trend of height-dependent spectrum occupancy.

What is the implication of the main finding?

¢ As UAV height increases, spectrum occupancy decreases and converges to a con-
stant value.

* The spectrum occupancy trend with respect to 3D antenna patterns and UAV height
should be carefully considered when optimizing 3D cellular networks.

Abstract

Unmanned aerial vehicles (UAVs) are emerging as mobile aerial platforms for radio fre-
quency (RF) spectrum sensing, enabling dynamic monitoring of the spectrum occupancy of
cellular systems at different altitudes. The impact of UAV receiver antenna configurations,
particularly with respect to altitude, is critical in determining occupancy performance. In
this paper, we present a height-dependent analytical framework for UAV-based spectrum
occupancy, focusing on how different receiver antenna configurations affect the sensed
signal power. We consider two types of 3D antenna patterns: a typical dipole antenna and
a downward directional antenna. Using a stochastic geometry-based approach, we derive
closed-form expressions for the altitude-dependent sensed power under both antenna
configurations. Moreover, we execute ray tracing-based analysis with a real-world 3-D
map and realistic antenna patterns. Monte Carlo simulations are conducted to validate
the analytical results, revealing that both altitude and antenna directivity critically affect
occupancy accuracy and coverage.

Keywords: 3D antenna pattern; height-dependent analysis; HPPP; UAV spectrum occupancy;
ray tracing; stochastic geometry model

1. Introduction

With the advantage of flexibility of deployment and operation, unmanned aerial
vehicles (UAVs) have been widely utilized in various applications, including surveillance,
smart farming, and aerial transportation and delivery. Furthermore, UAVs play a key
role in advanced wireless communications. For instance, UAV-mounted base stations
(BSs) have been investigated to provide real-time connectivity for ground users in outage
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regions [1,2]. In addition, UAVs can be operated as aerial spectrum sensors to monitor
spectrum occupancy, assisting in efficient radio emission mapping without the need for
dense fixed ground sensor networks [3,4].

As the demand for reliable UAV connectivity grows across urban, suburban, and
rural environments, cellular-connected UAVs have become a key enabler of seamless
communication and large-scale operations beyond visual line-of-sight (BVLOS). Recently,
advanced air mobility (AAM) and urban air mobility (UAM) have emerged as promising
unmanned transportation services by facilitating autonomous mobility [5,6]. In such sce-
narios, maintaining robust communication and awareness of spectrum usage conditions is
critical—particularly at varying altitudes. UAVs equipped with directional beamforming
antennas can also serve as aerial integrated sensing and communication (ISAC) platforms,
simultaneously performing communication and spectrum sensing functions to observe
aggregate uplink activity and detect spectrum occupancy levels in real time [7,8]. This en-
ables altitude-aware monitoring of RF environments, which supports both communication
reliability and spectrum coexistence strategies. Furthermore, the altitude-dependent line-
of-sight (LoS) probability between ground transmitters and UAV receivers plays a crucial
role in determining network performance [9,10]. Therefore, it is essential to investigate
how UAV altitude and antenna configuration affect the spectrum occupancy performance
to optimize network design for future aerial communication systems.

Owing to their analytically tractable nature, stochastic geometry models have been
extensively applied in the literature to evaluate the performance of cellular wireless net-
works, where multiple signal sources are spatially distributed according to a specified
node density. Although several studies have analyzed the impact of UAV altitude on the
aggregate received signal power from spatially distributed ground-based signal sources,
many studies have assumed that aggregate interference remains independent of UAV
altitude [11-13]. However, such assumptions do not align with recent spectrum occupancy
measurements collected via UAV-based receivers [14-16], which show that the sensed spec-
trum availability varies significantly with altitude due to changes in propagation conditions.
In particular, the aggregate received signal power gradually converges to a constant level
as the UAV altitude increases.

In refs. [17,18], the air-ground channel model has been investigated through experi-
ments under LoS conditions. Ref. [17] shows that the path loss can be well characterized
by a two-ray model, implying the free space path loss exponent. In ref. [18], a path loss
exponent of 2.03 was measured for the link between an access point (AP) and a quadcopter.
The LoS probability function has been studied in refs. [19,20]. In ref. [19], an LoS probability
model for urban street environments was introduced, characterized by street width and
building height. In ref. [20], the LoS probability was modeled using a sigmoid (S-curve)
function based on parameters recommended by the International Telecommunication
Union (ITU) [21]. In this context, in this work, we adopt the free space path loss exponent
for the LoS conditions, and use an approximated LoS probability function derived from the
ITU-recommended model [21].

In this paper, we investigate how different types and beamwidth configurations of
UAV receiver antennas impact cellular spectrum occupancy as a function of UAV height.
We consider two types of receiver antennas: the typical dipole antenna and the downward
directional antenna. In our prior work, we analyzed altitude-dependent cellular spectrum
occupancy using a stochastic geometry-based framework that incorporated ray-tracing
simulations and empirical measurements [16]. However, that study did not account for the
effects of the receiver antenna pattern of the UAV spectrum sensor, despite its significant
impact on occupancy behavior. A comparative summary of the related works is listed
in Table 1. The analytical findings and simulation results in this study provide valuable
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insights into the spectrum occupancy characteristics under different UAV receiver antenna
configurations in the optimization of UAV-based wireless communication networks.
Contributions of this paper can be summarized as follows:

—  Inour prior works [14,16], we analyzed UAYV altitude-dependent spectrum occupancy
based on measurement campaigns, stochastic-geometry analysis, and ray-tracing
simulations under the omnidirectional antenna assumption. As an extension of these
studies, we investigate the impact of different types of 3D antenna patterns on altitude-
dependent spectrum occupancy.

— By incorporating rectangular antenna models to represent dipole and downward-
directional antennas, we derive closed-form expressions for the aggregate received
signal power and demonstrate its decreasing and converging behavior with increasing
UAV altitude.

—  The stochastic-geometry-based results show that the downward-directional antenna
configuration achieves a higher average aggregate received power than the dipole
antenna in urban environments, whereas the dipole antenna performs better in sub-
urban environments. In addition, a wider beamwidth configuration yields a higher
average aggregate received power in urban scenarios.

- Ray-tracing simulation results with realistic antenna designs show that a narrow
beamwidth leads to higher average aggregate received power for the downward-
directional antenna, while a wider beamwidth provides higher power for the
dipole antenna.

Table 1. Summary of existing related works.

Stochastic Measurement 3D Antenna LoS

Ref. Year Geometry Ray Tracing Campaign Pattern Analysis Probability Metric
coverage
[13] 2016 v X X X X probability
[10] 2018 v x X X v Jaggregate
signal power
coverage
[12] 2023 v X X X X probability
[14] 2025 X x v X X aggregate
signal power
[16] 2025 v v v X v Jaggregate
signal power
This work - v v X v v aggregate

signal power

2. System Model

We consider a scenario involving UAV interference from terrestrial cellular network
signal sources. In uplink frequency bands, the signal sources are user equipment (UE) on
the ground, whereas in downlink frequency bands, the signal sources are eNBs/gNBs. The
power of aggregate signals received at the UAV from terrestrial signal sources in a given
spectrum band characterizes the UAV’s cellular spectrum occupancy in that frequency
band. The UAV’s cellular spectrum occupancy varies with height due to changes in the
channel conditions of individual links from signal sources. In this paper, we focus on
spectrum occupancy in uplink cellular bands.

We utilize a stochastic-geometry-based approach to analyze cellular spectrum oc-
cupancy as shown in Figure 1. We assume that the spatial distribution of UE follows a
homogeneous Poisson point process (HPPP) on an infinite 2D plane with a constant node
density A. A typical UAV is deployed at the origin at a height of H. The UAV is equipped
with an antenna designed with a 3D directional radiation pattern. The horizontal and 3D
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distances between iy, UE and the UAV are denoted as r; and x; = 4/ rl-z + H?, respectively.
In addition, the channel condition between a UE and the UAV can be either LoS or NLoS,
depending on the presence of obstacles along the direct path.

typical UAV

---» LoS
---»NLoS

Figure 1. Illustration of the UAV’s cellular spectrum occupancy scenario.

3. Cellular Spectrum Occupancy Model

In this section, we derive the expression for the aggregate received signal power at a
typical UAYV, introduce a mathematically tractable model for LoS probability, and present a
3D antenna pattern model in a mathematically tractable form.

3.1. Average Aggregate Received Signal Power

The aggregate received signal power at a typical UAV from ground UE allocated
within the spectrum of interest can be expressed as follows:

PiGiGyc?

s r,—eg(/\) (422 @
where h;, f, ¢, P, Gt, Gr, and 5 represent the small-scale fading component, the carrier
frequency, the speed of light, the transmit power and transmitter antenna gain of UE, the
receiver antenna gain of the typical UAV, and the pathloss exponent, respectively. Note
that we assume a flat-fading channel model followed by Rayleigh or Nakagami, where
frequency selectivity is neglected due to the sufficiently narrow bandwidth. Then, the
expectation of aggregate received signal power is given by

PG Gyc? P, Gc? ;
E{?’agg}ZE Z 71’1 :WE Z 7;7 12 (2)

rED(A) (47‘[)2f2x:.7 l red(A) i

where receiver antenna gain G,(x;) is a function of x; given the UAV height H due to the
3D directional antenna pattern. Note that the receiver antenna patterns are modeled in
Section 3.3. In the second line of (2), we assume that the small-scale fading is normalized
such that the expectation of the small-scale fading is E{#;} = 1 for both LoS and NLoS
conditions. Considering the LoS probability, and by applying Campbell Theorem [22], the
expectation of aggregate received signal can be rewritten as

PthCz © 777 +l
E{ragg}%ZnA7(4n)2f2/Pl x Mos TGy (x) Plos (x)dx
PGic? [
HMW/H X ot GL (1) (1 — Proa(x))dx, @3)
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where 771, and 77,10 denote the pathloss exponent of LoS and NLoS conditions, respectively,
and the approximation of (3) comes from a uniform UE density with respect to x; instead
of r;, and Pjys(x) indicates the LoS probability depending on the x; given the UAV height
H. To simplify the closed-form derivation, we assume the reasonable value of pathloss
exponent of LoS and NLoS as 71,5 = 2 and #,10s = 3, which correspond to free-space
propagation and additional blockage losses, respectively. Then,

C2 ) o
E{rage} = 27T)L(Zt;t2f2 {/H X1 Gr(x) Pros () dx + /H x2Gp(x)(1 — Plos(x))dx}- (4)

3.2. Line-of-Sight Probability Function

The probability of geometrical LoS between a terrestrial transmitter and a receiver at
height of H can be modeled in a single expression as [20]

(1 sty

Pros = Hrrzn:O 1- exp 2,)/2 ’

(5)

where m = floor(r\/67 — 1), and §, {, and 7y are three statistical parameters representing
the type of the environment, which represent the ratio of built-up land area, the mean
number of buildings per unit area, and the height distribution of buildings, respectively.
For tractable closed-form analysis, alternatively, we adopt the closely approximated version
of the LoS probability expression in (5) using a break-point exponential function formula
as [16]

1 H<x<xH
Pros(x) = I ’ (6)
exp (—g(x—«xH)) x>xH

where «H represents the break-point distance where the probability function transitions
from a constant value to an exponential decay, and y and « are environmental fitting
parameters where the values are fitted to ¢ = [0.6, 0.23] and x = [1.38, 3.2] for urban
and suburban environments, respectively. These values correspond to the environmental
parameters 6 = [0.3, 0.1], { = [500, 750], and v = [15, 8] in (5). Note that although
the approximated expression in (6) exhibits an abrupt decrease at the breakpoint, the
slope of the decrease beyond the breakpoint closely matches that of the exact expression
in (5) (Figure 2, [16]), resulting in negligible errors in the average aggregate received
signal power.

3.3. Three-Dimensional Antenna Pattern Modeling

The receiver antenna on the UAV follows an angle-dependent 3D antenna pattern,
which is omni-directional in the azimuth domain but directional in the elevation domain.
This type of receiver antenna pattern can be either a vertically oriented typical dipole
antenna or a directional antenna implemented with a uniform planar array (UPA). In this
section, we formulate these antenna patterns into mathematically tractable expressions.

3.3.1. Rectangular Antenna Pattern Model

We consider a rectangular beam model for the elevation angle-dependent directional
antenna patterns. Note that although the rectangular antenna pattern model cannot fully
represent the realistic antenna patterns, this model still effectively captures the key effects
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of antenna directivity and beamwidth depending on the antenna type, while maintaining
analytical tractability. The rectangular beam pattern is given by

G ifa<f<u
G™e< () = ' TP a0, atp< ™
0 otherwise 2

)
where « [degree], 5 [degree], and G [dBi] denote the lowest angle of the beam, the half-
power beamwidth, and the maximum antenna gain, respectively. Next, by modifying the
expression in (7) as a function of 3D distance x given H, we can obtain

e H _H_
G™e(x) = G if sin(a+pB) Sx< sin(a) ,a>0 a4+ p< T 8)
0 otherwise 2

3.3.2. Antenna Directivity

In general, a narrower beamwidth in an antenna pattern results in a higher maximum
antenna gain due to the concentration of radiated power in a specific direction. In this
model, the antenna gain is normalized to ensure that the total radiated power remains
constant. The total radiated power by an antenna P,.q4 is given by

27T 7T
Paa= | | G(0,9)cos(0)dods, )

where ¢ denotes azimuth angle. By considering the omni-directional pattern in the azimuth
plane and using the rectangular antenna pattern model in (7), we can rewrite (9) as

a+p
P = 270G / cos(8)d8 = 272G (sin(x + B) — sin(a)), (10)
o
By using the condition that the total radiated power by the antenna is equal to the

constant value, the maximum antenna gain is given by (Chapter 2.2.6, [23])

4r 47 2
C= O PLg/G  sin(a+ B) —sin(a)’ ()

where () is the beam solid angle.

3.3.3. Types of Antennas

As described above, we consider two types of antennas: the typical dipole antenna
and the downward directional antenna. Figure 2 illustrates the shape of the 3D antenna
pattern of these two antennas. When we apply the rectangular antenna pattern model in
Section 3.3.1, the typical dipole antenna holds & = 0°, while the downward directional
antenna holds o + = 90°. By applying these properties to (11), the maximum antenna
gain in (8) for each antenna type can be expressed by

, &« = 0° : typical dipole,

G= T cos(d)’ a4+ B =90° : downward directional. (12)
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~ 4nf2sinB

z
Dipole antenna Downward beamforming

Figure 2. Three-dimensional antenna patterns of two types of 3D antenna model.

4. Closed-Form Expression and Height-Dependent Analysis

In this section, we derive the closed-form expression of the average aggregate received
signal power, as given in (4), by using the LoS probability function and the 3D antenna
models in Section 3. Moreover, we analyze the height-dependent behavior of cellular
spectrum occupancy based on the derived expressions.

First, we substitute the LoS probability function in (6) into (4). We obtain

2 «H ,ﬂ —xH
E{rage} = 2mA PG {/H ~1Gi( x)dx+/ P ( Hix L ))Gr(x)dx

(477)2f2
+/°o L-ep(-n (x_KH))Gr(x)dx}. (13)

x2

4.1. Closed-Form Expression of Typical Dipole Antenna

In this subsection, we derive the closed-form expression for the average aggregate
signal power for a typical dipole receiver antenna. Based on the relative magnitude of
the half-power beamwidth B and the environmental parameter of x in the LoS probability
function, the closed-form derivation depends on two cases, Case D-1 and Case D-2. In (8),
by applying the property of the typical dipole antenna (« = 0°), the range of the x covered

by the beam becomes < x < oo, while the integral range of three terms in (13) is

sm( )
determmed by xH. Therefore, the closed-form expressions vary with the relative magnitude

of and x.

sm B

4.1.1. Case D-1 ¢ ﬁ > K
By applymg the condition of Case D-1 and (12), (13) can be reformulated as

APGc? [ o Gexp (—£&(x —«xH)) © 1—exp(—f(x—xH))
A {/s;‘ﬂ it dx+/5i§ﬁc 1 dx}
2
{oxp (0, o) + (sinp — wewp (uor (-1, 2500 ) 1 . (19

where I'(s, a) f x5~ exp (—x)dx denotes the upper incomplete gamma function, and
we apply the property of [~ x*~Lexp (—bx)dx = T(s,ba). Note that the second term
in (14) is a positive value since this term represents the aggregate power of the NLoS
component. This implies that the multiplicative term in parentheses in front of [ remains
positive. Thus, the average aggregate power in (14) decreases as H increases.
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4.1.2. Case D-2
Next, applying the condition of Case D-2 and (12), (13) can be rewritten as

2 G M —xH
E{Tugg} = —APthC {/ Gx_ldx-l-/ exp (= H(x K ))dx
X

sin ﬁ <x

8mf?

sin B

+/ 1—exp ——(x—KH))dx}

x2

- —42§ tzifi;ﬁ {log(K sin ) + exp (u)T(0, k) + (% — pexp ()T (-1, m)) %} (15)

Similar to the analysis of Case D-1, the third term in (15) is a positive value since this
term represents the aggregate power of the NLoS component. Thus, the average aggregate
power in (15) monotonically decreases as H increases.

Figure 3a illustrates three distinct regions determined by the LoS/NLoS conditions
and the directional antenna patterns in Case D-2, which is implied in the derived expression
in (15). The ﬁrst term in (15) corresponds to the full LoS region, where the integral range
of x is from 3 ﬁ to kH. The second and third terms, which have the same integral range
of x from KH to infinity, represent the contributions from LoS and NLoS conditions in the
LoS + NLoS region. The absence of an integral term for x from 0 to % indicates the outage
region. As described in Figure 3a, as the UAV height H increases, the outage and full LoS
regions expand, while the LoS+NLoS region shrinks. In (15), the first and the second terms
are constant values, which means that the average aggregate signal power of UE in the LoS
condition is not affected by the UAV height. On the other hand, the third term decreases
with increasing UAV height, implying that the average aggregate signal power decreases
due to the contribution of NLoS UE in the LoS+NLoS region.

outage

(b) Downward directional antenna Case B-2.

Figure 3. The outage, LoS, LoS+NLoS region changes depending on the UAV height H.

Remark 1. For the typical dipole antenna, the impact of increasing UAV height on UE connectivity
can be summarized as follows: (1) The 3D distance between the UAV and a UE increases, leading to
a reduction in aggregate received signal power. (2) Several UEs in the NLoS condition transition
to the LoS condition, increasing the aggregate received signal power. (3) Several UEs in the LoS
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condition fall outside the antenna beam and enter the outage region, reducing the agqregate received
signal power.

4.2. Closed-Form Expression of Downward Directional Antenna

In this subsection, we derive the closed-form expression for the average aggregate
signal power for a downward directional receiver antenna. Similar to the typical dipole
antenna analysis in Section 4.1, the closed-form derivation is divided into two cases,
Case B-1 and Case B-2. In (8), by applying the properties of the downward directional
antenna (x + 8 = 90°, sinae = cos ), the range of the x covered by the beam is given

by H < x < %, while the integral range of three terms in (13) is determined by xH.
1

Therefore, the closed-form expressions vary with the relative magnitude of B

and «.

42.1.Case B-1 -1, <«

cosp —

By applying the condition of Case B-1 and (12), (13) can be expressed as

ARG [ [asp - 4 APGyc?
E = — dx p = ——————{—1 1

{T’agg} 87Tf2 {/H Gx X 47Tf2(1 —COSﬁ){ Og(COSIB)}, (16)
The aggregate power in (16) is a constant value regardless of the UAV height H.

422 CaseB-2 -1, >«

cos B

By applying the condition of Case B-2 and (12), (13) is given by

H

APGyc? | H @ Gexp (— 1 (x — xH))
E{ragg}:78nf2 {/H Gx dx—&-/KH P; dx

H x2

o 11— —E(x —xH
+/ P oloep (i —x ))dx}
K

C2
— G los(x) +exp () (1(0,100) ~ 70, ) )
+ (— cos B+ % — wexp (px) (F(—l, px) — T (-1, co};ﬁ))> %} 17)

The aggregate power in (17) monotonically decreases as the UAV height H increases.
Figure 3b illustrates three distinct regions determined by the LoS/NLoS conditions
and the directional antenna patterns in Case B-2, which is implied in (17). Similar to the
analysis for the typical dipole antenna, the first term in (15) corresponds to the full LoS
region; the second and the third terms represent the contributions from LoS and NLoS
conditions in the LoS+NLoS region. The absence of an integral term for x from xH to
infinity indicates the outage region. Figure 3b shows that as the UAV height H increases,
both full LoS and LoS+NLoS regions expand, while the outage region shrinks. In (17), the
first and the second terms are constant values, which means that the average aggregate
signal power of UEs in the LoS condition is not affected by the UAV height. On the other
hand, the third term decreases with increasing UAV height, implying that the average
aggregate signal power decreases due to the contribution of NLoS UE in the LoS+NLoS
region. In Table 2, we provide comparative conditions for individual cases in the analysis.

Remark 2. For the downward directional antenna, the impact of increasing UAV height on UE
connectivity can be summarized as follows: (1) The 3D distance between the UAV and UE increases,
leading to a reduction in agqregate received signal power. (2) Several UEs in the NLoS condition
transition to the LoS condition, increasing the aggregate received signal power. (3) Several UEs in
the outage region enter the LoS+NLoS region, increasing the aggregate received signal power.
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Interestingly, although the number of UEs in the LoS condition increases and the num-
ber of UEs in the outage region decreases, the aggregate received signal power decreases as
the UAV height H increases. This is due to the fact that the first factor in Remark 2 has a
stronger influence on UEs located at shorter distances, particularly those directly beneath
the UAV.

Table 2. Comparison of individual cases in the analysis.

Antenna Type Beamwidth (8) Environment (x) Exact Condition
. relatively narrow with relatively suburban
Case D-1 dipole fixed environment with fixed beamwidth sin B
. relatively wide with relatively urban with
Case D-2 dipole fixed environment fixed beamwidth sin B <K
Case B-1  downward directional relatively narrow with relatively urban with 1
fixed environment fixed beamwidth cos B s
N relatively wide with relatively suburban 1
CaseB-2 downward directional fixed environment with fixed beamwidth cos B > K

4.3. Asymptotic Convergence as a Function of H

Using the closed-form expressions of the typical dipole antenna and the downward
directional antenna in Case D-1, Case D-2, Case B-1, and B-2, we analyze the asymptotic
behavior of the average aggregate received signal power as the UAV height H goes to
infinity. From (14)—(17), the average received signal power converges to

)LPthCZ U .
]E{ragg} — 47Tf,25irlﬁ{exp (I/IK)F(O, w) , as H — 00 Case D 1’
E{rage} — L(;tcz{log(’( sin B) +exp (ux)I'(0, ux)}, asH — co:  Case D-2
8817 4nf2sin PHE) 5 ,
APGyc? ‘
]E{rugg} — m{ log(COS,B)}, asH — oo Case B 1,
)\PthCZ
E{ragg} — m{log(ﬂ
+ exp (px) (F(O/ pux) —T(0, COZ[S)) }, asH — o : Case B-2. (18)

In (18), we use the property £ — 0 as H — oo. For all cases, we observe that the average
aggregate signal power converges to constant values, which implies that, asymptotically,
the increase in path loss with UAV height is offset by the growing number of UEs with LoS
connectivity. It is worth noting that as the UAV height approaches infinity, all remaining
terms in (18) originate from UEs with LoS connectivity. In addition, the terms involving
log(-) represent the contribution of relatively nearby UEs, whereas the terms involving
I'(0,-) correspond to the residual contribution of far-distance UEs within the antenna’s
radiation range. This characterization implies that, regardless of the limited elevation
coverage of the antenna radiation pattern, the average received signal power eventually
converges to a constant value.

Based on the asymptotic and closed-form analysis, the following height-dependent
behavior is observed:

Remark 3. For the typical dipole antenna (Case D-1 and Case D-2), the average aggregate received
signal initially decreases and converges to the constant value as the UAV height H increases.
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For the downward directional antenna, in Case B-1, the average aggregate received signal power
remains constant regardless of the UAV height. In Case B-2, however, it initially decreases and then
converges to a constant value, as H increases.

Remark 3 implies that, in practical UAV deployments, as the UAV altitude increases,
the interference level gradually decreases and eventually converges to a constant value,
indicating a saturation point beyond which further altitude increase does not significantly
affect interference.

5. Ray Tracing Analysis of UAV Spectrum Occupancy

In this section, we present the ray tracing-based UAV spectrum occupancy analysis
considering real-world 3D map data and 3D antenna pattern modeling.

5.1. Ray Tracing-Based Link Status Analysis

We extract real-world 3-D geographical data, including building renderings, from
the OpenStreetMap (OSM) database [24]. To visualize the 3-D environment, we use the
Site Viewer in MATLAB 2025b Antenna Toolbox. Within the Site Viewer, transmitters and
receivers can be placed by specifying their latitude, longitude, and altitude coordinates,
which enables ray tracing analysis of LoS and NLoS conditions. Figure 4 shows the ray-
tracing results for a grid of UEs on the ground with a single UAV at an altitude of 50 m.
The main campus of North Carolina State University in Raleigh, NC, USA, is considered as
the simulation site. The locations of UEs are marked in blue and red to indicate LoS and
NLoS links, respectively, which are obtained by ray tracing considering building blockages
in the area.

- — < - p— s

B e
e - LAV -
; (50 m height)i B

Nz

.".;:—_e Hiey A 3 T F ‘:uﬁ‘./x-\:‘- -
Figure 4. A snapshot of visualized OSM 3-D map data by MATLAB Site Viewer, and LoS/NLoS
condition analysis based on ray tracing where the color blue (red) indicates LoS (NLoS) links.

5.2. Realistic Antenna Designs

To consider realistic 3-D antenna patterns of dipole and downward directional anten-
nas in ray tracing-based simulations, we design antennas utilizing antenna design tools
in MATLAB. By configuring the length of the dipole antenna and the number of antenna
elements in a uniform rectangular array (URA), we obtain antenna patterns with different
beamwidth and directivity. The dipole antenna is modeled as a perfect electric conductor
(PEC) without considering conductor losses. Figure 5 shows the 3-D realistic antenna
patterns. The dipole antenna lengths are set to 0.05A and 0.95A, where A denotes the wave-
length. As shown in Figure 5c, the dipole with length 0.95A exhibits a narrower beamwidth
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compared to the dipole with length 0.05A. Furthermore, 4-by-4 (16 elements) and 6-by-6
(36 elements) URA arrays are configured to realize downward directional beamforming.
Each array element is modeled as an isotropic radiator, and directional beam patterns are
formed through phase-controlled beamforming. In addition, the spacing between antenna
elements is set to %, and Hamming tapering is applied to both URA antenna configurations.
As shown in Figure 5d, the 4-by-4 URA exhibits a wider beamwidth than the 6-by-6 URA.

After obtaining the LoS/NLoS conditions of UEs through ray tracing analysis, the
received signal power is calculated by (1), considering the configured realistic 3-D an-

tenna patterns.

Az 0
El0

EI0

(b)

270°

240° 300°
0dB  [—URA4-by-4
——URA6-by-6
210° 330°
-50 dB
180° 0°
150° 30°
240° 300° 120° 60°
270° 90°

(c) (d)

Figure 5. Three-dimensional antenna patterns designed by the antenna design tool, where two
different beamwidths are configured for both dipole and downward directional antennas: (a) 3-D
dipole antenna pattern; (b) 3-D downward directional antenna pattern. (c) Two-dipole-antenna
elevation patterns. (d) Two-downward-directional-antenna elevation patterns.

6. Numerical Results

In this section, we evaluate the simulation results of height-dependent UAV spectrum
occupancy using both stochastic geometry-based closed-form analysis and realistic ray-
tracing-based analysis.

6.1. Stochastic Geometry-Based Simulations

In this subsection, we present the simulation results to evaluate the analytical deriva-
tion of the aggregate received signal power depending on the receiver antenna setup and
the UAV height. The simulation parameters are listed in Table 3.
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Table 3. Parameter setup of simulations.

Parameter Value
Transmit power (P;) 20 dBm
Transmitter antenna gain (Gy) 10 dBi
Receiver antenna beamwidth (B) [30, 50, 70]°
Node density of UEs (A) 0.005 nodes/m?
Pathloss exponent of LoS (7;4s) 2
Pathloss exponent of NLoS (#10s) 3
Environments Urban, suburban
Carrier frequency (fc) 3.5GHz

Figure 6 shows the aggregate received signal power as a function of the UAV height
H with different parameter settings. We consider urban and suburban environments,
different beamwidth B, and two types of receiver antennas (the typical dipole antenna
and the downward directional antenna). First, we observe that the closed-form analytical
expressions and their convergence behaviors in Section 4 closely match Monte Carlo
simulation results. Note that in Monte Carlo simulations, we directly use (2) and (5)
without any approximations. Furthermore, we observe that the aggregate received signal
power converges to a constant as the UAV altitude increases, which is consistent with the
analytical results in Remark 3 and Equation (18).

It is also observed that (1) the average aggregate signal power in suburban contexts is
higher than that in urban contexts, especially for the typical dipole antenna; (2) in urban
contexts, wider beamwidth provides higher signal power with both the typical dipole and
the downward directional antennas; (3) in suburban contexts, wider beamwidth provides
higher signal power with the downward directional antenna but lower signal power with
the typical dipole antenna; (4) the decrease in average aggregate signal power at low height
is more significant in urban environments and for the typical dipole antenna compared to
suburban environments and the downward directional antenna. In addition, our analytical
model does not account for shadowing effects, which may contribute additional fluctuations
to the aggregate received signal.
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s -55
[=}
o
g -55.5
2
»
- ~56
[}
=
8 -56.5
o ;
o -57 ; 1
% —&— Dipole, Urban, Monte Carlo
o * Dipole, Urban, Analysis in Section IV.A
3: =-57.5 —oe— Downward, Urban, Monte Carlo 1

v Downward, Urban, Analysis in Section IV.B
_58 1 1 1
0 50 100 150 200

UAV height [m]

(a) Urban environment

Figure 6. Cont.
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v Downward, Suburban, Analysis in Section IV.B
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Average received signal power [dB]

(b) Suburban environment

Figure 6. Average aggregate received signal power depending on the UAV height H where the
Monte Carlo and analytical results are overlapped with different receiver antennas and the type of
environments, and A = 0.005.

6.2. Ray Tracing-Based Simulations

In this subsection, we present the ray tracing-based simulation results discussed in
Section 5. The simulation results in Section 6.1 focus on the mathematical models based
on a stochastic geometry framework, while ray tracing results consider the real-world 3-D
map and realistic 3-D antenna pattern designs to evaluate the height-dependent spectrum
occupancy in practical environments.

Figure 7 illustrates the average received signal power versus UAV height based on
ray-tracing simulations. Two antenna configurations shown in Figure 5—a dipole and
a downward directional antenna—are employed, considering relatively wide and nar-
row beamwidths, respectively. The results show that the average received signal power
gradually decreases and converges to a constant value as the UAV height increases. Com-
pared with the stochastic geometry-based results in Figure 6, the decreasing trend is clear
but converges more slowly. This discrepancy between stochastic geometry analysis and
ray-tracing simulation arises from several factors: the difference between Poisson point
process (PPP)-based UE deployment and fixed-grid deployment, the use of rectangular
antenna models versus realistic antenna patterns, the difference between the statistical LoS
probability function and the deterministic LoS/NLoS conditions computed from real-world
3D building geometry, and the limited radius of area (2 km) on the ray tracing simulation
environment. Among these factors, the difference in the convergence slope primarily stems
from the mismatch between the statistical LoS probability model in (5) and the actual
building layout and height distribution in the real-world map used for ray tracing. Fur-
thermore, as the beamwidth of the dipole antenna patterns becomes narrower, the average
received signal power decreases, and the average received signal power achieved with
the downward directional antenna is higher than that with the dipole antenna, which is
consistent with the stochastic model-based results obtained for the urban environment in
Figure 6a.
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Figure 7. Average aggregate received signal power based on the ray tracing-based simulations
discussed in Section 5. LoS/NLoS status is obtained by a real-world 3-D map, and realistic dipole
and downward directional antennas are adopted.

7. Concluding Remark

In this paper, we study UAV height-dependent cellular spectrum occupancy by an-
alyzing the impact of different receiver antenna types and beamwidth configurations. A
closed-form analytical framework is developed based on the HPPP model, the LoS probabil-
ity function, and 3D antenna radiation pattern models. The analytical results are validated
through Monte Carlo simulations. In addition, to evaluate the height-dependent spectrum
occupancy trend in a practical environment, we consider ray tracing-based analysis consid-
ering real-world 3-D map data and realistic 3-D antenna pattern designs. We characterize
the altitude-dependent occupancy behavior by analyzing the aggregate received signal
power, which exhibits asymptotic convergence with increasing UAV height. Simulation
results further demonstrate how environmental conditions, antenna type, and beamwidth
shape the UAV’s spectrum occupancy performance.

From a practical perspective, these results imply that UAVs experience relatively
stable spectrum occupancy levels at altitudes above approximately 200 m, though this
threshold may vary depending on environmental conditions such as urban or suburban
settings, making such flight altitudes more suitable for long-range communication or
sensing missions. Furthermore, antenna design and beamwidth configuration should
be carefully optimized depending on the operating environment. As future research
directions, extending the analysis to adaptive or dynamic beam steering scenarios, as well
as to cooperative multi-UAV sensing and communication frameworks, would provide
valuable insights for designing efficient 3D aerial networks.
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